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Abstract

Snow avalanches are extended moving sources of infrasonic and seismic energy.
The acoustic and seismic wave fields generated by a snow avalanche is a complex
natural phenomenon produced by the interaction of the flow with its environment.
Seismic waves are mainly generated by friction and the impacts of the flow on the
snow cover, the terrain and the obstacles in the path of the avalanche; whereas
the infrasound waves are generated by the interaction of the turbulent powder
cloud with the air. Nowadays, avalanches are recorded using seismic and infra-
sound sensors that provide data that can be used to obtain information about
the characteristics of the source (type of flow regime and dimension) and the ba-
sic processes that govern avalanche dynamics such as erosion and deposition. So
far, the knowledge of how all these dynamical processes and the inherent char-
acteristics of avalanches affect the signatures of the recorded signals is limited
and thus more quantitative data are required. Additionally, seismic and infra-
sonic monitoring systems can provide information on the mechanisms that trigger
snow avalanches. They can be triggered by many different mechanisms, including
the shaking produced by an earthquake. The forces induced by an earthquake
can cause an increase in the load down the slope and can also decrease the shear
strength; either effect can lead to the release of an avalanche. Few earthquakes
that triggered snow avalanches have been documented to date, all of them visually

or statistically identified. Hence, a complete dataset of such events does not exist.

This study aims to enlarge the current applications of seismic methods, mainly for
snow avalanche research, which in turn, is relevant to improve monitoring systems.
A catalogue of thirty-three snow avalanches of different natures is analysed using
the seismic signals recorded with a set of seismic sensors at the Vallée de la Sionne
(VdIS) test site in Switzerland . Seismic sensors were configured linearly both
inside and outside the avalanche path. A comparative analysis of the seismic
measurements and data acquired with other instrumentation such as an infrasound
sensor, several frequency-modulated continuous wave radars, and two weather
stations, is presented in each case to complement and validate the results obtained
in this work. Quantitative parameterizations of the seismic signals have been
conducted to infer the characteristics of the source. In order to correctly interpret
the seismic results, a seismic characterization of VdIS is presented. The local

seismic site and path effects, according to the characteristics of the terrain and



vi

the geology of the area, are evaluated using the analysis of several earthquakes

recorded at the different seismic stations.

The results of this thesis have contributed to the study of earthquake-triggered
avalanches. As a first step, the joint analysis of seismic and infrasound data,
correlated with the observations of a frequency-modulated wave phased radar ar-
ray, provides data related to the onset of a snow avalanche with the arrival of an
earthquake that occurred on 6th December 2010. The integrated data analysis has
been used to characterize the avalanche path and size, showing that the avalanche
started after the arrival of the earthquake. Seismic data were used to quantify
energy parameters and changes in the elastic stress field within the snowpack
due to the earthquake. This event was compared with two stronger earthquakes
that did not trigger any snow avalanche. The study was complemented by nivo-
meteorological data and simulations of the snow cover using the one-dimensional
model SNOWPACK. These data were compared and used to evaluate the snow-
pack stability and the consequent likelihood of avalanche activity. The snowpack
stability is the primary factor that determines whether an avalanche may be trig-
gered by minor earthquakes. I conclude that when the snowpack is only marginally
stable, then the displacement caused by even a small earthquake could be enough
to trigger an avalanche. In addition, the analysis of the other two, even stronger,

earthquakes shows that in stable conditions no avalanche was triggered.

Furthermore, in order to better understand the connection between seismic sig-
nals and avalanche dynamics, I quantify the seismic signals in a set of defined
seismic indices. For each seismic signal, the duration, peak ground velocity of the
envelope, and both the intensity and the frequency content were compared with
the avalanche flow regimes and the thicknesses of the snow cover measured using
frequency-modulated continuous wave radar, as well as with the avalanche run-out
distances obtained from photographs. I show that the frequency content of the
seismic signal can be used to infer the avalanche flow regime and to distinguish
between the internal parts of avalanches. The frequency parameters presented
were defined to quantify the signatures generated by different type of avalanches
in order to directly deduce the type of avalanche. Furthermore, the seismic signal
duration of both wet and powder-snow avalanches can be correlated to avalanche
run-out distances. If the snow cover at the seismic sensor location is less than
approximately 2 m and energy absorption does not significantly weaken the in-

tensity of the signal, the avalanche run-out distance can also be deduced from the
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peak ground velocity and its intensity. These results suggest that the flow type
characteristics and the run-out distances of avalanches can be feasibly inferred
using only seismic data. Such analysis of seismic data can be usefully employed

in avalanche monitoring and management.

In summary, this thesis presents novel contributions using seismic methods in the
research field of avalanche formation, specifically in the field of avalanches induced
by earthquakes, and in the field of avalanche dynamics. It provides interesting
results to characterize avalanche dynamics and size, and to assess earthquake-

generated snow avalanches.






Resumen

Las avalanchas de nieve son extensas fuentes moviles de energia sismica e in-
frasonica. El campo de ondas acusticas y sismicas generado por ellas es un
fenomeno natural complejo producido por la interaccién del flujo con su medio
ambiente. Las ondas sismicas se generan principalmente por la friccion y los im-
pactos del flujo con el manto de nieve, el suelo y los posibles obstaculos dentro del
camino de la avalancha; mientras que las ondas de infrasonido se generan por la
interaccién de la turbulenta nube de aerosol con el aire. Actualmente, las avalan-
chas son registradas mediante sensores sismicos y de infrasonido que proporcionan
datos que pueden ser utilizados para obtener cardcteristicas de la fuente (tipo de
régimen de flujo y dimensién de la avalancha) y de los procesos bésicos que go-
biernan la dindmica de la avalancha, tales como la erosion y la deposicién de la
nieve. Hasta ahora, el conocimiento de cémo estos procesos dinamicos y las carac-
teristicas inherentes de las avalanchas afectan a las firmas de las senales es limitado
y cualitativo, y por tanto, se requiere una cuantificacion de los datos. Ademas,
los sistemas de monitoreo sismico y de infrasonido también pueden proporcionar
informacién sobre el mecanismo de desdencadenamiento de las avalanchas. Estas
pueden ser desecadenadas de varias formas, tales como las vibraciones producidas
por los terremotos. Pocos eventos de avalanchas inducidas por terremotos se han
documentado hasta la fecha, todos ellos visualmente o estadisticamente identifica-

dos. Por tanto, un cojunto de datos completos de estos eventos es inexistente.

El objetivo de este trabajo es ampliar las aplicaciones actuales de los métodos
sismicos principalmente para investigar avalanchas de nieve, y que a su vez, éstas
sean relevantes para mejorar los sistemas de monitoreo. En este trabajo se analiza
un catalalogo de treinta y tres avalanchas de diferente naturaleza utilizando las
senales sismicas registradas con un conjunto de sensores sismicos en el sitio de
test de Vallée de la Sionne (VdIS, Suiza). Los sensores sismicos fueron linealmente
distribuidos tanto dentro como fuera del camino de la avalancha. Un anélisis
comparativo de los registros sismicos y datos aquiridos con otra instrumentacién
tales como un sensor de infrasonido, dos radares de frecuencia modulada, y dos
estaciones meteorolégicas, se presenta en cada caso para complementar y validar
los resultados obtenidos en este trabajo. Se ha realizado una parametrizacién
cuantitativa de las senales sismicas para inferir caracteristicas de la fuente. Para
interpretar correctamente los resultados del analisis de los datos sismicos, se pre-

senta una caracterizacion sismica del sitio de test de VdIS. Los efectos sismicos de
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sitio y de camino son evaluados, de acuerdo con las caracteristicas del terreno y
la geologia del area, mediante el analisis de varios registros de terremotos en las

diferentes estaciones sismicas.

Los resultados de esta tesis han contribuido con éxito al estudio de las avalanchas
desencadenadas por terremotos. En primer lugar, el andlisis conjunto de datos
sismicos y de infrasonido, correlacionados con observaciones de un sistema de radar
de frecuencia modulada, proporciona datos de la coincidencia de una avalancha
de nieve con la llegada de un terremoto ocurrido el 6 de diciembre de 2010. El
analisis integrado de datos se ha utilizado para caracterizar el camino y tamano de
la avalancha, mostrando que la avalancha se desencadend después de la llegada del
terremoto. Los datos sismicos se utilizaron para cuantificar unos parametros de
energia y los cambios en el campo elastico en el interior del manto de nieve debido
al terremoto. Este evento fue comparado con otros dos terremotos mas fuertes
que no desencadenaron ninguna avalanche de nieve. El estudio fue complementado
mediante datos nivo-meteorolégicos y simulaciones del manto de nieve utilizando el
modelo unidimensonal SNOWPACK. Estos datos fueron comparados y utilizados
para evaluar la estabilidad del manto de nieve y su consecuente probabilidad de
actividad de avalanchas. Se concluye que la estabilidad del manto de nieve es
el factor principal que determina si una avalancha puede ser desecandenada por
un terremoto menor. Ademas, el analisis de los otros dos terremotos mas fuertes

muestra que en condiciones estables no se desencadené niguna avalancha.

Por otro lado, con el fin de conocer la conexién entre las senales sismicas y la
dindmica de las avalanchas, he cuantificado las senales mediante un conjunto de
indices sismicos. Para cada senal sismica, la duracién, el pico de la envolvente del
movimiento del suelo, y la intensidad y contenido frecuencial, fueron comparados
con los régimenes de flujo y la profundidad del manto de nieve medidos mediante
radares de frecuencia modulada, ademas de con las distancias recorridas por las
avalanchas obtenidas mediante fotografias. Se muestra que el contenido frecuen-
cial de la senal sismica puede utilizarse para inferir el régimen de flujo y distinguir
las diferentes partes internas de la avalancha. Se definen unos pardmetros de fre-
cuencia para cuantificar las firmas generadas por las distintas avalanchas con el
fin de deducir directamente el tipo de avalancha. Ademas, la duracién de la senal
sismicas puede ser correlacionada con las distancia recorrida por las avalanchas.
Si el manto de nieve en la localizacién de la estacién sismica es menor que aprox-

imadamente dos metros, y la absorcion de energia no debilita significativamente
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la intensidad de la senal, la distancia de recorrido de la avalancha puede tambien
ser deducida del pico de velocidad del suelo y de su intesidad. Estos resultados
sugieren que las caracteristicas del tipo de flujo y las distancias recorridas por las
avalanchas pueden ser inferidas usando tnicamente datos sismicos. Tal analisis de

los datos sismicos puede ser empleado en sistemas de monitoreo de avalanchas.

En resumen, esta tesis presenta aportaciones novedosas de los métodos sismicos
en el campo de investigacién de la formacion de avalanchas, especificamente en
el campo de avalanchas inducidas por terremotos, y en el campo de la dindmica
de avalanchas. Los resultados obtenidos sirven para caracterizar la dinamica y el
tamano de una avalancha, y evaluar posibles eventos de avalanchas desencadenadas

por terremotos.
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Chapter 1

Introduction

In this introductory chapter, I first present the motivation of this PhD study and
an overview of the main seismic applications used to monitor natural hazards.
Additionally, I give a detailed overview of the past and current applications of
the seismic methods to study avalanche formation, its dynamics and avalanche

monitoring. Finally, I describe the main objectives and contents of this thesis.

1.1 Motivation

Snow avalanches are major natural hazards in mountainous terrain. They are re-
sponsible for significant economic losses and numerous fatalities. In recent years,
the potential costs and the number of accidents has incremented considerably due
to the growth of mountain settlements and the increase of winter recreational
activities. Mitigation measures to reduce avalanche risk have been implemented
in Alpine countries, with regard to avalanche forecasting, structural protections,
land-use planning, procedures for warnings and the closure of roads, artificial trig-
gering of avalanches and avalanche education. These measures require knowledge
of specific variables such as the frequency of occurrence, location, volume, run-out
distance, and dynamical parameters such as velocity or impact pressure. Measur-
ing these avalanche properties is a challenge for humanity due to the unpredictable

nature and the destructive power of avalanches.

Snow avalanche characterization is generally based on manual methods with the

risk involved in taking measurements in avalanche hazard areas or visual methods

1
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with the inconvenience that avalanches are often released under poor conditions
of visibility. Given the complexity of characterizing snow avalanches, an improve-
ment of the techniques used to acquire data is indispensable to automate the
process. Consequently, monitoring systems based on seismic sensors have recently
been developed. The use of these conventional seismic instruments is occasionally
accompanied with acoustic sensors to increase the effectiveness of avalanche detec-
tion and characterization. These non-invasive methods acquire data from remote
mountainous areas with rather low economic costs. Besides the importance for
providing avalanche activity data, these methods may potentially be used to get
inherent information of snow avalanche properties. These data are indispensable
for assessing avalanche risk in terms of a proper design of structural protection, the
development and validation of dynamical models widely used in land-use planning

and automatic detection of avalanches.

Snow avalanche formation is mainly driven by interrelationships between meteo-
rological conditions and snow cover properties, together with external factors such
as explosions, the passage of skiers, cornice collapse and earthquakes. Earthquake
ground vibrations can have severe consequences through causing failure in one of
the weakest and most brittle materials: snow. Furthermore, the abrupt mountain
topographies characterized by a complex geology might amplify earthquake effects
with regards to inducing failure. Earthquake-induced snow avalanches have been
rarely measured before now. As a consequence, a deeper understanding of the
behaviour of the snow under external vibrations is required to evaluate this trig-
gering mechanism. Seismic monitoring systems installed in avalanche paths are
ideal to record new events which would provide quantitative data of avalanches
induced by earthquakes, which have an unknown frequency of occurrence. Con-
sidering these secondary hazards associated with earthquakes is fundamental to a

complete seismic risk assessment in snow-covered mountain areas.

1.2 Overview of the applications of seismic meth-

ods to monitor natural hazards

The term seismology is derived from a Greek roots and means the study of shakes
or vibrations (Udias, 1999). Natural sources such as earthquakes, volcanoes or

mass movements, and artificial sources such as explosions, generate seismic waves
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that propagate through a medium. The recorded ground motion contains infor-
mation on the location and nature of the source, and the physical properties of the
propagation medium. Seismology is mainly employed to study earthquakes and
to explore the Earth for scientific purposes or resource extraction. Furthermore,
local seismic networks are currently operated to monitor diverse natural hazards
including volcanoes, floods, and mass movements. The analysis of the seismic data
acquired with these monitoring systems provides valuable information to charac-
terize them. The scheme in Figure 1.1 summarizes the current natural hazards

monitored by seismic systems.

Landslides

Volcanoes Debris Flows

Seismic
Applications: Mass Snow

movements Avalanches
Natural Hazards

Earthquakes Rock falls

FIGURE 1.1: Scheme of the main natural hazards such as volcanoes, earthquakes
and mass movements monitored by seismic systems.

Rapid mass movements such as landslides, debris flows, rock falls or snow avalanches
are periodic phenomena with a daily occurrence in alpine regions. Mass movements
can be triggered by climatic factors, different types of erosion, human activity, or
inertial accelerations induced by earthquakes or volcanic eruptions. The ground
shaking generated by earthquakes may lead to the temporary instability of slopes,
releasing different types of mass movements. For example, one of the worst histor-
ical earthquake-induced rock and snow avalanche disasters occurred in the moun-
tains of central Peru in 1970. The earthquake of M7.7 triggered 50-100 million

m? of rock, ice and snow that travelled very fast downhill burying villages and
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killing 30,000 people instantly (Plafker et al., 1971). Recently, on 25th April 2015,
a large M7.8 earthquake shook the centre of Nepal and was followed by a series of
M>6 aftershocks. The sequence of earthquakes caused more than 7,000 fatalities,
and damaged or completely destroyed entire villages. Additionally, these earth-
quakes induced thousands of landslides (Collins and Jibson, 2015) in the extremely
abrupt topography of Nepal which were responsible for hundreds of fatalities, and
blocked numerous roads and trails that connected villages (Figure 1.2a). The first
earthquake also triggered a huge snow avalanche that hit the Everest Base camp
(Figure 1.2b and c) causing the deadliest day in Everest history with 24 deaths
and more than 60 injuries (Aydan and Ulusay, 2015) .

At present, mass movements are monitored using local seismic arrays installed
on numerous slopes worldwide. Seismic sensors are very well suited for remote
detection of hazardous mass movements since each one generates a characteristic
seismic and acoustic wavefield. The local seismic networks installed at volcanoes,
in spite of be installed to detect the seismicity induced by volcanism, are also
suitable for recording volcanic flow events such as lahars (e.g. Johnson and Palma,
2015; Vézquez et al., 2016) or pyroclastic flows (e.g. Uhira et al., 1994), as well as
non-volcanic processes such as icequakes (e.g. Chaput et al., 2015), rockfalls (e.g.
Hibert et al., 2011), rock-ice avalanches (e.g. Schneider et al., 2010) or landslides
(e.g. Brodsky et al., 2003).

Landslides generate seismic waves by both shearing and loading the surface as
the mass moves down in a slope (e.g. Brodsky et al., 2003). A review of several
historical cases of seismic events associated with landslides is documented in We-
ichert et al. (1994). The amplitude of the seismic waves is proportional to the
force dropped during the landslide. Hence, the seismic signals of landslides can
be used to estimate and calibrate dynamical parameters used to characterize the
flow (e.g. Brodsky et al., 2003; Favreau et al., 2010). In this regard, this result has
significant importance as seismic recordings are usually the only dataset available

of large landslides (Favreau et al., 2010).

Apart from landslides, the passage of a debris flow over seismic sensors can be
clearly identified in the seismic recordings, as well as their internal surges (Arat-
tano and Moia, 1999; Marchi et al., 2002; Arattano and Marchi, 2005; Kogelnig
et al., 2011a). Debris flows also generate characteristic signals in the low-frequency
infrasonic spectrum which are detectable thousands of kilometrers from the source.

Kogelnig et al. (2011a) correlated infrasonic and seismic waves to characterize the
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flow behaviour at the Illgraben torrent (Switzerland). At the same test-site, geo-
phones were installed in the upper catchment to detect ground vibrations from
the ongoing debris flow (Badoux et al., 2009). Then, an automatic alarm system
is triggered if a predefined threshold value is exceeded (Séttele et al., 2013, 2015).

FIGURE 1.2: a) Landslide triggered by one of the aftershocks of the Nepal
earthquake on 25th April 2015 (photo taken from Collins and Jibson (2015) ). b)
Picture of the powder cloud of the avalanche triggered by the M 7.8 earthquake
in Nepal, moments before it hit the Everest Base Camp (photo taken from
http://www.telegraph.co.uk/news/worldnews/asia/nepal/ (2016, March,
22)) c) Picture of the Everest Base Camp after the snow avalanche hit the site
and destroyed the tents, killing 24 people and causing more than 60 injuries
(photo taken from http://www.independent.co.uk/news/world/asia (2016,
March, 22)).

Rockfalls are one of the most common consequences of slope instability in moun-
tain areas. All the rockfall phases can be detected using seismic measurements
providing valuable information on the characteristics of the source (Vilajosana
et al., 2008; Deparis et al., 2008). Thus, seismic networks have been specifically
installed to monitor and predict rockfall events (e.g. Spillmann, 2007; Lacroix and
Helmstetter, 2011; Moore et al., 2011). Vilajosana et al. (2008) demonstrated that
seismic measurements are very well suited to detect, localize and determine the
size of rockfall events via estimating the seismic energy. Using the methodology
proposed by Vilajosana et al. (2008), Hibert et al. (2011) estimated the volumes

of hundreds of rockfalls seismically detected within a volcanic crater.

Additionally, in the recent decades, seismic methods have been employed in all
the different branches of snow avalanche research as an indirect method to study

or detect them. A review of the current applications of seismic methods to study
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avalanche formation and dynamics, and to monitor and detect avalanches, are

detailed in the following sections.

1.3 Using seismic methods to study avalanche

formation

Snow avalanches are fast gravity-driven masses of snow flowing down mountain
slopes. They are initiated when the snow cover becomes unstable and starts mov-
ing downwards. Favourable conditions for avalanche formation depend on the
characteristics of the terrain, the meteorological conditions and the existence of
large snow depths over weak layers. Common factors leading to natural avalanche
release are loading by precipitation or snowdrift and warming (e.g. Schweizer et al.,
2003). Generally, natural avalanche release occurs during or immediately after
storms, when large accumulations of snow are the result of precipitation and wind
transportation. In springtime conditions, solar radiation and temperature are
the most important triggering factors. The snow cover stratigraphy, however, is
the key contributing factor to avalanche formation (Schweizer et al., 2003). The
existence of a weak layer, often consisting of a depth hoar and faceted crystals
(Schweizer and Jamieson, 2001), beneath a cohesive slab is a prerequisite for slab

avalanche release.

At present, it is impossible to predict exactly the location, in space and time, of an
avalanche release (Van Herwijnen and Schweizer, 2011a). In an attempt to record
signals preceding an avalanche release, different monitoring systems consisting in

acoustic and seismic sensors have been used to date.

1.3.1 Seismic methods used to asses avalanche triggering

mechanisms

Since the formation and propagation of cracks within a material is accompa-
nied by the release of elastic energy generating acoustic signals (Lockner, 1993),
recording these emissions from a natural snow cover can be used as a valuable

aid in avalanche forecasting (St Lawrence and Williams, 1976; Sommerfeld and
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Gubler, 1983; Van Herwijnen and Schweizer, 2011b). Acoustic signals in the ul-
trasonic range (> 10 kHz) are generally originated from micro-cracks, while large-
scale cracking and crack propagation also generates low-frequency signals (< 100
Hz). Pioneering seismic arrays of sensors were installed at the starting zone of
avalanches in order to detect acoustic precursory signals to spontaneous avalanche
release (St Lawrence and Williams, 1976; Sommerfeld and Gubler, 1983). Seis-
mic monitoring systems installed recently with the same purpose (Van Herwijnen
and Schweizer, 2011b,a) show that the fracture propagation through the failure
layer is recorded before spontaneous snow-slab avalanches. Identifying precursory
acoustic signals, however, is not always possible due to the high background noise

at low frequencies (Van Herwijnen and Schweizer, 2011b).

For avalanches triggered artificially, the external trigger induces localized deforma-
tions which are large enough to initiate a failure within the weak layer (Van Herwi-
jnen and Jamieson, 2005). Typical external triggering mechanisms include skiers
or provoked explosions, and less frequently, earthquakes. Earthquakes generate a
high rate of oscillations in normal pressure, shear stress and tensile stress within
the snow that may lead to avalanche release (Podolskiy et al., 2010b). The scheme
of Figure 1.3 shows the principal changes in the elastic stress field of avalanches due
to the vibrations of an earthquake. Experimental results of artificial snow sam-
ples subjected to vibrations on a shaking table showed that: i) the inertial forces
induced by acceleration can produce fracture within a homogeneous or stratified
samples; ii) the stress tensor has shear, tensile and compressive components; and
iii) the shear strength of a weak layer is smaller under tensile stress (Podolskiy
et al., 2010c). The properties of the snow cover and the magnitude of the stresses

induced by the earthquake determine whether the weak layer to fail.

In the literature, only a few cases of earthquakes that induced snow avalanches
have been reported to date (Podolskiy et al., 2010b). Most of them were sta-
tistically or visually identified, and data on the earthquake accelerations in the
avalanche release area and the subsequent avalanche recordings are non-existent.
For example, in the Khibiny Mountains (Russia), a statistical study showed that
225 snow avalanches occurred on the same days as mine explosions (Mokrov et al.,
2000). Following these observations, the accelerations produced by these explo-
sions were seismically recorded to assess the spatial distribution of the seismic

effects on snow stability (Chernouss et al., 2006). Unfortunately, snow avalanches
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induced by these explosions were not documented during the experiments. Re-
cently, hundreds of snow avalanches occurred after an earthquake of M6.3 in Japan
(Matsushita et al., 2013). In that case, an evaluation of the stability of the snow-
pack under earthquake vibrations was possible using snow-pit observations and
real values of the maximum earthquake acceleration recorded about 4 km away

from avalanche release areas.

éflm +Aon

Hypocenter

FIGURE 1.3: Scheme of the principal changes in the elastic stress field within
the snow cover generated by an earthquake: normal stress (o,,), tensile stress
(0¢) and shear stress (7). Picture modified from Podolskiy et al. (2010Db).

All the documented cases show the severe consequences of strong ground motions
for the induction of failure on the snow-covered mountain slopes. None of previous
studies, however, recorded the vibrations at the avalanche release zone, due to the
scarcity of seismic sensors in these remote areas, where accelerations could also
be amplified due to site effects. To evaluate these events, seismic sensors should
be installed at or close to avalanche starting zones in seismically active zones.
Quantifying the effectiveness of these types of triggering, by relating magnitude

and snowpack stability, is required as part of earthquake risk assessment.
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1.4 Using seismic methods to study avalanche

dynamics

1.4.1 New insights into avalanche dynamics

Snow avalanches display a variety of sizes and forms. Flow depths range from 10*
to 102 m, run-out distances from 10 to 10* m, flow velocities from 1 to 10? ms™!,
and masses from 1 to 10° t (Issler, 2003). Snow avalanche motion is mainly defined
by three independent contributions: the amount of snow, the morphology of the
avalanche path and the rheological properties of the snow (Naaim et al., 2013).
The overall amount of snow inside an avalanche is the sum of the mass released
and the snow entrained along the path. Larger avalanches involve more mass in

movement and longer run-out distances, mainly controlled by the entrained mass
(Steinkogler et al., 2014).

Depending on the snow temperature and moisture content, snow avalanches ex-
hibit different behaviours, such as a sheared and fluid-like layer, plug flow or a
dilute suspended powder cloud (Gauer et al., 2008). Specifically, moist or wet
avalanches usually are formed by high-density shallow flows characterized by a
slower-plug-like flow regime (Sovilla et al., 2008a; Kern et al., 2009). Experi-
mental measurements have shown that different flow regimes can coexist together
within the same avalanche (Sovilla et al., 2008a). For instance, the fast moving
dilute front of a powder-snow avalanche evolves to a decelerating dense shear layer

and finally, to a plug flow at the tail of the avalanche.

Powder-snow avalanches are often referred as dry-mixed avalanches because the
cloud characterizing this kind of flow typically hides a dense flow region. The struc-
ture of powder avalanches is usually divided into three main layers (e.g. Turnbull
and Bartelt, 2003; Gauer, 2014): the dense layer or avalanche core, the saltation
layer and the powder cloud. In the literature, however, there is not currently a
unified view of the structure of powder-snow avalanches, mainly because of the

lack of experimental information (Hopfinger, 1983; Issler, 2003).

A review of experimental measurements of powder-snow avalanches by Sovilla et al.
(2015) recently offered new insight into the structure of powder-snow avalanches.
Sovilla et al. (2015) distinguish four regions with different dynamics (Figure 1.4).

The avalanche front is a region characterized by its low density, as a result of the
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rapid entrainment of a layer of light, cold snow lacking cohesion (#1, Figure 1.4).
Maximum speeds are reached by the dilute front characterized by a mean density
that is normally less than 10 kgm 3 and low maximum impact pressures (up to 100
kPa). A few metres behind the front, an energetic and turbulent stratified layer
entrains deeper snow layers (#2, Figure 1.4). This region is characterized by an
increase of the turbulence scale with higher average density and impact pressure.
Large density and pressure fluctuations oscillate with maximum values up to 400
kegm =2 and 1000 kPa.

TN

4# Powder cloud ;\

FIGURE 1.4: Structure of a powder-snow avalanche composed of four regions

(diagram adapted from Sovilla et al. (2015) and Kogelnig et al. (2011b)): frontal

part (#1), energetic part (#2), dense/tail part (#3) and the powder cloud (#4).

The seismic waves generated by the avalanche propagate within the snowpack
and the ground; the infrasound waves propagate through the air.

Following the faster head consisting of these two regions, the hidden basal layer
is composed of a slower and denser layer (#3, Figure 1.4). In this region, density
oscillates around a higher average value (typically of 250-400 kgm—3) decreasing
along the tail and superimposed with higher density peaks caused by well-formed
granules. The pressure signal decrease and becomes steadier in the dense part (up
to 400 kPa) superimposed with rapid pressure fluctuations that reveal the presence
of larger granules (Sovilla et al., 2015). Finally, enveloping the whole avalanche,
a powder cloud of small particles suspended by turbulent eddies of air can reach
heights of hundred metres (#4, Figure 1.4).
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The structure of wet-snow avalanches can be simplified from those of powder-snow
avalanches to a granular dense layer. No turbulent cloud of suspended material is
present during the motion of a wet avalanche. The topography strongly influences
the movement of a wet flow, which normally spreads out laterally following small

irregularities in the terrain (Sovilla et al., 2012).

1.4.2 Snow avalanches as sources of seismic and infrasonic

waves

Snow avalanches are extended and moving sources of infrasonic and seismic waves.
The complex wavefield is mainly generated by the interaction of the flow with its
environment, i.e., the air, the snow cover and/or the ground when the avalanche
slides directly over it, as well as, with terrain features and possible obstacles (Fig-
ure 1.4). Furthermore, the number of sources is variable, as avalanches entrain

and deposit mass along their track.

Firstov et al. (1992) were some of the first researchers that studied the signals
generated by avalanches. They postulated that the seismic signals are mainly
generated by the dense and leading part of the avalanche; whereas the infrasound
is generated by the turbulent snow-air flow (powder cloud) characteristic of dry
avalanches. Moreover, earlier studies of seismic signals of avalanches provided

strong evidence of internal surges within avalanches (Schaerer and Salway, 1980).

Subsequent studies of avalanche seismic signals have mainly been conducted by the
snow avalanche group of the University of Barcelona (UB) since 1994, and since
2008, studies of avalanche infrasound signals have been also included. During
the first stage, the studies focused on the characterization of seismic signals of
avalanches triggered artificially in order to gain a better understanding of the
seismic sources of avalanches. Synchronized recordings of the seismic signals and
video images led to the conclusion that the sources of the seismic signals correspond
to changes in the slope, interaction with obstacles and phenomena associated with
the stopping phase (Sabot et al., 1998; Surinach et al., 2000, 2001). At the same
time, other studies carried out by Nishimura and Izumi (1997) suggested that
the seismic signals are induced by the violent flow of the dense part of a snow

avalanche, in agreement with Firstov et al. (1992).
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Further comparisons of avalanche seismic signals with frequency modulated radar
signals demonstrated that typically, the largest seismic amplitudes correspond
to the breaking of the snow layers, i.e., the erosion of the snow cover and the
entrainment of the snow layers (Biescas, 2003; Sovilla, 2004). The most energetic
seismic peaks do not necessarily correspond to the largest avalanche depths and
the highest intensities of the radar signals. Subsequent studies corroborated that
the main sources of the seismic signals of avalanches corresponds to basal friction

and ploughing at the avalanche front (Vilajosana et al., 2007b).

In recent years, the UB avalanche research group has recorded numerous infra-
sound and seismic signals emitted by avalanches of varying dimensions and flow
regimes (Kogelnig et al., 2011b). The analysis of these signals has showed that
the interaction of the external suspension and turbulent layers of the avalanche
mainly generates the infrasound signal; whereas the main sources of the seismic
energy are the basal friction produced by the dense body inside the flow in contact

with the ground or snow cover.

1.4.3 Seismic methods and avalanche dynamics

One of the main goals of studying the seismic signals generated by avalanches is
essentially to improve our understanding of avalanche dynamics. Firstly, seismic
methods have been demonstrated to be valid for estimating dynamical parameters
such as avalanche speed. The earliest studies of avalanche speed estimation based
on seismic methods include works by Schaerer and Salway (1980) and Nishimura
and Izumi (1997), who used basic picking techniques to obtain the arrival time
of the avalanche over geophones along the avalanche path. More sophisticated
methods for inferring avalanche speed were proposed by Vilajosana et al. (2007a),
which used cross-correlation analysis of avalanche seismic signals, and by Lacroix

et al. (2012), which applied a beam-forming seismic method.

Despite most of the kinetic energy of an avalanche being expended by internal
processes, part of this kinetic energy is expended in overcoming the resistance ex-
erted by the avalanche- sliding surface (Vilajosana, 2008). Part of this energy loss
due to friction during avalanche motion is thus converted into seismic waves and
heat. Vilajosana et al. (2007b) quantified the seismic energy transmitted into the
ground. As this energy is proportional to the overall avalanche mass, the method-

ology presented may be used as an empirical method to classify avalanche size.
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This method, however, requires a priori seismic characterization of the site and the
knowledge of the avalanche location. Previous comparative studies between the
seismic signals of avalanches of different sizes showed that the maximum ampli-
tudes generated depend on the avalanche size (Surinach et al., 2001; Biescas et al.,
2003). These preliminary results showed the feasibility of using seismic methods

to estimate avalanche size.

Seismic energy not only depends on the avalanche size, but also on the type of
flow regime. Biescas et al. (2003) compared avalanches of the same run-out, i.e.
same size, and showed that wet-snow avalanches generate seismic signals that
are larger than those generated by powder-snow avalanches, probably due to the
higher density of the mass involved. Vilajosana et al. (2007b) also showed that
a large dry/dense avalanche dissipated slightly higher energy than a powder-snow
avalanche of the same size. The differences were attributed to each flow regime, and
also as a suggestion, to different snow cover depths along the path. However, an
estimation of the avalanche seismic energy absorbed by the snow cover interface
was not previously quantified. This is a requirement to obtain accurate energy

estimations and thus to correlate with avalanche size and type.

Distinguishing between avalanche flow types can also be feasible not only because
of the differences in the seismic amplitudes and thus, in the energy dissipated.
The duration and shape of the seismograms are likely to depend on the avalanche
type (Surinach et al., 2001; Biescas et al., 2003). Wet-snow avalanches generate
much longer seismic signals characterized by a long coda; whereas the signals of
dry/mixed avalanches are much shorter (Biescas et al., 2003). The complementari-
ness of seismic and infrasound signals also showed advantages in the distinction
between flow regimes. Different types of flow have unique sensitivities in terms of
the infrasound or seismic recordings. Kogelnig et al. (2011b) showed that powder-
snow avalanches generate much larger infrasound amplitudes than wet avalanches.
Avalanches can also change from a powder part in the upper part of the path to
evolve to a wet flow as moist snow is entrained in the lower part of the path. This
change in flow behaviour is observable in the infrasound signal as a strong decrease

in the amplitudes (Kogelnig et al., 2011b) .

All the previous studies have qualitatively shown differences of the seismic signals
depending on avalanche type and size. Quantifying these signatures is necessary
to automatically recognize the type of avalanche flow or its size. Possible rela-

tionships between avalanche size and flow type might reflect the reproducibility of
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the previous observations and be useful for characterizing avalanches. Such data
is indispensable as seismic recordings are the only data available when avalanches
are triggered in poor visibility conditions and they are not recorded by other in-

strumentation.

1.5 Seismic monitoring systems of avalanches

Over the last 20 years, seismic monitoring systems of snow avalanches have been
deployed by several research groups. Although these monitoring systems were in-
stalled in most of the cases for research purposes, the results have proved adequate

as automatic detection systems.

The first seismic systems to automatically detect avalanches were operative in the
second half of the 1990s (Leprettre et al., 1996, 1998). Those systems also recorded
a variety of seismic sources such as earthquakes, blasts, footsteps, helicopters
or thunder bolts that could be mistaken for avalanches. Automatic recognition
of avalanches from other sources based on signal features observed in the time-
frequency domain and combined with fuzzy logic resulted in a average success rate
of 90%. Subsequent automatic detection systems were based on a classification
of events comparing a set of seismic parameters (Bessason et al., 2007). The size
of the avalanches could also be estimated from one of these parameters, once the
signal of the avalanche was correctly identified. However, the distinction between
different types of mass movements in this automatic system was unsatisfactory.
Surinach et al. (2005) showed the reproducibility and similarity of the shape in the
time-frequency evolution, i.e. the spectrograms of snow avalanches and other mass
movements. These specific signatures of the spectrograms are currently applied to
distinguish between common seismic sources on winter slopes (e.g. Biescas et al.,
2003; Surinach et al., 2005; Van Herwijnen and Schweizer, 2011a).

Seismic waves are rapid attenuated with distance, giving rise to a natural limit of
detection of the signals generated. The range of detection of seismic systems varies
depending on the characteristics of the avalanche path (length, terrain features
and snow cover), the typical dimensions, the flow type and possible site effects,
which may amplify or deamplify the seismic waves. The effective range of different
seismic detection systems was about 3-6 km (Leprettre et al., 1998) or 2 km for

small avalanches with a volume of about 10® m? (Biescas et al., 2003). Seismic
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networks installed recently have shown the validity of these systems to detect
avalanches as small as only a few metres of run-out distance up to a distant of 1
km (Van Herwijnen and Schweizer, 2011b).

Infrasonic waves travelling though the atmosphere are less affected by the travel
path and the attenuation is practically negligible at local distances (Kogelnig et al.,
2011b). Hence, infrasound monitoring systems have increased rapidly over recent
years (e.g. Scott et al., 2007; Ulivieri et al., 2011; Kogelnig et al., 2011b; Thiiring
et al., 2015). Automatic identification of snow avalanches based on infrasonic
waveform, however, can be extremely ambiguous and still requires further research
(Marchetti et al., 2015).

Automatic seismic detection of avalanches would provide key information for a
proper validation of avalanche forecast models. Inferring other parameters such
as avalanche flow regime, volume, or run-out distance would improve future auto-

matic systems in order to classify avalanche data without additional information.

1.6 Contents and goals of the study

The main goal of this study is to enlarge the current contributions of seismic meth-
ods to avalanche research, and to extend their applicability to avalanche monitor-
ing systems. This study focuses on two main issues in the avalanche research
field: 1) avalanche triggering mechanisms; and 2) inferring dynamic parameters
and avalanche characteristics. In the research field of avalanche formation, only
a few cases of earthquake-triggered snow avalanches have been documented to
date. In this regard, real seismic recordings in order to quantify the effects of dif-
ferent earthquakes affecting different snowpack stability conditions were treated.
In the research field of avalanche dynamics, a proper quantification of the seismic
intensity of snow avalanches can be used to infer dynamic characteristics. This de-
mands the identification of relevant seismic signatures for different types and sizes
of avalanches. Consequently, avalanche seismic data were compared with other
types of data to connect the avalanche flow regimes and the main dynamical pro-
cesses with the seismic signals generated. The quantification of varying avalanche

seismic signals is presented as a valuable tool for avalanche classification.

To achieve my goal, I tackle the following objectives:
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1. Identification of the avalanche dynamic processes which generate the seismic

wavefield and the sources of the seismic signals.

2. Parameterization of the seismic signals generated to infer avalanche flow

regimes and avalanche size.

3. Assessment and quantification of the possibility of snow avalanches being

induced by earthquakes.

4. Quantification of the effects of the snow cover in the detection of avalanche

seismic signals.

These objectives were treated widely in two peer-reviewed journal articles. In this
thesis, however, the content of these articles has been included with complemen-
tary information in a large volume of greater utility to the scientific community.
Thereby, the characteristics of the test site and the instrumentation deployed to
monitor snow avalanches are described in Chapter 2. In Chapter 3 a seismic
characterization of the site is presented. This is a requirement previous to the
quantification of the avalanche seismic signals. The procedure of analysis of the
avalanche data (seismic signals, infrasound signals and radar data) are explained
in the methodology in Chapter 4. The main results of the thesis are included sepa-
rately in two chapters that corresponds to the applications of the seismic methods
to the study of avalanche formation (Chapter 5) and the application of the meth-
ods to the study of avalanche dynamics (Chapter 6). In Chapter 5, an avalanche
possibly triggered by an earthquake is compared with other non-avalanche-released
earthquakes. The joint analysis of seismic, infrasound, radar, and weather data, as
well as snow cover simulations, is used to characterize the avalanche flow and quan-
tify the effects of the earthquake within the snow cover. A comprehensive analysis
of these results has been published in the article Fvaluation of an avalanche possi-
bly triggered by an earthquake at Vallée de la Sionne, Switzerland (Pérez-Guillén
et al., 2014). In Chapter 6, the results of a comparative study between the seis-
mic signals and the signals acquired with two frequency-modulated radars of 32
avalanches is presented. As a contribution to the study of avalanche dynamics, a
set of seismic indices was defined. Hence, the parameterization of the avalanche
signals using these indices allows to infer avalanche characteristics. All these re-
sults have been published in the article Deducing avalanche size and flow regimes
from seismic measurements (Pérez-Guillén et al., 2016). In both chapters, ad-

ditional data are also included. The main conclusions of each chapter of results
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are included at the end of the respective chapter, as each part has contributed to
different branches of avalanche research. Finally, a discussion on the main results
and conclusions of this PhD study, addressing the further needs and the possible

future applications, is presented in two different chapters (Chapters 7 and 8).






Chapter 2

Vallée de la Sionne test site

All the data analyzed in this PhD study were acquired at the Vallée de la Sionne
(VdIS) test site in Switzerland. In this chapter, I present the main characteris-
tics of VdIS, the instrumentation deployed and the seismic and infrasound data

treatment.

2.1 Introduction

The full-scale test site of Vallée de la Sionne (VdIS) in Switzerland was built
in 1997 by the WSL Swiss Federal Institute for Snow and Avalanche Research
SLF to investigate snow avalanche dynamics (Issler, 1999). VdIS is situated to
the north of Sion (Switzerland) in the central Valais area (Figure 2.1). The test
site was established to study physical processes in avalanches, to improve existing
avalanche dynamic models, to develop new models and to determine the forces
exerted by snow avalanches on different structures (Amman, 1999). Nowadays,
a set of instruments installed along the main avalanche path provides extensive
data on the internal velocity, flow height, and density of the flow at different
heights of the avalanche profile, measurements of impact pressure on different
obstacles, and volumes in the release and deposited areas (Sovilla et al., 2008b,a,
2013). Numerous international research groups from Switzerland, England, Spain,
France and Austria collaborate at the site installing different test equipments which

provide additional data for avalanche research.

19
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The snow avalanche group of the University of Barcelona (UB) has been installing
seismic stations at VdIS since the test site became operative in 1999. In the
period from 1999 to 2003, two seismic stations were installed and more than 30
avalanches of different sizes and types were recorded (Biescas, 2003). During
the subsequent winter seasons from 2004 to 2007, the UB snow avalanche group
installed the seismic stations at the test site of Ryggfonn in Norway operated by
the Norwegian Geotechnical Institute (NGI). In this period of time, a total of 11
avalanches were recorded and new methods of analysis were applied (Vilajosana,
2008). From 2008 until now, the stations were again installed at VdIS, increasing
the number of seismic stations and adding infrasound sensors that complement
the information extracted from the seismic measurements (Kogelnig, 2012). At
present, four seismic stations and one infrasound sensor are installed both within
and outside the avalanche path. The stations record in continuous mode. Hence,
not only are snow avalanches recorded, but also other seismic and infrasound

sources such as earthquakes, explosions, helicopters and airplanes.

In Section 2.2, a detailed description of the avalanche path characteristics at VdIS
is presented. All the infrastructure and instruments deployed at VdIS are de-
scribed in Section 2.3. The characteristics and technical details of the seismic
and infrasound sensors installed by the UB snow avalanche group are described in
Section 2.4. Finally, seismic and infrasound data treatment is detailed in Section
2.5.

2.2 Characteristics of the test site

Snow avalanches of different types and sizes can be released, naturally or artifi-
cially, in three main release areas at different elevations, ranging from 2200 to 2700
m a.s.l.: Pra Roua (PR), Créta Besse 1 (CB1) and Créta Besse 2 (CB2). The start-
ing zone covers an extension of 30 ha (Figure 2.1) with mean slopes between 30°
and 45° oriented towards easterly to south-easterly direction, which favours snow
accumulating over the starting zone due to westerly and north-westerly winds.
The total avalanche path length is approximately 2500 m with a vertical drop of

1400 m; the maximum altitude is 2700 m a.s.l. and the minimum is 1300 m a.s.l.

Snow avalanches follow three main paths (indicated with white arrows in Figure

2.1) depending on the release location. The avalanche track consists of two gullies
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Y . Starting Zone
' Track Zone

Runout Zone

FIGURE 2.1: a) Map of Switzerland with the location of VdIS (source: Google
Earth). b) Overview of VdIS (source: Google Earth). Different instrumentation
is located at caverns A, B, C and D. Typical avalanche starting zones are indi-
cated as Pra Roua (PR), Créta Besse 1 (CB1) and Créta Besse 2 (CB2). Black
arrows show the main directions that avalanches initiated in the starting zone
follow before reaching the channelled area, referred to as gully 1 and gully 2, in
the track zone. Part of the mass of the avalanches released at PR can also flow
along the channelled part of Deylon. The black dashed lines show the typical
path of the flowing avalanche. VdIS data acquisition systems are located in a
shelter near D on the opposite slope.

between 1700 and 1900 m a.s.l. (marked as gully 1 and gully 2 in Figure 2.1). In
general, avalanches that start from PR and CB1 follow gully 1; while avalanches
starting from CB2 may flow through either gully or both. The paths then converge
in a common run-out zone characterized by an open slope with a mean inclination
of 20° between 1300 and 1700 m a.s.l. The river La Sionne at the bottom of the
Valley separates the long run-out zone and the opposite slope where a concrete

shelter is situated at D (Figure 2.1) and operates as the instrumented control
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centre. At the locations A, B, C and D, different instrumentation described in the

following sections is installed inside of caverns (Figure 2.1).

2.3 Instrumentation

An extensive database of avalanches that occurred spontaneously or were trig-
gered artificially in full-scale experiments, has been collected at VdIS since 1999.
In order to measure impact pressures, speeds, flow depths and densities, several
infrastructures with measurement equipment have been installed close to C in the
run-out zone of VdIS at 1650 m a.s.l. (e.g. Schaer and Issler, 2001; Sovilla et al.,
2008b; Kern et al., 2009; McElwaine and Turnbull, 2005; Louge et al., 1997) (Fig-
ure 2.2). A shelter construction, usually referred to as the bunker, is located on
the slope opposite of the avalanche track, near D at 1500 m a.s.l. (Figure 2.1). It
operates as the instrument control centre and serves as a data storage centre and

protects the following instrumentation:

e Dual frequency pulsed Doppler radar system. This transmits short pulses of
microwave energy and analyses the received echoes reflected from the dense

and the powder part of an avalanche (Rammer et al., 2007).

e Frequency Modulated Continuous Wave Phased Array radar (henceforth re-
ferred to as the GEODAR radar) (Vriend et al., 2013; Ash et al., 2014). It
can track the avalanche over the whole slope with a downslope spatial reso-
lution of 0.75 m, and gives information on avalanche position, velocity and

size. The technical specifications are described in Ash et al. (2010).

Along the main path of the avalanche, three pairs of FMCW radars (Gubler and
Hiller, 1984) are buried in the track, the first at 2300 m a.s.l. (location A in
Figure 2.1), the second at 1900 m a.s.l. (location B in Figure 2.1) and the third
just above the instrumented area at 1650 m a.s.l. The radars provide local velocity
profile measurements (Amman, 1999), and also serve to determine erosion (where

and how much snow cover is eroded), flow depth distribution and mass deposition
(Sovilla and Bartelt, 2002).

In order to determine the mass balance of an avalanche, air-borne laser scans

(ALS) are usually performed to supplement the photogrammetric measurements
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FIGURE 2.2: a) View of VdIS instrumented area near cavern C showing (from
bottom to top): cavern C (#1), the small impact wall (#2), the pylon (#3) and
the keil/narrow wedge (#4). b) Close up of the pressure and optical sensors
mounted in the mast. ¢) Narrow wedge equipped with high-frequency load cells.

of snow depth in avalanche experiments (Sovilla et al., 2010). ALS measurements
can be taken of the entire avalanche path with a horizontal spatial resolution of
500 mm and a vertical accuracy of 100 mm resulting in a high-resolution digital
model of the snow (Sovilla et al., 2013).

Information on the snow conditions is obtained manually by digging snow pits in
the avalanche path or from five automatic weather stations: three located close to
the avalanche path and two at lower elevations (Sovilla et al., 2013). Data acquired
from these weather stations serves as input data for snow cover models such as
SNOWPACK and Alpine3D (Lehning and Fierz, 2008; Lehning et al., 2006) and
allows reconstruction of the distribution of the snow cover and its properties at

different locations along the avalanche path.

Three underground caverns have been built (a few metres from the FMCW radar
locations) along the main avalanche path at A, B and C, and are provided with
data acquisition computers (Figure 2.1). The local computers are linked, through
a central backbone containing a fibre optic network, to the central data storage
system located in the shelter. Different seismic stations have also been installed
inside these caverns by the UB snow avalanche group. Details of the characteristics

of these stations are given in the next section.
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Numerous experiments consisting of snow avalanches triggered artificially by ex-
plosive charges have been performed by the SLF group and their partners from
other European countries. In the case of spontaneously released avalanches, a spe-
cial triggering system that uses seismic sensors positioned at points close to the
release area initiate the whole data acquisition system. The system includes two
seismic stations, MS2003 Syscom, of three-component seismometer located inside
caverns A and B (Amman, 1999) (Figure 2.1). All the installed instrumentation
is connected to the triggering system with a common time base, which allows all
measurements to be synchronized with a time precision of + 1 s. The system is

triggered when the seismic signal exceeds the threshold of 50 ms™!.

2.4 UB Seismic and infrasound equipment

The UB snow avalanche group has deployed several seismic and infrasound stations
at VdIS. The data are used to measure the ground velocity and the air pressure
generated by snow avalanches. These are non-invasive methods that detect the
interaction of the different parts of the avalanche with the snow cover and terrain
(erosion, impacts on the ground and changes of air pressure), and they are sensitive
to the different flow regimes, types of snow and avalanche dimensions (Surinach
et al., 2000, 2001; Vilajosana et al., 2007b; Biescas et al., 2003; Kogelnig et al.,
2011b).

VdIS is an ideal place to locate the stations in strategic locations of the avalanche
path. The already existing VdIS infrastructure allowed the installation of the
sensors inside several caverns (Figure 2.3) located at the avalanche starting zone
(cavern A), the track zone (cavern B), the deposition area (cavern C) and on the
slope opposite the avalanche path and close to the shelter (cavern D). All the
caverns are provided with a power supply and connected to a computer network
which facilitated the installation of the instruments and reduced equipment costs.
The coordinates of the stations and the distances from each station to the top of
CB1 are given in Table 2.1. The number of stations installed by the UB group has
increased in over the years and the characteristics of them have improved since the
first winter season. All the seismic and infrasound sensors are installed before the
winter season and uninstalled for the summer. The characteristics of the seismic
and infrasound stations deployed by the UB at the site for each winter season are

given in Table 2.2.
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FIGURE 2.3: Main profile of the VdIS avalanche path (from CB1 release area,

following gully 1 to cavern D). Several seismic stations are installed inside cav-

erns A, B and C, and other seismic and infrasound sensors are installed in cavern
D. The instrumented mast is located close to cavern C.

TABLE 2.1: Coordinates of the caverns where the seismic stations are installed
and the linear distances from the top of CB1 to each station following the main
profile of the avalanche path of Figure 2.3.

Cavern Coordinates Distance [m]
A 46.3007 ° N 7.3574 ° E 2250 m a.s.l. 581
B 46.2974 ° N 7.3637 ° E 1903 m a.s.1 1267
C 46.2948 ° N 7.3708 ° E 1640 m a.s.l 1901
D 46.2932 ° N 7.3770 ° E 1441 m a.s.l 2562

For the winter seasons from 1999 to 2003, two seismic stations were installed in
caverns B and D (Figures 2.1 and 2.3) and a data logger with three channels PDAS
(Teledyne-Geotech) or Orion (Nanometrics) and two different types of sensors (see
Table 2.2 for details). The installation of these stations is reported in Biescas
(2003). The current configuration of the seismic and infrasound sensors, from
winter 2013 to now (winter 2015), follows a linear distribution of sensors located
inside and outside of the usual avalanche path. The following sensors are installed

inside the caverns:

e Cavern A (2300 m a.s.l.): data acquisition system SpiderNano (three chan-
nels) with a three-component seismometer, Miniseismonitor (eigenfrequency
of 2 Hz sensitivity of 500/6 Vsm™') (Figure 2.4a).
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e Cavern B (1900 m a.s.l.): data acquisition system REFTEK DAS-130-01
(six channels) with a three-component seismometer, Mark L-4C-3D (eigen-

frequency of 1 Hz and sensitivity of 280 Vsm™!) (Figure 2.4b).

e Cavern C (1640 m a.s.l.): data acquisition system REFTEK DAS-130-01
with a three-component seismometer, Mark L4-3D, and a three-component
broad band seismometer, Lennartz 3D /20s (eigenfrequency of 0.05 Hz and
sensitivity of 1000 Vsm™!).

e Cavern D (1500 m a.s.l.): data acquisition system REFTEK DAS-130-01

with a three-component seismometer, Mark L4-3D, and an infrasound sensor,

Chaparral Model 24 (eigenfrequency of 0.1 Hz and sensitivity of 2 VPa™;
Figure 2.4c).

FIGURE 2.4: a) Image of the SpiderNano seismic station installation in the

release area of the avalanche, inside cavern A. b) Image of the REFTEK DAS-

130 data acquisition system and the Mark L-4C-3D seismometer at cavern B.

c¢) Image of the Chaparral infrasound sensor installed inside a metallic box and
connected to the garden hose near cavern D.

The sensors and the data acquisition systems in caverns A, B and C are installed
together inside the cavern (Figure 2.4a and b); whereas the sensor in cavern D
is located directly on the ground, and connected with the data acquisition sys-
tem situated inside the shelter (Figure 2.5). All the seismometers were levelled
and north-south oriented. They were positioned over specifically designed metal-

lic platforms which provide good coupling with the ground (Figure 2.4b). The
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TABLE 2.2: Type of station and sensor installed by the UB group in caverns
A, B, C and D at VdIS from the first winter season up until the present. In the
winter season 2014-2015, there were no data recorded by the Spider station.

Season Location Data Logger Sensor
1998 - 1999 g PDAS Lennartz 3D/5s
1999-2000 D PDAS Lennartz 3D-5s
2000-2001 D Orion Mark L-4C-3D
2001 - 2003 g Orion Mark L-4C-3D
2008 - 2009 ]]2 REFTEK Mark L-4C-3D
B Mark L-4C-3D
2009 - 2013 C REFTEK s s
D Mark L-4C-3D; Chaparral
A Spider Miniseismonitor
B Mark L-4C-3D
2013 - 2016 C REFTEK  Mark L-4C-3D; Lennartz 3D/20s
D Mark L-4C-3D; Chaparral

infrasound sensor was connected to a porous garden hose setup, which acted as a

spatial wind noise reduction system (Kogelnig, 2012).

The data acquisition system (REFTEK DAS-130; Figure 2.4b) has two-channel
input connectors on each of the three channels, a power connector, a net con-
nector, a GPS connector and a control connector. All the acquisition systems are
connected using fibre optic cables to the server and to the VdIS external triggering
system. The data acquired by the stations are recorded in parallel in two different
streams: a continuous stream with a sampling rate of 100 sps and an external
triggering stream with a sampling rate of 200 sps that starts recording when the
VdIS alarm system is triggered. The external triggering stream was programmed
for a time window of 700 s with a pre-trigger window of 60 s. This time window
is long enough to record the largest avalanches which have seismic signals with

durations up to 600 s.

Most of the instrumentation at VdIS starts data acquisition when the VdIS seismic
alarm system is triggered. This system is triggered when an avalanche is moving
close to the triggering stations located at caverns A and B. Hence, the system

starts recording with a time delay with regard to the beginning of the avalanche.
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FIGURE 2.5: a) Shelter (bunker) that operates as the instrument control centre
and serves as a data storage centre located on the slope opposite of the avalanche
path. b) Server and data acquisition system (REFTEK DAS-130) installed
inside the shelter. ¢) Mark L-4C-3D seismic sensor installed directly on the
ground at cavern D and connected to the data acquisition inside the shelter.

This is not a problem for the UB stations as they record data continuously nor
for any of the measurements acquired in lower parts of the avalanche track, i.e., in
the instrumented area close to cavern C. Furthermore, the trigger recording mode
of the UB stations is programmed with a pre-trigger window length of 60 s that
is usually enough to capture the first movements of the avalanche. If the trigger
system has a very long delay, the data acquired continuously warrants that the
entire seismic signal generated by the avalanche is recorded. Additionally, other
seismic and infrasound sources such as earthquakes or explosions, useful for this

research, are also recorded in the continuous stream.

Access to the caverns during the winter is impossible because several meters of
snow usually cover them and due to the risk involved in walking in an avalanche
hazard area. To control the functioning of the stations and download the data, the
stations are connected to the VdIS network. Each station with an assigned static
IP is connected by TCP/IP communication protocol to the UB server located in
the shelter (Figure 2.5b). Data are downloaded remotely from the UB via FTP

connection to the server.
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2.5 Seismic and infrasound data treatment

Data from different seasons have been acquired with different types of instrumen-
tation. In order to compare all the data, the raw data are processed and converted
into physical parameters (ground velocity, m/s; and air pressure, Pa) using the
appropriate transfer functions. The data logger output signal is given in counts.
The amplitude must be converted first to volts and then to ground motion (m/s).
One count value is obtained from the ratio between the full scale (F'S) of the data
logger (10 V) and the maximum resolution (48 Mb), which in the case of the
REFTEK data logger is:

10
1 = — 2.1
count I01A5G Volts (2.1)

The transfer functions for the first data loggers used in seasons before 2010 are

detailed in Biescas (2003) and for the SpiderNano data logger:

5
leount = 52 Volts (2.2)

The transfer function values are then corrected by the voltage output of the seis-
mometers, e.g., 280 Vsm ™! for the Mark L-4C-3D; and the voltage output of the
infrasound sensor, e.g., 2V Pa~! for the Chaparral. Subsequently, two signal pre-
processing techniques are used to correct the trend and the offset of the signals.
All the signals are filtered, with a 4th-order Butterworth band-pass filter, from 1
Hz (eigenfrequency) to a frequency below to the frequency of Nyquist (45 Hz for
avalanches sampled at 100 sps; 90 Hz for avalanches sampled at 200 sps). Earlier
works recorded the snow avalanche signals with a sample rate of 100 sps (Biescas,
2003; Kogelnig et al., 2011b). In this work, the sample rate of the trigger stream
from the upper stations has been increased to 200 sps in order to capture a higher
frequency spectrum. Maximum energies of the snow avalanches are usually con-
centrated below 40 Hz. However, depending on the type of snow avalanche, part
of the seismic energy can be in the frequency spectrum over 40 Hz. This will be
further analysed in the following chapters. All the data processing was carried out
in MATLAB using different developed scripts.






Chapter 3

Seismic site characterization

In the present chapter, I deal with the main local site and path effects affecting on
avalanche seismic data in order to facilitate correct interpretation of the avalanche
seismic signals in later chapters. Additionally, I address several issues regarding
to the time fit between the data from the stations and the background noise level

analysis before an avalanche release.

3.1 Introduction

Previous to the analysis of the seismic signals generated by snow avalanches, dif-
ferent phenomena affecting the wave field propagation should be considered. The
seismogram recorded at a given site is the convolution of the source (type and size
of avalanche), path effect (attenuation of the waves) and site effect (local amplifica-
tion or deamplification of the waves). Typically, a great variety of seismic sources
are recorded at the UB seismic stations at VdIS. Besides snow avalanches, the most
common sources of seismic waves are earthquakes, explosions, helicopters, planes
and meteorological phenomena. Each type of source generates a characteristic
wave field. The triggering of the VdIS alarm system, and a posteriori comparison
of the data acquired with the different instrumentation, allows snow avalanche

events to be easily recognized.

The generated seismic waves of an avalanche are attenuated with distance mainly

due to geometrical spreading and the absorption of energy by the propagation

31
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medium. So, at a given site, local geological conditions may modify the ampli-
tude and frequency content of the seismic waves (Pedersen et al., 1994). Seismic
wave amplification on mountain slopes is produced by a complex interaction of
combined topographic and geological effects. Site effects on mountain slopes have
previously been studied by several authors (Pedersen et al., 1994; Geli et al., 1988;
Assimaki and Kausel, 2007; Bourdeau and Havenith, 2008). The analysis of dif-
ferent regional earthquakes allows us to evaluate possible seismic site effects at
VdIS. Considering these effects is essential for proper interpretation of the seismo-
grams generated by snow avalanches and then, further quantification of the energy
recorded at each site; which is one of the objectives of this thesis. Additionally,
for comparative analysis between the seismic recordings of the avalanches at the
different sites along the path, accuracy of timing between the stations is required.
Unfortunately, a time delay between the stations results from the characteristics
of VdIS infrastructure. To resolve this issue, several earthquake recordings were
used to establish the time between the seismic stations in spontaneous avalanche
events. For artificially triggered avalanches, the seismic signals from the explosions

are used to establish the time between the stations.

Firstly, a description of the geologic characteristics and the seismicity of the VdIS
region is presented (Section 3.2). Considering the soil characteristics of the area,
the total attenuation factor in function of the distance and frequency of the sig-
nals is calculated in Section 3.3. To evaluate possible local site effects, several
earthquake recordings are analysed (Section 3.4.1) and interpreted in accordance
with the topographic and geologic characteristics of VdIS (Section 3.4.2). Using
the arrival of the P-waves from these earthquakes or the arrival of the air waves
from explosions at each location, the time between the different stations is accu-
rately established (Section 3.5). Finally, an analysis of the background noise before
avalanche release events is performed to detect possible external noise sources that

could overlap with the avalanche signal (Section 3.6).
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3.2 Seismicity and geological setting in the VdIS

region

3.2.1 Geological setting

The Vallée de la Sionne is drained by the Sionne River, which is a tributary
of the Rohne. The Rohne valley is a sedimentary structure resulting from the
combined action of tectonics and Quaternary glacier erosion, characterized by
Quaternary deposits that reach a maximum depth of 900 m (Frischknecht and
Wagner, 2004). The geological map of the VdIS area gives detailed information
on the uppermost layers of the subsurface structure (Figure 3.1). The seismic
stations in caverns A, B and C are located inside concrete caverns built in the
middle of the path of the avalanche. According to the local geology, caverns A
and C are built on a talus slope; the ground is mostly covered with loose material
(gravel) at A, and with gravel and single boulders at C. Cavern B is located over
a Wang Formation represented by dark grey marls and fine-grained calcarenites
(Cardello and Mancktelow, 2014). The seismic sensor of D is buried in a hole
approximately one metre deep and installed directly on ground characterized by

Quaternary unconsolidated deposits (Figure 3.1).

3.2.2 Seismicity

Switzerland is located within an Alpine context with moderate seismic activity on
average (Figure 3.2). Due to its high population density and vulnerable infras-
tructures, the risk in Switzerland is considered rather high in some areas, such as
the canton of Valais (Giardini et al., 2004). Based on the earthquake catalogue of
historical and instrumental seismic events in the zone, over 150 earthquakes with
My, > 3.0 and three major earthquakes of MSK intensity VIII-IX (5.0 < M >
6.0) have occurred over the past 250 years (Frischknecht, 2000).

VdIS belongs to the Valais region, one of the most seismically active zones in
Switzerland. In the Valais region, earthquakes are the result of stress released
along three major active fault zones: the Simplon fault, the Rhone fault and the
faults of the Rawil depression (Maurer et al., 1997). In particular, the Wildhorn
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FIGURE 3.1: Geologic map of the Vallée de la Sionne (Geological Atlas of

Switzerland (GA25), St-Leonard, no. 35; http://map.geo.admin.ch/ (14th

April 2016)) with detailed information on the uppermost layers of the subsurface
and the location of the seismic stations A, B, C and D.

seismic zone in the Rawil depression, where VdIS is situated, is the most seis-
mically active region in the Swiss Alps. The last major earthquake during the
20th century (magnitude M, 6.1) occurred in 1946 in this zone causing about 150
million of Swiss francs of direct damages and triggering a number of landslides
within the epicentral region (Fritsche and Féah, 2009). Four months later, an M,
6.0 aftershock triggered a large rock avalanche from the steep slopes of the Raw-
ilhorn. The rock avalanche released 4-5 million m? of sedimentary rock from a
ridge approximately 600 m high, and had a run-out distance of roughly 1.5 km
(Moore et al., 2011). A topography effect might play an important role in the
rock mass event as the release area was close to the ridge (Frischknecht, 2000). In

this region, seismic soil amplification has also been previously observed inside this
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FIGURE 3.2: Seismic hazard map of Switzerland (from the Swiss Seismological
Service (SED); www.seismo.ethz.ch) depicting the level of horizontal ground-
motion in g (m/s2) (in units of 5% damped acceleration response spectrum at 5
Hz frequency) expected to be reached or exceeded in a period of 500 years (10%
exceedance probability in 50 years). VdIS is situated 7.5 km north of Sion.

valley, characterized by unconsolidated deposits and a shallow water table (Roten
et al., 2008).

3.3 Attenuation of waves

The two main types of seismic waves that a snow avalanche can generate, just
as any other ground vibration source, are the surface waves and the body waves
(P-waves and S-waves). The P-waves are the faster moving and are simply longi-
tudinal waves. The S-waves are transverse waves that always travel slower than
the P-waves. Surface waves are also typically generated by snow avalanches (Vila-
josana et al., 2007b). The seismic waves generated by snow avalanches usually have
a frequency spectrum below 100 Hz. Identifying the types of waves inside the seis-
mograms of avalanches is no easy task, and often impossible due to an avalanche

is a non-punctual, moving, multiple, and variable source of seismic waves. The
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number and variation of the seismic sources, and the short distance between the
sensor and avalanche, implies that different waves and phases may arrive simul-
taneously (Biescas, 2003). Additionally, the heterogeneities of the ground at near
field may greatly modify the signals generated.

Infrasound waves are pressure fluctuations in the air, which occupy a relatively
narrow band in the low-frequency acoustic spectrum (0.001 Hz to 20 Hz); too low

to be perceived by the human ear (Johnson, 2003).

Attenuation of seismic waves

Different phenomena are responsible for the attenuation of seismic waves with
distance, such as geometrical spreading, scattering, multipathing and anelasticity
(e.g. Stein and Wysession, 2003). In general, the two processes that contribute
to the decay of the seismic amplitudes generated by avalanches are geometrical
spreading and anelastic attenuation. We can assume that, at local distances, the
heterogeneities of the ground surface are much smaller than the wavelength of
the seismic waves generated by avalanches (Vilajosana et al., 2007b). Hence, the

scattering and multipathing processes can be neglected.

Geometrical spreading is defined as the variation of the energy per unit as a
wavefront expands or contracts (e.g. Stein and Wysession, 2003). The initial
energy released at the source is spread over an increasing area as the wavefront
expands from the source producing a decrease of the intensity of the seismic wave
with distance. A spherical wavefront moving away from the source is considered
for body waves. The energy is conserved in the expanding spherical wavefront

whose area is 4772, where r is the radius of the wavefront.

The anelastic, or also called, intrinsic attenuation involves the loss of energy due to
the conversion of seismic energy to heat by permanent deformation of the medium.
For travelling waves, the amplitude decays with distance due to anelastic attenu-

ation as follows (e.g. Lay and Wallace, 1995):
A(r) = Ag e~ @i (3.1)

where, Ay is the amplitude at source, A (r) the measured amplitude at a distance
r from the source, f the frequency, Q(f) the quality factor and c(f) the phase

velocity of the seismic waves. An important consequence of Eq.3.1 is that for a
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constant value of @) and ¢(f), a high-frequency wave will attenuate more rapidly
than a low frequency wave. Large values of ) imply little attenuation. In general,

@ increases with material density and velocity (e.g. Lay and Wallace, 1995).

Geophysical studies conducted in the Rhone valley (Frischknecht, 2000) showed
that mean ground density varies between 1900 and 2200 kg/m? for the Quater-
nary unconsolidated sedimentary deposits and between 2400 and 2720 kg/m? for
bedrock. Regarding the P-wave velocity, values range from 500 to 2800 m/s for the
Quaternary deposits and from 4000 to 5000 m/s for bedrock (Frischknecht, 2000).
The main value of the () factor for unconsolidated deposits is usually chosen in the
range 40-50 (Pedersen et al., 1994). Hence, considering a mean velocity of 2050
m/s and a mean () value of 50, the total factor of attenuation for P-waves is:
1~ Some

F = € (3.2)

where F' is the total factor that includes the geometrical spreading term (~ %)

and the anelasticity term (~ e~ " 7).

The amplitude of the attenuation factor, F', in logarithmic scale (colour bar)
against the distance and frequency is represented in Figure 3.3. The range of
frequencies (1-100 Hz) and distances (1-3000 m) are selected according to the typ-
ical range of frequencies generated by avalanches and the distances travelled by
the seismic waves in this study. The attenuation factor decreases as a function
of distance and frequency. Due to anelasticity, higher frequencies are attenuated
faster with distance than lower frequencies, as can be appreciated in Figure 3.3.
Maximum distances recorded by the seismic waves propagating into the ground
at VdIS are some 3000 m. (Figure 2.3). At a distance of 3000 m, 1 Hz waves are
attenuated a factor of 3-107*, 40 Hz waves by a factor of 8-107%, and 100 Hz waves
by a factor of 3-107® (Figure 3.3b). Hence, the attenuation of waves is four orders

of magnitudes higher for 100 Hz waves than for 1 Hz seismic waves.

Snow avalanches often slide over a snow cover that consists of different snow layers
of varying height and physical properties. Thus, the seismic signals generated by
an avalanche first propagate within the snow cover before reaching the snow-soil
interface. Sidler (2015) has recently modelled the attenuation (as the inverse of
the quality factor: 1/@Q) of compressional waves in light (high porosity) and dense
snow (low porosity) using a porosity-based Biot model. His results show that the

attenuation for the first compressional wave is lower in dense snow (0 < 1/Q < 67%)
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FIGURE 3.3: (a) Factor of attenuation, F' (colours indicate logarithmic scale),
displayed as a function of frequency and distance. (b) Factor of attenuation, F
(in logarithmic scale), for six fixed frequencies displayed as functions of distance.

with a peak of attenuation at a high frequency (f > 100 Hz). In light snow, the
attenuation is stronger (0 < 1/Q < 0.1) with a peak of attenuation at a lower
frequency (10 < f < 10 Hz). Snow avalanches usually entrain the dry, low-
density snow layers and slide over more resistant and older snow layers (Sovilla
et al., 2006). Thus, less attenuation of the avalanche seismic waves should be
expected over high-density layers. In addition, waves are similarly attenuated for

frequencies below 100 Hz (the typical range of frequencies for avalanche signals).
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Attenuation of infrasound waves

Infrasound can travel thousands of kilometres and still be detectable due to the
frequency-dependency of atmospheric attenuation. The atmosphere absorbs high-
frequency sound waves (audible and ultrasound) more than low-frequency waves
(infrasound) (Pilger and Bittner, 2009). As for seismic waves, infrasound wave
propagation is affected by different mechanisms that modify the amplitude and
the frequency of the waves, such as geometrical spreading losses and absorption
losses. Typical pressure perturbations for alpine mass movements such as snow
avalanches are =~ 3 Pa (Kogelnig et al., 2011a). The change in sound pressure
level between two points at distances r; (near) and ro (far) from the source, due

to geometrical spreading is:

&)

r

where AdBgpy, is the change in the sound pressure level. Hence, a change of a
factor of, for example, 1000 in the distance leads to 60 dB attenuation, i.e., 0.02
Pa, which means two orders of magnitude less than typical pressure perturbations

for alpine mass movements.

The dominant loss mechanism for infrasound is due to absorption processes in the
atmosphere. Sound propagating from a source is subject to absorption by the
atmosphere and absorption by the ground and ground cover, such as snow cover.
In classic acoustic attenuation, amplitude decay due to transmission loss through

the atmosphere is proportional to the square of the frequency (Johnson, 2003):

D‘tf2 )7,,

AP = APy e~ o

(3.4)

where AP, is the original pressure fluctuation, a4 is the total attenuation coeffi-
cient, p, is the density of the air, r is the distance from the source, and f is the
frequency (Hz). According to Reed (1972) empirical values of a;/p, range from
1.3-107" s?/m to 3 - 107'1s*/m which translate to about 2 - 10> dB/km for 10
Hz infrasound. These small values show that attenuation of infrasound is nearly

insignificant in the lower atmosphere even at global distances (Johnson, 2003).

Therefore, seismic waves propagating into the ground are greatly attenuated with

distance (up to several orders of magnitude depending on the distance and the
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frequency content); whereas the attenuation of infrasound waves at this near field

(less than 3 km) is practically negligible.

3.4 Evaluation of seismic site effects

3.4.1 Evaluation of ground shaking

In order to determine the local VdIS characteristics, several earthquakes are anal-
ysed in this work. As examples, the regional earthquake on 11th February 2012
of magnitude My 4.2 and epicenter in Zug (Switzerland; Figure 3.4); and the
local earthquake on 21th March 2012 of magnitude My 2.1 and epicenter in St
Leonartz (Switzerland; Figure 3.4) were analysed in this work. The information
on the location of the earthquakes, the location of the stations, the epicenters and
the hypocenters for each earthquake and station are given in Table 3.1. All the
information on the earthquakes was extracted from the Swiss Seismological Ser-
vice (SED; http://www.seismo.ethz.ch/) or from the European- Mediterranean

Seismological Centre (EMSC;http://wuw.emsc-csem.org/#2).

TABLE 3.1: Information on the Zug (#1; 11/02/2012) and St Leonartz (#2;
21/03/2012) earthquakes (epicenter coordinates and depth; source SED), coor-
dinates of VdIS stations, epicentral distance, hypocentral distance.

Earthquake Stations Alkm]  h [km]
B 4629 N 7.36 E 131.0  134.9
#1: AT15 N 8.55 E32km | ¢ 4629 N 7.37 E 130.8  134.7
D 4629 N 7.38 E 130.7 1345
B 4629 N 7.36 E 3.1 3.1
#2: 4632 N 734 E0.1km| ¢ 4699 N 7.37 E 3.7 37
D 4629 N 7.38E 4.1 4.1

The seismograms of the N-S component (more energetic) and the infrasound sig-
nals from these two earthquakes are shown in the Figure 3.4, where they are
indicated the arrival of the P-waves and S-waves at the different sites. Maximum
amplitudes correspond to the arrival of the S-waves. These earthquakes generated
infrasound signals as a result of the coupling of the seismic waves to the air (Figure
3.4; e.g. Le Pichon, 2003).


http://www.seismo.ethz.ch/
http://www.emsc-csem.org/#2
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FIGURE 3.4: North-South component of the seismic signals recorded at B, C

and D, and the infrasound signals of the earthquake with epicenter in Zug,

Switzerland (left site), and in St Leonartz, Switzerland (right site). The origin
of time is arbitrary.

Quantification indices of earthquakes

Six indices are usually employed in earthquake engineering to evaluate the effect
of the ground shaking produced by an earthquake. In this thesis, the indices
were used to quantify the energy of an earthquake at a given site in order to
evaluate possible site effects at VdIS and the possibility of triggering avalanches.
The indices take into account the amplitude, duration and frequency content of
the time series. They are: the peak ground acceleration (PG A), the peak ground
velocity (PGYV'), the peak ground displacement (PGD), the Arias intensity (1),
the Trifunac duration (7'D), and the pseudo-spectral acceleration (PSA). The
PGA, PGV and PGD are the most simple indices and represent only punctual
maximum values of the whole time series; whereas the T'D and the I, values are
more related to the power of the shaking over the entire time series (Newmark,
1965). The PSA, in contrast, gives the maximum acceleration response of a

structure for each period (7) (Newmark and Hall, 1982).

These indices are defined as follows:



Chapter 3. Seismic characterization of VdlS 42

e PGA (m/s?): This index is obtained directly from the maximum value of
the acceleration time history. The ground accelerations were obtained from

the derivative of the ground velocity.

e PGV (m/s): This index is obtained directly from the maximum value of the

velocity time history.

e PGD (m): This index is obtained directly from the maximum value of the
displacement time history. The ground displacements were obtained from

the integral of the ground velocity.

The PG A is the simplest index which is widely adopted in many worldwide struc-
tural design codes (e.g. Newmark and Hall, 1982). However, the complexity of
the characteristics of an earthquake cannot be described fully by a single measure
such as the PGA index (Housner and Jennings, 1977). The PGV and PGD in-
dexes reflect the damage intensity level for a structure better than PG'A values
(Newmark, 1965).

e The Arias intensity, I, (ms™!), is a quantitative measure of the shaking

intensity produced by the earthquake. It is calculated as (Arias, 1970):

™

I, =—
29 Jo

a(t)?dt (3.5)
where I, has units of velocity, a(t) is the ground acceleration time series and

g is acceleration due to gravity.

e Trifunac duration, T'D (s), or the significant duration of the earthquake, is
the time interval where the normalized Arias intensity of the ground motion
is between 5% and 95 % (Trifunac and Brady, 1975), i.e., the time interval
between 5% and 95 % of the Husid diagram (Husid, 1969). The Husid
diagram is calculated as:

Husid(t) = M (3.6)

Jo alt)?

e Pseudo-spectral accelerations, PSA (ms~2), are commonly used to charac-
terize the maximum response of a structure forced by an acceleration due to
an earthquake. Resonance effects in a structure can appear owing to the fre-

quency content of the ground motion, causing amplification of the vibration
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(e.g. Newmark and Hall, 1982). PSA are calculated as:
PSA((S, wo) = wgSD(d, wo) (37)

where Sp(d,wp) are the maximum relative displacement spectrum values,
wy is the undamped circular frequency and 0 the sub-critical damping ratio,
typically <1. In the field of earthquake engineering, the incorporation of a
damping (viscous) reduction factor in the design of the structures is consid-
ered (Newmark and Hall, 1982). This factor depends on the characteristics
of the structure. The typical three variable damping ratios of 1%, 5% or 8%
were considered in this study to calculate the PSA. The values of the PSA
for T'= 0 s corresponds to the PG A values.

The previously defined indices are used in this work to evaluate possible local site
effects (next Section 3.4.2), and to quantify the energy of several earthquakes that
could induce a snow avalanche (Chapter 5). All these indices were calculated using
different developed scripts in MATLAB.

3.4.2 Local VdIS site effects

Alpine valleys exhibit thick and young Quaternary unconsolidated deposits, steep
slopes, rapid lateral variation of surficial deposits and a shallow water table due to
the action of glaciers and rivers in the Quaternary period (Frischknecht and Wag-
ner, 2004). The local geology and topography modify the characteristics of seismic
waves (amplitude, frequency content and duration) resulting in an amplification
or deamplification of the ground motion. These site effects could be considerable
in mountain areas due to the complex topography, incoming wave field and geol-
ogy beneath the mountain, the subsurface layering and three-dimensional effects.
Previous studies of the site response carried out in the Rohne Valley suggested
that the 2-D structure of the basin would lead to amplification factors of up to 12
in the frequency band between 0.5 and 10 Hz (Roten et al., 2008).

Although the characterization of the local VdIS site effects is not the aim of this
work, it needs to be considered when quantifying the seismic energy generated
by avalanches or by earthquakes at the different sites. Due to the complexity
of the terrain in mountain areas, seismic site characterization involves a long-

term research with specific field campaigns and modelling the seismic response of
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the valley. To quantify soil amplification, local earthquake recordings from both
bedrock and soft soil sites are commonly used. However, none of our seismic
stations are installed directly in bedrock or on non-inclined slopes. Hence, it is
not possible to obtain the real amplification factors due to the lack of a reference
station. However, the comparison between the recordings of an earthquake at the

different stations shows relative amplifications between them.

Possible local site effects were evaluated by comparing the ground motion of eight
earthquakes that occurred nearby to VdIS (Table 3.2). I have also incorporated
data from the Swiss station in cavern A (Figure 2.1), although only data of three
earthquakes were available. The ground motion recordings of the earthquakes were
previously transformed to acceleration data and then the PGA and PSA values
were calculated for comparison. The PG A values of the earthquakes recorded at
each station are shown in Table 3.2. In general, comparison between them shows
that the PG A values of stations A and D are up to one order of magnitude higher

than the values recorded at stations B and C.

The acceleration response spectra of the soil, i.e. the PSA values, computed for
four earthquakes recorded at A, B, C and D, using a typical damping ratio of
5%, are shown in Figure 3.5. Maximum PSA peaks were obtained at station A
for periods below 0.2 s, i.e., for frequencies higher than 5 Hz. The PSA values
at D were of similar magnitude than to those at A with maximum peaks which
can overtake the values at A (Figure 3.5) and duplicate the values at C. The
spectrum amplitudes at B do not show notable amplification peaks, with PSA
values generally one order of magnitude lower than those obtained at A, C and D
(Figure 3.5). The amplitudes of the maximum PSA at each seismic station and
the corresponding periods differ for each earthquake due to the different nature of
the incoming wave field. To summarize, station D shows values of PGA and PSA
of the same order of magnitude as the values from A, and higher than those at B
and C. The lowest values were obtained at station B. The relative amplifications
observed at stations A and D may be the result of a combination of topographic

and geologic effects.

The highest quantification values were obtained at station A, which is located
close to the top of the mountain and the slope is characterized by the most abrupt
topography. This result is in accordance with previous studies by Pedersen et al.
(1994). In contrast, at station B (Table 3.2) where the slope inclination is greater

than at C and D, the amplitudes and the quantification indices are lower than at
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TABLE 3.2: Information on the earthquakes (epicenter location, date, magni-
tude; source SED), location of the seismic station (A, B, C and D; Figure 2.1),
backazimuth, hypocentral distance and PGA values for all the components (V,
N-S and E-W). No data are available for the vertical component at B in some
recordings due to a malfunction of this component of the sensor.

Earthquake Cavern B [°] H [m] PGA [m/s?] (V, N-S, E-O)
A 2292 426 (2.3-1073,3.4-1073,2.7-1073)
Col de;?f;%eogmnce) B 230.0 42.8 (Nodata,7.2-107%,7.9-107%)
M, 3.1 C 230.8 43.0 (9.2-107%,1.7-1073,1.3-1073)
D 2314 433 (1.6- 10334 10319 1073)
. A 3165 1349 (3.6-1073,6.3-1073,4.2-1073)
Zuglﬁgv;;z%rgnd) B 316.8 1349 (No data,1.6-1073,1.3-1079)
M, 4.2 C  317.0 1347 (1.9-107%,5.2-107%,1.3-107%)
D 317.2 1345 (2.5-10~ 367 10~ 342 1073)
Viadana (Italy) B 238.1 296.8 (No data,1.8-1073,1.3-10" )
25/01/2012 C 2381 296.2 (1.9-1073,5.2-10~ 3 ,1.3-1073)
M, 4.9 D 2380 295.7 (1.5-1073,4.5-1073,3.0-1073)
Corniglio (Italy) B 2332 296.4 (No data,2.0-1073,1.2-10~ )
27/01/2012 C  233.1 268.8 (4.6-1073,4.8-10" 3 ,5.1-1073)
M, 5 D 2331 268.3 (3.0-10~ 333 1073,3.3-1073)
St Leonartz (Switzerland) B 3524 4.8 (No data,1.9-1073,2.1-10~ )
5/03/2012 C 359.1 50 (3.8-10" 3 ,2.2-10~ 3 ,4.8-1073)
My 1.1 D 3525 5.2 (4.4-1073,3.5-1073,6.9-1073)
: A 3281 25 (4.010723.8107%,4.2-10" )
St Leonartz (Switzerland) 5 g0y 5 (No data,1.2-1072,2.1 - 1072)
21/03/2013 ; )
M, 2.1 C 3199 37 (1.3-1072,2.7-1072,3.0-1072)
D 3164 41 (1.4-1072,2.6-1072,3.8-1072)
Zermatt (Switzerland) B 2162 51.9 (1.9-107%,2.6-107%,1.8-107%)
2/02/2013 C 2159 514 (3.2-107%,5.4-107%,8.5-107%)
My, 2.6 D 2156 51.0 (6.1-107%1.0-1073,1.9-1073)
Annecy (France) B 248.1 1045 (3.7-107°,4.8-107°,4.7-107°)
6,/04,/2013 C 2484 1049 (9.1-107%,1.6-107°,1.4-1077)
My 2.7 D 2485 1053 (5.0-107°,8.6-1075,1.1-107%)

those sites. The differences observed between stations B and the lower stations,
where the topography is smoother, are an example that shows that the topographic
amplification is not the only factor to be considered, in agreement with Bourdeau
and Havenith (2008). Therefore, the possible site effects due to the local geological

characteristics of the soil beneath each seismic site should be considered.

According to the local geology (Figure 3.1), no large site effects from surface soil are

expected at B because the sensor is installed over well-consolidated marls. Hence,



Chapter 3. Seismic characterization of VdlS 46

we recorded minimum values of PGA at B and a response spectrum characterized
by low amplifications (Table 3.2 and Figure 3.5). Low seismic amplifications should
be expected in stations located over these types of rocks according to Frischknecht
(2000). In contrast, we observed amplification of the ground motion at D relative
to the recordings at B and C. This result was expected, as station D is installed
directly over soft unconsolidated sediments. It is generally known that this type
of deposits tends to amplify ground motions (e.g. Roten et al., 2008). Even larger
amplifications were observed at A, the station close to the top of the mountain. At
this site, the combination of a gravel soil and the topographic effect contributed

to the amplification recorded.
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FIGURE 3.5: Response spectra computed with a damping ratio of 5% from the
accelerograms of the earthquakes with epicenter in Col de Balme (a), Zug (b),
and St Leonartz (c) and (d) at A, B, C and D.

3.5 Timing between seismic stations

Seismic waves generated by avalanches arrive practically simultaneously at the
different stations due to the high velocity of propagation of seismic waves through
the ground. All the seismograms generated by the avalanche at each location are
compared in order to distinguish common seismic sources and characterize the flow.

For example, the impacts of an avalanche on terrain features or other obstacles
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generate narrow peaks with a different amplitude in each seismic recording. Hence,

accurate timing between the stations is required.

Owing to the characteristics of the VdIS infrastructure, synchronizing signals be-
tween the different stations is a problem. Although during the installation the
internal clock of each station is synchronized using a GPS antenna to UTM time,
through the season a time shift appears between the stations. The infrastructure
characteristics do not allow the GPS antenna to be connected with the station
during the whole winter. This is due to the stations being installed in closed con-
crete caverns and buried several metres below the snow cover. The GPS antenna
needs to be outside to receive a good signal and that implies the risk of being
destroyed by an avalanche passing over it. Hence, the time shift is caused by the
drift in the internal clocks of each station that cannot be corrected. Despite the
good quality of the internal clock, a shift of several seconds may accumulate over

the winter.

Avalanches usually trigger the alarm system of VdIS. The initial time of the trigger
file can be considered as an approximation for establishing the time for the different
stations. The initiation of the trigger file can have a delay between the stations
of about 4 1 s caused by the VdIS alarm system characteristics. To obtain better
timing accuracy and thus compare the signals generated by the avalanches in short
time intervals, we established the timing between the stations using i) the records
from the explosions for artificially triggered avalanches or ii) the records from
earthquakes that occurred few days either before or after spontaneous avalanches.
In addition, sometimes the trigger files were not provided by the stations and a

method of timing between them was needed.

Timing using explosions

The detonation of an explosive charge in the snow causes a shockwave that de-
velops into an air pressure wave (N-wave) that propagates through the air. The
vibrations generated by the detonation also propagate within the snowpack and
are transmitted to the ground with a velocity of one order of magnitude higher
than the pressure waves in the air. The ground vibration caused by an explosion
arrives almost immediately at all the seismic stations (velocity of propagation of
about 4000 m/s; e.g. Surinach et al. (2001)). The amplitude of the ground vi-

brations, however, is attenuated much faster with distance than the amplitude of
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the acoustic wave. For example, at the farthest station (D) the amplitude of the
waves from these explosions often has the same order of magnitude as that of the
background noise (see example of Figure 3.6). Considering the difficulty in iden-
tifying the signal travelling through the ground, the signals were fitted using the
arrival of the acoustic wave at the different stations, previously corrected for the
time involved in traveling between the stations. The relative distances travelled

by an acoustic wave through the air between the stations are:

AdD—B = 1272+ 1m

Adp_c =631+ 1m

These distances were obtained from the GEODAR radar system located at the
shelter. As an example, we used the explosion that triggered an avalanche (anal-
ysed in Chapter 5) in the experiment on 3rd February 2015. The velocity of
propagation of the acoustic wave depends on the temperature of the air. The
speed of sound was considered to be approximately 323 £3 m/s for (-13 £5)°
(value from the weather station situated in CB2 and considering a variation of
temperature due to the different altitude of the seismic stations). The time offset
between the arrival of the acoustic wave at the different seismic stations is (no

data available for cavern A):

Atc_p =198 +0.02s

Atp_p =3.9440.04s

The travel time plot in Figure 3.6 shows the corrected time signals for the explosion
in the experiment recorded at the three seismic stations and for the infrasound
recording. The corresponding offsets between the internal clocks of each station
are given in Table 3.3. Station B has a high delay in comparison with C and D.
During its installation, this station did not receive any GPS signal and could not be
synchronized with the other stations. The infrasound sensor is always connected
to the same data acquisition system as the seismic sensor in cavern D and thus
they have a common timebase. The offsets of time relative to the station D are
shown in Table 3.3.
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TABLE 3.3: Values of the time offsets between the internal clocks at each station
(B, C and D) calculated from the arrival times of the acoustic wave at each
location on 3rd February 2015.

Station | At(tp — tstation) [S]

B 203.09
C 54.63
D 0

Time fitting using earthquakes

In the last seasons, the number of avalanches spontaneously released exceeded
those artificially released. To establish the time between the stations in these
cases, | used the analysis of earthquakes. The arrival of the P-wave from an
earthquake at each seismic station is usually easy to identify in the seismograms
depending on the magnitude and epicentral distance of the earthquake. Ideally,
teleseismic earthquakes should be used because the wavefront can be considered
plane and arrives simultaneously at all the stations. Unfortunately, strong teleseis-
mic earthquakes have a lower frequency of occurrence and thus I used the arrivals
of P-waves from regional earthquakes that occurred at a time close to that of the

avalanche release.

To estimate the arrival time of these waves at each station, a mean P-wave velocity
of 5.5 km/s for the Earths crust was considered (Stein and Wysession, 2003). The

epicentral distance and the hypocentral distance are calculated by applying:
A = cos*(cos(b) - cos(c) + sin(b) - sin(c) - cos(A)) (3.8)

h ~ VA% + 22 (3.9)

where A is the epicentral distance (in degrees), b and ¢ are the colatitudes of
the epicenter and the stations, A is the difference in the longitudes of the station
and the epicenter, h is the hypocentral distance (in km) and z the depth of the

earthquake (in km). Thus, the arrival time of the P-wave is approximately:

h
ty " — (3.10)

Up

where v, is the mean velocity of the P-waves in the crust (5.5 km/s). Two earth-

quakes, one of magnitude M, 2.6 and epicenter in Zermatt (#1: Table 3.4), and
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FIGURE 3.6: Travel time plot of the seismic signals (north-south component)
generated by the detonation of an explosion that triggered an avalanche in VdIS,
and recorded in B, C, and D (seismic and infrasound; Figure 2.1). The seismic
waves propagating through the ground (ground waves) travel faster than the air
pressure wave travelling through the air (air wave). The origin of the time is
arbitrary and fitted considering the delay and arrival time of the air wave.

a second one of My, 2.7 in Annecy (#2: Table 3.4), were used to establish the
time between the stations of several avalanches released in the season 2012/2013.
Considering a P-wave velocity variation of about 4+ 0.5 km/s, the corresponding
errors of the P-wave arrivals (t,) for the Zermatt earthquake is = 0.8 s and +
1 s for the earthquake of Annecy. The offset in the time for the arrival of the
P-wave (At,ffser) recorded between two stations is the sum of the time offset of
the internal clocks of the stations (At) and the difference in the P-wave travel
times (At,):

Atoprse = At + At (3.11)

The offsets of time were calculated for both earthquakes using Eqs. 3.10 and 3.11.

These time differences between the internal clocks of the stations increase during
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TABLE 3.4: Information on the earthquakes: hypocenter location of the earth-

quakes (source SED), station recorded, epicentral distance (A), hypocentral

distance (h), time of travel of the P-wave (¢,) and offset of time between the
stations (At). Station B is used as the reference station.

Earthquake Station A[km] h [km] t,[s] At(ts — tstation) [s]
41 45,02 N 776 E 2km D 5L9 519 91 0
2/02/2013 (Zermatt) cC 513 514 90 90.7
D 509  51.0 8.9 79.3
49: 45.04N 611 E32km 0 1045 104519 0
6/04/2013 (Annecy) C 1049 1049 19 92
D 1053 1053 19 80

the season (Table 3.4). In approximately 2 months, the time difference between
stations B and C increased by 1.3 s; and that between B and D by 0.7 s. This
observation reflects the need to use an earthquake that occurred close in time to

the avalanche release.

The time offset values of the sample earthquakes in Table 3.4 were then used to
establish the time between the seismograms of snow avalanches from the different
stations. As an example, the seismograms of the earthquake in Zermatt are rep-
resented with the established time offset in Figure 3.7. The P-wave travel time
(app. 8.9 s) from hypocenter to station D is shorter than that to stations C and
B with a delay of 0.1 and 0.2 s, respectively (Figure 3.7).

3.6 Analysis of background noise

Before the interpretation of the seismic signals generated by avalanches, the seismic
background noise at each location was analysed. The seismic background noise is
primarily cultural at frequencies over 1 Hz and at continental sites such as VdIS,
varying throughout the day (Peterson, 1993). Good locations for seismic sensors
are those that present low levels of background noise. Choosing a good location
was beyond the scope of this work because the sensors could only be installed
inside the caverns built at VdIS. To characterize the background noise at a site, it
is necessary to calculate the power spectral density (PSD) over different intervals
of time throughout the year and at different times of night and day. Our stations

were only operatives for some months during winter. Hence, the background noise
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FIGURE 3.7: Seismograms of the north-south components of the earthquake in

Zermatt recorded at the three stations of VdIS (B, C and D; Figure 2.1). b)

Close up between 2 and 4s of the arrival of the P-wave at the different seismic
stations of VdIS.

over some time intervals of interest was analysed in order to detect possible peaks

of external noise that could overlap with the avalanche signal.

To analyse the seismic background noise, I calculated the PSD over selected time
intervals in the pre-avalanche seismic signal. The noise spectra of each station are
plotted together with the noisy and quiet models of Aki and Richards (1980), and
the new low (NLNM) and high (NHNM) noise models of Peterson (1993). These
new models are more accurate models of seismic background noise than the Aki
and Richards models (Peterson, 1993). The Peterson models, however, are not
available for frequencies over 10 Hz. I therefore used the Aki and Richard models
as a reference for frequencies above this range. For examples of background noise
signals analysed, see Figure 3.8. I selected 15 minutes of background noise just
before the beginning of three avalanches released on 17/12/2011 , 2/02/2013 and
3/02/2015. The mean amplitude of the background noise usually shows similar
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values for all the seismic stations, with values of the order of 10~7 m/s (Figure 3.8).
The main differences are found for the avalanche experiment days, e.g. 3/02/2015,
in which the noise is higher due to the presence of personnel involved in the

experiments and the helicopter flying around VdIS.
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FIGURE 3.8: Seismic signals (east-west component) of the background noise for

the 15 minutes before the three avalanches released on 17/12/2011, 2/02/2013

and 3/02/2015, and recorded at B (track zone), C (run-out zone) and D (oppo-
site slope) stations.

The corresponding PSD of the selected time intervals recorded at each location
and compared with the background noise models are shown in Figure 3.9. Before
the calculation of the PSD, all the signals were filtered (1 Hz to 40 Hz) with
a 4-th order Butterworth bandpass filter. The noisiest day was the experiment
day 3/02/2015. The PSD on that day display various peaks that are notable
at D station, located close to the shelter where the SLF team was working. On
17/12/2013, at the same location, the noise was also the highest with several peaks
between 23 and 40 Hz exceeding the noisy curve (Figure 3.9). I attributed the
noise on that day to the weather conditions, which were characterized by strong
winds and storms. These phenomena could cause seismic noise at this location
where the seismic sensor is less protected than in the other two caverns. A peak of
noise at 20 Hz on 2/2/2013 is also notable at location C. An instrument near the

seismic sensor may cause this peak. All the rest of the PSD values were between
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the background noise models of Peterson (1993) for frequencies from 1 and 10 Hz,
and of Aki and Richards (1980) models for frequencies between 10 and 40 Hz.

In general, the background noise level previous to an avalanche release is between
the typical ranges of noise, meaning that the seismic signal generated by the
avalanche is not overlapped with other seismic sources. For avalanches triggered
artificially, however, the background noise level is higher, affecting the typical
frequency ranges of avalanche seismic signals (f > 10 Hz). This noise has to be

considered for a proper interpretation of the avalanche seismograms.
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FIGURE 3.9: Power spectrum density (PSD) of the three seismic components

calculated for three time intervals before the avalanches released on 17/12/2011

(top), 2/02/2013 (middle) and 3/02/2015 (bottom) recorded at three seismic

stations B, C and D. The spectra are presented as a function of frequency in

units of (cm/s)?/Hz to compare with the noisy and quiet models of Aki and

Richards (1980), and in decibels referred to 1 (m/s?)/Hz to compare with the
NHNM and NLNM models of Peterson (1993).






Chapter 4

Methodology

In the previous chapters, I introduced a description of the configuration of seismic
and infrasound sensors installed by the UB group and the main effects that affect
the wavefield and thus the analysis of the avalanche signals. In this chapter, I
present a classification of the avalanches analysed in this work, and the method-
ology of analysis in the time and frequency domains of the avalanche seismic and

infrasound signals.

4.1 Introduction

A collection of more than 50 snow avalanches has been recorded with the differ-
ent instrumentation at VdIS since it became operative. In this work, I analyse a
total of 33 snow avalanches mainly by using the seismic signals. Data acquired
with other types of instrumentation are additionally used to compare with the
avalanche seismic signals. For instance, to infer avalanche parameters, to char-
acterize the flow and to quantify the absorption of the seismic intensity, seismic
data are compared with data of two FMCW radars located at the same site of
the avalanche path. To characterize earthquake-generated avalanches, the seismic
data were compared with data acquired with the infrasound sensor, the GEODAR
radar and two weather stations. The analysis of these data, and data from dif-
ferent earthquakes quantified using the set of seismic indices previously defined
(Section 3.4), is detailed in Chapter 5 below.

57
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In this chapter, I classify all the snow avalanches analysed in this work according to
the type of flow, size and path characteristics (Section 4.2). A description of the
methodology for the time and frequency analysis of the seismic and infrasound
signals generated by avalanches, enabling the quantification of them in a set of
seismic indices, is presented in Section 4.3. FMCW radar signals are compared in
detail with seismic measurements acquired at the same location of the avalanche
path (Section 4.4).

4.2 Snow avalanche classification

The nature of the avalanches analysed in this work varied as they were triggered by
different mechanisms and they developed a variety of dimensions and flow regimes.
According to the observable properties in the three parts characterizing a snow
avalanche path (starting zone, track and run-out zone; Figure 2.1), a system to
classify them was published by The International Commission on Snow and Ice
(Unesco, 1981). The avalanches of our catalogue were classified depending on
the following criteria: type of flow, triggering mechanism, avalanche path, and
size. Table 4.1 shows for each avalanche the date, the number (the numbering
of avalanches is according to the VdIS database) and the previously mentioned

classification criteria.

Most of the snow avalanches occurred spontaneously (Table 4.1) due to the inter-
play of meteorological and snow cover properties. During full-scale experiments at
VdIS, snow avalanches were artificially triggered by explosions. Snow avalanches
often start at the PR and CB1 areas and follow the main channelled track of gully
1 (see Figure 2.1). Occasionally, part of the mass of an avalanche starting at PR
flowed through the westerly gully (referred to as Deylon; Figure 2.1) to gully 1
(for example, the large powder avalanche of the picture in Figure 4.1), and outside
VdIS. The avalanches released in the CB1-CB2 area usually flowed through both
gullies (1 and 2, Figure 2.1). Snow avalanches flowing through only gully 2 did
not trigger the VdIS alarm system because the seismic trigger system is situated
along the main path (gully 1) and thus, the vibrations produced by avalanches
flowing through annex zones are not energetic enough to trigger the system. How-
ever, the avalanche #3002 of 6th December 2010 only flowed along gully 2. This

avalanche was released after the arrival of an earthquake that triggered the VdIS
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seismic alarm system. Whether the earthquake triggered the avalanche or not will

be evaluated in detail on the next chapter.

According to the type of snow and flow involved, snow avalanches were classified
into three categories: powder-snow, wet-snow and transitional avalanches (when
both powder and wet flows are present in the same avalanche). In winter, powder-
snow avalanches which develop a dilute powder cloud are typical in VdIS (Figure
4.1). Wet-snow avalanches mostly occur at the beginning of the winter season or
in spring, when the air and snowpack temperatures are higher. In transitional
avalanches, both types of flow coexist when the avalanche is released from eleva-
tions where the snow is still dry, but later is transformed into a denser, granular
flow through the entrainment of wet snow along its path (Steinkogler et al., 2014,
2015). These avalanches are also common at VdIS as they are initiated at high

altitudes and can cover long run-out distances.

Snow avalanches are usually sized in terms of the distance travelled along the
avalanche path (Greene et al., 2010). Following this criterion, the size of the
avalanches of this work were classified according to the typical avalanche run-out

distances observed, into five classes:

e Very small, with a path length shorter than 500 m. Such avalanches are

normally too small to trigger the automatic system.

e Small, with a path length between 500 and 1000 m. These normally flow

over sensor B and stop close by.

e Medium, with a path length between 1000 and 1500 m. These normally flow

over sensor C and/or stop close to it.

e Large, with a path length between 1500 and 2500 m. These can reach the
valley bottom and are usually deflected by the opposite slope. Sometimes

the powder cloud can reach sensor D.

e Extreme, with a path length more than 2500 m. These run up the opposite
slope and may cover the instrument control centre at D. Part of the mass
is deflected by the slope and keeps flowing for several hundred metres along

the valley bottom.
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TABLE 4.1: Classification of the avalanches analysed: date, avalanche number,
avalanche type (powder, wet or transitional), triggering mechanism (sponta-
neous, artificial), release area (CB1-PR, CB1-CB2), path (gully 1 (G1), gully
2 (G2) or both, and Deylon (Dl)), run-out distance and size (small, medium,
large or extreme). The release location of some avalanches is unknown because
the trigger started with a delay (see Section 2.4). The mechanisms involved in
the release of avalanche #3002 are analysed and discussed in Chapter 5.

Date Number Type Triggering Release Path Run-out Size
area distance

30.01.99 301 Powder Artificial CB1-CB2 G1+G2 2500 Large
10.02.99 103 Powder Artificial PR-CB1 G14+G2 3000 Extreme
25.02.99 200 Powder Artificial CB1-CB2 G14+G2 3000 Extreme
13.02.02 4267 Wet Spontaneous PR G1 1400  Medium
21.02.02 4270 Powder  Spontaneous  CB1 G1 1200 Medium

13.03.02 4288 Wet Spontaneous CB1-CB2 Gl 1900 Large

20.03.02 4292 Wet Spontaneous PR-CB1 G1+G2 2200 Large

504 Powder Artificial PR-CB1 G1 2200 Large

31.01.03 505 Powder Artificial CB1 G1 1000  Small

506 Powder Artificial CB1-CB2 G1+G2 2500 Large
06.12.10 3002 Powder Artificial CB2 G2 1500 Medium

3003 Transitional Spontaneous - Gl 1800 Large

07.12.10 3004 Transitional Spontaneous - G14+G2 2000 Large
16.12.11 3006 Wet Spontaneous PR-CB1 Gl 1400  Medium
17.12.11 3012 Powder  Spontaneous - G1 1300 Medium

30.12.11 3023 Powder  Spontaneous PR-CB1 Gl1 1000 Small

29.02.12 3053 Wet Spontaneous - G1 1000 Small

01.03.12 3054 Wet Spontaneous - Gl 600 Small
15.03.12 3060 Wet Spontaneous - G1 1200 Medium
04.12.12 3003 Transitional Spontaneous PR-CB1 G1 1300  Medium

3018 Wet Spontaneous  CB1 G1 1000 Small

01.02.13 3019 Transitional Spontaneous CB1 G1 1900 Large

3020 Wet Spontaneous CB1-CB2 G1+G2 2000 Large

02.02.13 3021 Transitional Spontaneous CB1-CB2 Gl 1800 Large

3022 Wet Spontaneous PR G1 800 Small

05.02.13 30231 Powder  Spontaneous PR G1 800 Small

30232 Powder  Spontaneous PR Gl 900 Small

3024 Powder  Spontaneous  CB1 G1 1800 Large
13.04.13 3049 Wet Spontaneous PR Gl1 1100  Medium
14.04.13 3050 Wet Spontaneous  CB1 Gl1 1200  Medium
3053 Wet Spontaneous  CB1 Gl1 1300  Medium

03.02.15 16 Powder Artificial PR G1+Dl 2200 Large

17 Powder Artificial CB1 G1 2000 Large
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FIGURE 4.1: Image of a typical powder-snow avalanche at VdIS released in the

experiment on 3rd February 2015. The avalanche was triggered by an explosion

from the PR area and most of the mass flowed over gully 1 and the rest of the
mass flowed through Deylon gully (see Figure 2.1). Photo courtesy of SLF.

The avalanche path profiles and run-out distances were deduced from video record-
ings and photogrammetry for the artificial avalanches or photographs of the de-
posits for the spontaneous avalanches. As an example, Figure 4.2 shows the delim-
ited deposition areas of several consecutive avalanches released between 1st and
5th February 2013. Since 2010, the GEODAR radar has provided an additional

method of establishing the run-out distance, as it tracks the whole avalanche path.

A total of 15 powder-snow avalanches, 13 wet-snow avalanches and 5 transitional
snow avalanches were analysed in this work. The histogram of the classification of
the avalanches in function of their size and type of flow is given in Figure 4.3. In
our database, all the transitional avalanches have long path lengths, at least more
than 1000 m, with large vertical drops where the snow conditions might change

along the track.
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FIGURE 4.2: Deposits of the seven consecutive avalanches released in February

2013 (photo taken from location D). The number of each avalanche is located

at the approximate height of the release area. The coloured lines delimit the
run-out area.

4.3 Analysis of the avalanche signals

The seismic signals of the 33 snow avalanches are analysed in detail in both the
time and frequency domains at different sites along the avalanche path. For some
avalanches, the infrasound signal is also analysed following a similar procedure
to that for seismic signals. The raw data are first transformed to ground veloc-
ity (m/s; seismic data) and to pressure (Pa; infrasound data) using the transfer
functions indicated in Section 2.5. The seismic data are then analysed in detail in
both the time (Section 4.3.1) and frequency (Section 4.3.2) domains, and divided
into three sections related to the relative position of avalanche and sensor. Seis-
mic signals contain information concerning avalanche size and type that can be
extracted in the form the seismic indices defined in Section 4.3.3. In this study, all
the seismic data of the avalanches analysed were acquired with the seismic stations
B, C and D (Figure 2.1).
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FIGURE 4.3: Histogram of the classification of the snow avalanches analysed in
function of their size (small, medium, large, extreme) and type of flow (powder,
wet and transitional).

4.3.1 Time domain analysis

Information on the evolution of a snow avalanche can be extracted from the anal-
ysis of the seismograms generated at different locations. The seismograms display
a different shape at each location due to the geometrical characteristics of the
distribution of the VdIS sensors. The sensors are located in a linear array with a
separation of about 600 m between them (Table 2.1 and Figure 2.3). The assump-
tion that seismic signals generated by the avalanche at any point of the path will be
recorded at the same instant of time is reasonable, as the seismic waves propagate
much faster (2000 - 3000 ms™!) than the avalanche (maximum speeds of about 50
ms~!). The differences in the amplitudes of the seismic recordings at the different
locations are due to the attenuation of the seismic waves with distance and to local
site effects. The maximum energy is thus recorded when the avalanche flows over
or close to the sensor. Furthermore, the hypothesis of considering avalanches as a
punctual seismic source is not valid at short distances or when the avalanche flows
over the sensor (Vilajosana, 2008). The signatures of the seismic signals therefore

change from one location to other because the avalanche approaches the sensors



Chapter 4. Methodology 64

at different instants of time and the distance between them is adequate to detect

the evolution of the flow.

In contrast, infrasound signals are not influenced by the path (low attenuation
at local distances) or site effects. The infrasound data also provide information
on the evolution of avalanches as the signals are slightly attenuated with distance
and they are sensitive to the type of flow regime of the avalanche. Avalanches
usually develop a powder part in the upper section of their path which generates
infrasound signals with high amplitudes; whereas the dense flow of the lower part

of the avalanche path generates low infrasound amplitudes (Kogelnig et al., 2011b).

Rotation of the coordinate system

Snow avalanches tend to follow terrain features and the main down-slope direction.
A coordinate system aligned with the local slope and with the main direction of
the avalanche motion is more appropriate for determining correlations with the
avalanche dynamic characteristics, which are also defined with the same coordi-
nate system. Seismic data were acquired in the geographical coordinate system
(zenithal, northsouth and eastwest). In this study, the data were rotated to a
coordinate system aligned with the local slope and the main avalanche direction
in which Z is the component normal to the slope (30° at B, 20° at C and 25°
D), X is the component in the direction down the slope and Y is the cross-slope
component, perpendicular to X and Z. These angles take into account the local
slope of the seismic station locations (B, C and D of Figure 4.4). Figure 4.4 shows
the main direction of the avalanche path at VdIS and the resulting three rotated
components of the avalanche seismic signals. The main direction of the avalanche
(X) forms an angle of 130° with the North direction (Figure 4.4).

For an example of the results of the rotation of the three components of the
seismic signal, see Figure 4.5. The component X displays higher amplitudes than
components Z and Y, as it represents the main direction of the avalanche motion
(Figure 4.5).

Seismic signal duration and sections

In order to classify the different snow avalanches, I first determine seismically the

duration of the avalanche. The total duration of the avalanche was estimated as
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FI1GURE 4.4: Fig. 1. Overview of VdIS. The blue line represents the main path
usually followed by the avalanches. X, Y and Z represent the rotated coordinate
system of the seismic components

the temporal length of the seismic signal generated from the first movements of

the avalanche until the avalanche stopped.

To estimate the total duration, I previously calculated the mean amplitude of the
envelope of the background noise using 20 s of the pre-avalanche seismic signal.

The total envelope, A; (t), is calculated as:

A, = \/Az2 + A2+ A2 (4.1)

where A; (ms™') is the total amplitude smoothed each 0.5 s with a moving average,
A, (ms™!) is the amplitude in the direction normal to the slope, A, (ms™!) is the
amplitude in the direction down-slope, and A, (ms™') is the amplitude in the

cross-slope direction.

The initiation of the avalanche signal (¢;) was thus derived from the total envelope
of the seismic signal at B and its end () from the total envelope of the seismic

signal recorded at the station closest to the avalanche run-out zone (B or C). The
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FIGURE 4.5: Seismic signals of the three components represented in the geo-

graphical coordinate system (top, zenithal (Z1), northsouth (N) and eastwest

(E)) and the three coordinates rotated (bottom, Z, X and Y) of the avalanche
#16 at B.

seismic signal duration, T4 (s), is defined as:

The initiation of the avalanche signal was defined as the instant when the mean
amplitude of the total envelope, calculated in a sliding window of 1 s, exceeded
twice the background noise. The same procedure was used to determine the end

of the avalanche signal.

The total envelope of the seismic signal of the small wet-snow avalanche #3018 is
shown in Figure 4.6 as an example. The initiation (¢;) and end (¢;) instants, which
define the seismic signal duration of the avalanche, were determined by analysing

the seismic signal at B.

Three different sections in the seismic signal have been distinguished that charac-
terize the relative position of the avalanche with respect to the sensor (Vilajosana,
2008). This information provides the approximate location of the avalanche in
space and time. These sections were previously defined in the frequency domain
(Vilajosana, 2008). In this work, however, the definition of these sections has been

modified and enlarged to the time domain. The division of the signal into these



Chapter 4. Methodology 67

(a) -5
2

1.81

1.6}
1.4
1.2¢

1k

A m/s]

0.8¢

100 150 200

0.6 Time [s]

0.4+
0.2

i . i
150 200 t 250 300

H 1
0 ti 50 100
Time [s]

FIGURE 4.6: (a) Envelope of the seismic signal of the wet-snow avalanche #3018
at B. (b) Close-up of the envelope of the seismic signal at B.

sections was obtained by analysing the seismic time-frequency series and correlat-
ing it with the FMCW radar signal of the avalanche (see Section 4.4). At locations
where the avalanche flows over the seismic sensor, the three sections in the time

domain are defined as:

e The signal onset section (SON) characterizes the phase during which the
avalanche is approaching the sensor. In this section, the amplitudes of the

time series slowly increase.

e The signal over section (SOV) characterizes the phase during which the
avalanche flows over the sensor. The maximum seismic energy due to the
minimal attenuation of the seismic waves is recorded in this section. The
avalanche temporal length, 77, at the specific path location is defined as the

duration of the SOV section.

e The signal end section (SEN) is the interval during which the avalanche is
moving away from the sensor. This interval is characterized by a slow de-
crease in the seismic amplitudes until the avalanche completely stops. Higher

amplitude peaks are superimposed on the decreasing time series signal.

Interpretation of the avalanche signals

I select two different flow type and size avalanches as examples to describe the

methodology applied in this work. The first avalanche, #16, was released in the
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experiment on 3rd February 2015 (Table 4.1). The avalanche was triggered by an
explosion at PR at 10:20 am (Figure 4.1). The main part of the avalanche followed
gully 1 and flowed over cavern B. The flow arrived at the run-out zone and flowed
over cavern C before reaching the valley bottom. The second avalanche #3018
was a small wet avalanche, spontaneously released on 1st February 2013 at 2:54
pm (Table 4.1). The avalanche started at the bottom of CB1 (Figure 4.2) at the
approximate height of cavern A. All the mass flowed over cavern B where part of
the mass was deposited. The front stopped at the end of gully 1, some 300 m from
cavern C (Figure 2.1).

The seismic and infrasound signals from avalanches #16 and #3018 recorded at
the three sites (seismic: B, C and D; infrasound: I), and divided into the three
sections previously defined, are shown in Figure 4.7. The seismograms of the large
avalanche, #16, have maximum amplitudes of the order of 10~ ms™! exceeding the
background noise at the three locations because the avalanche flowed over B and C,
and the front stopped close to D. The signals from B and C are thus sectioned into
three parts as the avalanche flowed over them. Maximum amplitudes are recorded
in the SOV section, which represents the avalanche flowing over the sensor. A
narrow amplitude peak stands out at the beginning of the signal from D and I,
and after t;,. This peak, which is not visible at this scale of representation in the
seismograms from sites B and C, is generated by the airwave of the explosion that

triggered the snow avalanche (see Figure 3.6).

The seismograms of the small avalanche, #3018, have maximum amplitudes of the
order of 107° ms™! at B where the avalanche flowed over it (SOV section; Figure
4.7). The front of avalanche #3018 stopped 300 m before C and 960 m from D.
The seismic amplitudes of this avalanche are strongly attenuated with distance.
The amplitudes at C and D are thus small, with mean amplitudes of the order of
the background noise at D. The shape of the seismograms at these sites is similar
because the avalanche was always approaching them: not flowing over either of
them. Comparing the avalanche signals of different size, it is noteworthy that
the large avalanche, #16, has maximum amplitudes one (B) or several (C and D)

orders of magnitude greater than the small avalanche, #3018.

The infrasound signal (e.g., I in Figure 4.7), however, displays a different shape
from the seismograms as the amplitudes are practically non-attenuated at these

distances (see Section 3.3). The maximum amplitudes, therefore, do not correlate
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FIGURE 4.7: Down-slope component (X) of the seismic signals recorded at B,
C and D, and the infrasound (I) signals of the large powder avalanche #16
(left) and the small wet avalanche #3018 (right). The signal is divided in three
sections (SON, SOV and SEN) at the locations where the avalanche flowed over
the sensor. The seismic signal duration is defined by the time interval [t;, t¢].

well with the minimum relative distances between the avalanche and the sensor.
The differences in the amplitude of the infrasound signals of avalanche #16 and
#3018 are noteworthy. The former has a much greater amplitude than the latter,
not only because of its larger size, but also because of the different flow types.
Powder avalanches generate higher energetic infrasound signals as they propagate
faster and they are characterized by the external powder cloud and turbulent part;

the main sources of infrasound (Kogelnig et al., 2011b).

To analyse the individual sections of both example avalanches, the envelope time
series are represented (Figures 4.8-4.10). For sites outside the avalanche path, such
as, for example, C for the small avalanche, #3018, and D for both avalanches, none
of these sections are defined (Figure 4.7). The SON sections of the powder-snow
avalanche #16 correspond to the time intervals [25.0-63.6] s for B and [25.0-78.8] s
for C (Figure 4.8 left). The first peak recorded in all the envelope signals, generated

by the airwave from the explosion that arrived earlier at the upper location B (=~
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25 s) and propagates to D ( & 29 s), is not considered in the interpretation of
the time series. The envelope in B and C recordings shows how the amplitude
increases slowly until the avalanche front is close to the sensor (instants t, and
t. in Figure 4.8), characterized by a sudden and fast increase in the amplitudes.

The envelope of D hardly increases the amplitude until the avalanche approaches

C (t.).

The SON section of the wet-snow avalanche, #3018, at B corresponds to the time
interval [22.9-75.3] s (Figure 4.8 right). The envelope of the SON section of this
avalanche displays similar characteristics to the SON sections of the powder-snow
avalanche, #16. Due to the small size of the avalanche and the large distance of
propagation of the seismic waves to C and D, the amplitudes of the envelope time
series in this time interval are practically steady, with values of the order of the

background noise.

The powder-snow avalanche, #16, flowed over B and C generating the SOV sec-
tions between 63.6 and 130.0 s; and 78.8 and 113.6 s, respectively (Figure 4.9).
Both envelopes are characterized by a significant increase in amplitudes when the
avalanche front arrives at the location of the seismic sensor (t, and t.). The sub-
sequent parts of the avalanche flowing over the sensor generate consecutive high
amplitude packets in the time-series (e.g. [64-89] s at B and [79-97] at C; Figure
4.9). A decrease in amplitudes, which generates the typical coda shape of the seis-
mograms (Figure 4.7), is then recorded when the tail of the avalanche is flowing
over the sensor (e.g. [89-130] s at B and [97-114] s at C). Several peaks along
this coda are superimposed in the signal. It is noteworthy that the avalanche has
different temporal lengths (length of the SOV section) at B and C, possibly due
to the fact that not all the avalanche mass arrives at the lower part of the path,
but is deposited along the way. The amplitude of the envelope at D (Figure 4.9
left) slowly increases over this time interval until the avalanche approaches the
lower parts of the path. A strong peak is observed at about 110 s at D, possibly
caused by the impact of the front of the avalanche on the bottom of the valley
and the counterslope. When the avalanche is flowing over a sensor, the shapes
of the envelope time series at different locations do not correlate between them.
This reaffirms the hypothesis that the punctual source model is not valid at short
distances (Vilajosana, 2008).

The wet-snow avalanche, #3018, only flowed over B generating a SOV section
between 75.3 and 216.9 s (Figure 4.9 right). The shape of the envelope differs
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FIGURE 4.8: Total envelope of the SON sections of the seismic signals recorded

at B, C and D, and the envelope of the infrasound signals of the large pow-

der avalanche, #16 (left), and the small wet avalanche, #3018 (right). The
avalanche front arrives at B at t, and at C at t..

from that of the SOV sections of the powder-snow avalanche. A gradual increase
in amplitudes until it reaches a maximum value characterizes this section. A
decreasing in the amplitudes of the envelope, which produces a typical long seismic
coda (Figure 4.7), characterizes the rest of the SOV section, with superimposed
peaks at the end of the coda. At the lower sites (C and D), an increase in the
amplitudes is observed over this time interval. The envelopes display a similar
shape in the recordings from both sensors, owing to the fact that the avalanche is
approaching them but it is still far from both. Hence, the hypothesis of a punctual

source is more plausible in this case.

The SEN sections of the powder- snow avalanche, #16, correspond to the time
intervals [130.0-177.0] s at B and [113.6-177.0] at C (Figure 4.10). The section
at B is characterized by a slow decrease in the mean amplitude of the envelope
with superimposed peaks of much higher amplitude. At C and D, the envelopes
are characterized by high-amplitude peaks, possibly caused by the stopping of the

main part of the avalanche, and followed by a strong amplitude decrease. The
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FIGURE 4.9: Total envelope of the SOV sections of the seismic signals recorded

at B, C and D, and the envelope of the infrasound signals of the large powder

avalanche, #16 (left) and the small wet avalanche, #3018 (right). The avalanche

front arrives at B at t, and at C at t. and the end of the tail passes over B at
tor and over C tef-

wet-snow avalanche, #3018 (Figure 4.10), shows similar characteristics to those of

the powder-snow avalanche in the SEN section between 216.9 and 238.8 s.

All the characteristic peaks detected at the end of the SOV and SEN sections
were also observed by previous researchers (Surinach et al., 2000; Biescas, 2003;
Kogelnig et al., 2011b) and correlate well with the deposition of the avalanche mass,
as I will show in Chapter 6. Although here only two representative avalanches
are examined in detail, similar signatures of the seismograms and the infrasound
signals are observable for the rest of the avalanches. This fact enhances faith in
the reproducibility of the avalanche signals mentioned previously by other authors
(Surinach et al., 2001; Biescas, 2003; Vilajosana, 2008; Kogelnig, 2012).

Regarding the infrasound envelopes, the powder-snow avalanche, #16, displays
maximum amplitudes (= 1 Pa) in the interval from when the avalanche reached

B until it reached the bottom of the valley (Figure 4.9); whereas the wet-snow
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FI1GURE 4.10: Total envelope of the SEN sections of the seismic signals recorded

at B, C and D, and the envelope of the infrasound signals of the large powder

avalanche, #16 (left), and the small wet avalanche, #3018 (right). The end of
the avalanche is denoted by t;.

avalanche, #3018, displays maximum amplitudes (= 0.1 Pa) when the avalanche

was flowing over B (Figure 4.9).

Cumulative energy quantification

The percentage of the seismic energy dissipated and recorded at a given site is
represented in the cumulative energy (C'E) diagram. This time-series diagram,
similar to the Husid diagram for accelerograms (see Section 3.4 for the definition),

shows the cumulative energy C'E (t) ((ms™!)?-s) dissipated through time:
t
CE(t) = / At dt (4.3)
t;

where, ¢; is the initiation of the avalanche signal and A(t’) is the amplitude of the

envelope of the ground velocity (ms™!) at time .
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The C'E diagrams of each seismic component and the total envelope of the seismic
signal of avalanches #16 and #3018 are shown in the Figure 4.11. The diagrams
show that the down-slope component (X) of the ground motion is the most en-
ergetic, in agreement with the fact that this component corresponds to the main
direction of the avalanche motion. The vertical ground motion, however, is in gen-
eral the least energetic. The diagrams show a reproducible shape at the locations
where the avalanche flows over the sensor (see avalanche #16 at B and C and
avalanche #3018 at C in Figure 4.11). At locations the avalanche did not flow
over, the shape of the diagram varies depending on the size of the avalanche and

the type of flow.
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FIGURE 4.11: Cumulative energy diagrams calculated for each seismic compo-

nent (Z, X and Y) and total envelope (t) of the seismic signals generated by the

powder-snow avalanche #16 (left) and the wet-snow avalanche #3018 (right) at
each seismic station (B, C and D).

In order to compare the diagrams for the different types of avalanche, the normal-

ized cumulative energy in percentage, C'E(%), is calculated as:

CFE
CFE = ——— - 100% 4.4
(%) max(CE) ’ (44)
The CE(%) diagrams for each location are plotted together to compare the dif-
ferent shapes of the increase of the energy (Figure 4.12). At locations where the

avalanche flowed over the seismic sensor (avalanche #16 at B and C and avalanche
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#3018 at C in Figure 4.12), the increasing C'E displays similar features. In the
SON section (e.g. [t;, tp.] in Figure 4.12) the increase in the energy is very smooth,
due to wave attenuation (see Section 3.3). The instant when the avalanche reaches
the seismic sensor is characterized by a sudden increase in CE(%) (t, and t. in
Figure 4.12). The SBO section (e.g. [tyc, tpref] of Figure 4.12) is characterized
by a sharp increase of the CE(%) until a threshold (e.g. ~ 92 s at B and ~
100 s at C for avalanche #16, and ~ 107 s at B for avalanche #3018) where the
slope of the CE(%) curve is practically constant for powder-snow avalanches and
increases very slowly for wet-snow avalanches. The SEN section (e.g. [tpf.ef . tf]
in Figure 4.12) is characterized by a negligible increase of CFE(%). The slope
of the CE(%) diagrams at the beginning of the SOV section for powder-snow
avalanches is usually steeper than the slope of the CFE(%) diagrams of wet-snow
avalanches; probably because of the higher velocity of propagation of powder flows
(Figure 4.12). The slope of the CE (%) diagrams of wet-snow avalanches is usu-
ally smoother; the slope of the curve starts increasing with a steep slope that is
gradually reduced along the passing of the tail of the avalanche over the sensor
(e.g. t > 120 s for avalanche #3018 in Figure 4.12). The steepest part of the
SOV section for both types of flows is often characterized by a stepwise increase
of CE (e.g. time interval of [63-90] s for avalanche #16 at B) due to the arrival
of the different internal surges of the avalanche, and the action of the dynamical

processes of entrainment and deposition.

The shape of the CE(%) diagrams at locations the avalanche did not flow over
the sensor (avalanche #16 at D; avalanche #3018 at C and D; Figure 4.12) is
variable, depending on the relative distance between the stopping phase of the
avalanche and the location of the sensor. If the avalanche stopped relatively close
to the sensor (see the diagram at D for avalanche #16 and at C for avalanche
#3018), the diagram is quite similar to those of the avalanche flowing over the
sensor. A sudden increase in the energy is observed when the avalanche is close to
the sensor (e.g. ~ 100 s at D for avalanche #16 and ~ 117 s at C for avalanche
#3018). At locations far from the avalanche path, e.g. at D for avalanche #3018,
the diagram is characterized by a gradual increase of CE(%) during the whole
avalanche motion. A more accentuated increase of C'E(%) correlates well with
the increase of the amplitude of the diagram at C (t ~ 117s), generated by the
stopping phase of the head of the avalanche (Figure 4.9).

The CE(%) diagram for the infrasound of the powder-snow avalanche, #16, shows
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a gradual increase of the curve in the time interval when the avalanche propagates
faster until a threshold when the increase is practically negligible and correlates
well with the avalanche stopping phase (Figure 4.12). The C'E diagram of the
infrasound of the small wet-snow avalanche, #3018, shows a significant increase
of the amplitude between 60 and 80 s when the infrasound signal exceeded the

background noise level (Figure 4.12).

The C'E diagrams provide a novel representation of the avalanche seismic and
infrasound signals in the time domain. When the avalanche flows over a specific
location, these diagrams show reproducible characteristics (a smooth increase of
the energy in the SON section, a sharp increase when the avalanche reaches the
location and a slow increase in the last part of the SOV section and in the whole
SEN section) that are useful to characterize the previously defined avalanche sec-
tions. When the avalanche does not flow over a specific location, in general the CE
diagrams display a gradual increase of the energy throughout the whole avalanche

duration.
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FIGURE 4.12: Cumulative energy diagrams in percentage calculated for the
infrasound signals (I) and the total envelope of the seismic signal of the pow-
der avalanche, #16 (left), and the wet-snow avalanche, #3018 (right), at each
seismic station (B, C and D). The avalanche signal duration is denoted by the
period between t; and t;. The arrival of the avalanche front at B and C is
denoted by t; and t., and the end of the tail passing over B and C by ty; and

tof
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4.3.2 Frequency domain analysis

The frequency analysis of the signals was conducted using the spectrograms, the
power spectra of the signals and the cumulative diagrams of the signal filtered
into frequency bands. Spectrograms show the time evolution of the frequency
content of the seismic and infrasound signals. These diagrams were previously
used to characterize snow avalanches and distinguish them from other seismic
sources (Biescas et al., 2003; Van Herwijnen and Schweizer, 2011b,a). In this
work, spectrograms are used to characterize the different sections of an avalanche.
For a detailed inspection of the frequency content of each avalanche region flowing
over the sensor, power spectra provide the total amount of information contained

in the signal for a given frequency.

Spectrograms and Power spectra

The spectrograms of the snow avalanche signals were calculated using the short-
time FFT (Fast Fourier Transform) with a Hanning Window (length 0.32 s) and
50% (0.16 s) overlap. Each spectrogram displays a different shape depending on
the location of the seismic sensor and its position relative to the moving avalanche.
The range of frequencies represented is from 1 Hz to the Nyquist frequency (50
Hz for data acquired at 100 Hz and 100 Hz for data acquired at 200 Hz). The
spectrograms represent the evolution in time of the frequency content of the sig-
nal. The spectral amplitudes of the signals (in this study normalized in dB for
better representation) are defined by the different colours of the colour bar: red
corresponding to the highest, and blue to the lowest amplitudes. As examples,
the spectrograms of the seismic signals in the down-slope direction, the most en-
ergetic, and the infrasound signals of avalanches #16 and #3018 are represented
in Figure 4.13. The gradual appearance of the energy at the different frequencies
in the seismic spectrogram is a characteristic of mass movements (Surinach et al.,
2005). The features of the spectrograms observed at each seismic section (similar

sections were previously defined in Vilajosana (2008)) are:

e The SON section is characterized by an increase of the energy content of
the higher frequencies while the avalanche is approaching the sensor. This is

caused by the anelastic attenuation of the seismic waves (e.g. Figure 4.13).
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e The SOV section displays the highest amplitudes for the entire frequency
spectrum. The pass of the first parts of the avalanche over the sensor gener-
ates the highest energy in the spectrogram with a decrease in energy during
the pass of the tail (e.g. Figure 4.13).

e The SEN section is characterized by a decrease of the amplitudes of the
higher frequencies while the avalanche is moving away from the sensor until

it finally stops (e.g. Figure 4.13).

High frequency peaks characterize the end of the SOV and SEN sections associated
with the mass deposition process (e.g. Figure 4.13).

_Avalanche #16 Avalanche #3018
svVo

150
Time [s]

Time [s]

FIGURE 4.13: Spectrograms of the seismic signals of the down-slope component
of the seismic and the infrasound signals (I) at the different locations (B, C and
D) of the large powder-snow avalanche, #16, and the small wet-snow avalanche,

43018.

The spectrograms display the typical triangular shape when the avalanche is ap-
proaching the sensor, i.e., in the SON sections (Figure 4.13). The triangular shape

also characterizes sites outside the avalanche path, until the arrival of the main
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part of the avalanche at lower altitudes, e.g. at D for avalanche #16 and at C for
avalanche #3018. The SOV section of the spectrogram at B can be subdivided
into two subregions (Figure 4.13): the pass of the front and part of the body of
the avalanche generates the energetic first part of the spectrogram (e.g. the time
interval of [63.6- 89] s in avalanche #16 at B) followed by a less energetic part
generated by the dense tail of the avalanche (e.g. the time interval of [89-130] s in
avalanche #16 at B). The spectrograms of the infrasound signals are characterized
by low frequencies (f < 20 Hz). The maximum energies in the higher part of the
spectrum (f > 10 Hz) are recorded in the stopping phase of avalanche #16 (> 100
s) and when the avalanche is flowing over B for avalanche #3018 (Figure 4.13).

Multiple bands of frequencies of approximately 15, 30, 50, 70 and 85 Hz are remark-
able in the spectrograms of the artificial avalanche #16 caused by the helicopter
flying around VdIS (Figure 4.13; left). This seismic energy is negligible comparing
with the energy generated by the movement of the avalanche. However, it can
be notable in some parts of the infrasound spectrum. Moreover, the signal of the
explosion that triggered the avalanche #16 is also remarkable at the beginning of
the SON section at B (= 25 s), C (= 27 s), and at D and I (= 29). The echo
of this explosion is also visible in the spectrograms of B (= 32 s) and C (= 30 s)
(Figure 4.13; left).

A detailed analysis of the frequency content of each section is conducted using
the normalized power spectra. These spectra were obtained using a FFT. The
amplitudes of the spectra were normalized to define the width of the spectra
using an unified criterion for all the signals. Hence, the width of the normalized
power spectrum was considered in this work to be the range of frequencies with
normalized amplitudes exceeding 0.2. The spectrum of each section of avalanches
#16 and #3018 are shown in Figure 4.14. The energy generated by the explosion

and its echo was not considered in the computation of the spectra of the avalanche

416.

The SON section is usually characterized by low frequency spectra (f < 20 Hz). In
this section the avalanche is approaching the sensor and the higher frequencies are
attenuated due to the anelasticity (Figure 4.14). Maximum amplitudes for all the
frequencies of the spectrum are recorded in the SOV section, as the attenuation
is minimum when the avalanche flows over the sensor. The spectra of the SOV
sections of the powder-snow avalanche, #16, are characterized by low-frequency

content with maximum energies for frequencies below 5 Hz. The SOV spectrum
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of the wet-snow avalanche, #3018, however, is characterized by high-frequency
content with frequencies in the range of [16-80] Hz. Comparison of the avalanche
spectra shows that the powder-snow avalanche generates a lower-frequency spec-
trum than the wet-snow avalanche (Figure 4.14). A further characterization of the
spectrum of each avalanche type and region will show a connection between the
flow regimen and the signal generated in the frequency domain (Chapter 6). The
SEN section is characterized by high amplitude seismic peaks (previously observed
in the time series and the spectrograms) caused by the mass deposition close to the
sensor and thus by a high-frequency content spectra. Part of the mass of the tail
may still be flowing close to the sensor, generating very high-frequency vibrations
up to 85 Hz, e.g. the SEN section of avalanche #16 (Figure 4.14). Moreover, part
of the high frequency peaks characteristics of the spectra SON and SEN sections
for avalanche #16 can be also generated by the helicopter (Figure 4.14), as it is
remarkable in the spectrograms (Figure 4.13). The last part of the SEN section
is characterized by a decrease of the higher-frequency amplitudes due to fact that

the mass is moving away from the sensor, as the spectrograms show (Figure 4.13).

Cumulative Energy quantification in the frequency domain

To quantify which part of the spectra of the avalanches is the most energetic, the
C'FE of the signals separated into different frequency bands were calculated. After
testing different frequency bands, a band of 10 Hz was selected to distinguish
between different avalanche flow regimes. Hence, the seismic energy in the down-
slope direction, the most energetic, was divided into frequency bands of 10 Hz,
from 1 Hz to 40 Hz for seismic recordings sampled at 100 sps and 90 Hz for
recordings sampled at 200 sps. A 4th-order Butterworth bandpass filter was used
to obtain the filtered bands. The normalized C'E(%) curves for each band are

represented in Figure 4.15.

The diagram of the powder-snow avalanche, #16, shows that the band of [1-10]
Hz is the most energetic at sites the avalanche flowed over, B and C (Figure 4.15).
The diagram of the wet-snow avalanche, #3018, shows that the band of [1-10]
Hz is the least energetic at B, where the avalanche flowed over. At sites outside
the avalanche path the most energetic band is usually the lowest frequency band
of [1-10] Hz. However, the diagrams of large avalanches that suddenly stopped

close to the sensor, e.g. the diagram at D for avalanche #16, which stopped in
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FIGURE 4.14: Normalized power spectra of the down-slope component cal-
culated for the three sections of the seismic signals at recordings where the
avalanche flowed over the sensor, at B and C for the powder-snow avalanche,
#16, and at B for the wet-snow avalanche, #3018. The width of the spectra,
Af, for each region are considered the range of frequencies with amplitudes

exceeding 0.2.

the valley bottom, shows that the most energetic band is the [10-20] Hz band.

In each diagram, the relative position between the C'E curves corresponding to

the low-frequency bands and higher-frequency bands is dependent on the type of

avalanche flowing over the sensor.
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FIGURE 4.15: CE(%) diagrams of the seismic signals filtered in frequency bands
of the powder-snow avalanche, #16 (left), and the wet-snow avalanche, #3018
(right), at each location (B, C and D).

4.3.3 Avalanche quantification indices

The seismic signals contain information concerning avalanche size and type that
can be extracted in the form of a set of seismic indices. Following a similar pro-
cedure to that applied to evaluate the ground motion of earthquakes (see Section
3.4), the following parameters were calculated: the peak ground velocity of the
total envelope (PGV E) of the seismic signal, the signal intensity (/) and the fre-
quency parameters (P). Before calculate these indices, all the signals were filtered
(1 Hz to 45 Hz) with a 4th-order Butterworth bandpass filter with the aim of

homogenizing all the data acquired with different sample rates.

The Peak Ground Velocity of the Envelope (PGVE) (ms™!) corresponds to the

maximum value of the A(t) time series:
PGV E = maz(A(t)) (4.5)

The avalanche intensity, I(ms=')? - s, is defined as a measure of the ground shak-

ing intensity of the avalanche. The avalanche intensity is the maximum of the
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cumulative energy (CE(t)):
I =max(CE(t)) (4.6)

To quantify the distribution pattern of seismic energy observed, the frequency
parameters, P;_,,, were defined as the ratio between the intensities of the lowest

frequency band and those of the other bands:

tr A2
_ t; Az[l,lo]dt for n—2 A (4 7)
1-n ftf A2 i g sery .
ti *z[10-(n—1),10-n]

where n is a number between 2 and 4, depending on the frequency band; ¢; and ¢
represent the initial and end instants of the avalanche signal; and Agi0.(n—1),10n]

is the amplitude of the bandpass-filtered seismic signal component down-slope.

All the values of the seismic indices calculated for all the avalanches anlysed in this

work are presented and compared in the chapter containing the results (Chapter

6).

4.4 Comparative analysis of the avalanche sig-

nals

In order to identify internal flow structures and flow regimes, data from two FMCW
radars buried in the ground along the avalanche path were analysed. At VdIS, the
FMCW radars are buried in the ground in the middle of the avalanche path and
looking upward in a slope-normal orientation to monitor the avalanche flowing
over them. Measuring the intensity of the received electromagnetic signal and
its corresponding height provides information on the avalanche profile, and snow
cover entrainment and deposition (Sovilla and Bartelt, 2002). The intensity of
the reflected signal depends on the structure of the reflector. Higher intensities
correspond to larger granules and to moister or denser snow. The reflected signal,
however, can also be influenced by the subjacent layers near the ground (Gubler
and Hiller, 1984). The duration and development of the flow regimes of the in-
dividual avalanche can be compared through the flow depth (y-direction) and in
time (x-direction). A flow height spectrum every 0.025 s is evaluated with the

result of a flow height resolution of 0.1 m.
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Comparative analysis of the seismic signals of the snow avalanches and the FMCW
radar signals at the same location was conducted in this work. Through this
analysis, the signatures of the seismic signals generated by the different parts of
an avalanche depending on the flow regime were determined. For examples of
FMCW radar output signals from two different avalanches, see Figures 4.16 and
4.17, where the intensity of the radar signal was normalized for each signal. Seismic
signals in the time-frequency domain were compared with the measurements of
the FMCW radars located close to the seismic sensors to study the nature of the
seismic signals generated by the different parts and flow regimes characteristic of

an avalanche.

The beginning and end of the avalanche signal in the radar plot is the length of
the SOV section, defined as the avalanche temporal length, 77, (Section 4.3.1).
The SOV section can be partitioned into several regions with different dynamics
characteristic of snow avalanches (Section 1.4.1). The radars can detect the three
regions of an avalanche defined earlier: the front, the energetic and the dense
regions (Figures 4.16 and 4.17). However, no information is obtained from the
powder cloud as the particles are too small. The small particles reflect small
amounts of energy and thus in the powder cloud, the signal is weak and the
amount of energy returning to the detector is very small. The minimum particle
size detectable by the radars is 1.4 -1.8 1072 m which represents the physical

minimum detection limit (Sovilla, 2004).

The FMCW radar signals at B and C of the powder avalanche #16 compared
with the envelope of the seismic signal at the same location are shown in Figure
4.16. Two regions of the avalanche signal, the energetic (2#) and the dense/tail
(3#) parts, are distinguishable in the radar signals from both locations. In this
avalanche, the front region is too short or not distinguishable from the energetic
part. Not all the regions described in Section 1.4.1 are always distinguishable in
the radar signal. The energetic region (2#) at B lasted 25.2 s, measured from 63.6
to 88.8 s; its dense/tail part (3#) at B for 41.2 s, from 88.8 to 130 s; its energetic
region (2#) at C for 18.2 s, from 78.8 to 97 s; its dense/tail (3#) part at C for
16.6 s, from 97 to 113.6 s (Figure 4.16). The seismic station at B is located at
the same location of the avalanche path as the FMCW radar, so the arrival of the
avalanche at the radar can be considered as the arrival of the avalanche to the
seismic sensor. The seismic station at C, however, is located at a distance of 32

m from the FMCW radar location (mast location in Figure 2.3). Powder-snow
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F1GURE 4.16: FMCW radar signals of the powder-snow avalanche detected at

B (a) and C (b) compared with the envelope of the seismic signal recorded at

B (c¢) and C (d). The dashed lines delimit the different parts of the avalanche

in the SOV section. The solid black lines in the FMCW radar plot delimit the
different bed surface levels of the avalanche.

avalanches propagating fast may take less than one second to travel this distance
along the path, but wet dense avalanches may take up to several seconds. To
determine the sections and the avalanche length at C, we calculated the shift in
the arrival of the avalanche front at the two distinct positions. In the case of the
powder avalanche #16, the front was moving at about 50 ms~! and thus the time
shift is only 0.6 s. In slower wet avalanches, the shift can be much higher (for

example a wet avalanche propagating at 5 ms—! takes 6.4 s).

The FMCW radar signals at B of the wet avalanche #3018 compared with the
envelope of the seismic signal at the same location are shown in Figure 4.17. Two
regions of the avalanche signal, the front and the dense/tail parts, are distinguish-
able in the radar signal. The front region (1#) lasted 2.5 s, measured from 75.3
to 77.8 s; its dense/tail part (3#) for 139.1 s, from 77.8 to 216.9 s (Figure 4.17).

Additionally, FMCW signals provide information on erosion (where and how much
snow cover is eroded), flow depth distribution and mass deposition (Sovilla and
Bartelt, 2002). This information is useful for characterizing each type of flow
regime, which will be further associated with the seismic signal generated. Snow
avalanches can flow directly over the ground or over a snow cover surface. The

height of the avalanche sliding surface, i.e., the bed surface level, was extracted
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FiGUurE 4.17: FMCW radar signal of the wet-snow avalanche detected at B
(top) compared with the envelope of the seismic signal recorded at B (bottom).
The dashed lines delimit the different parts of the avalanche in the SOV section:
frontal region (#1) and dense/tail region (#3). The solid black lines in the
FMCW radar plot delimit the different bed surface levels of the avalanche.

from the FMCW radar signals. The values of the thickness of the avalanche bed
surface levels are compared in order to quantify the seismic intensity absorption

due to the snow cover interface (Chapter 6).

The powder avalanche #16 entrains all the snow cover at B and slides directly
over the ground (Figure 4.16a); whereas at C the avalanche entrains one meter
of the snow and slides over a bed surface level of one meter (Figure 4.16b). The
maximum amplitudes of the envelope time series correlate well with the energetic
part flowing over the sensor (Figures 4.16c¢ and d). Mass deposition occurs after
the avalanche tail has passed over the radar. About 2 m of snow are deposited over
cavern C, located in the run-out zone of avalanche #16 (Figure 4.16b). Maximum
flow heights reach 8 m at B and 5 m at C. The wet avalanche #3018 entrains one
meter of snow, mostly in the frontal region, and slides over a thick bed surface
level of 5.5 m (Figure 4.17). The maximum amplitudes of the envelope correlate
well with the pass of the first part of the dense region characterized by maximum
flow heights of about 1.5 m.
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All the information extracted from the comparative analysis of the FMCW radar
signals and the seismic signals is used to determine the signatures of the signals
generated by the different flow regimes. These signatures will then be useful to

classify the avalanches using the seismic signals directly (Chapter 6).






Chapter 5

Evaluation of an avalanche
possibly triggered by an
earthquake

In the present chapter, results of the evaluation of an avalanche possible triggered
by an earthquake, and the comparison with different earthquakes that did not
trigger any snow avalanche, are presented. Seismic data are used to quantify
energy parameters and changes in the elastic field within the snowpack due to the
earthquake vibrations. The methodology of analysis of the seismic and infrasound
signals is detailed in the previous Chapters 3 and 4. Furthermore, the study is
complemented with nivo-meteorological data and snowpack stability evaluations.
Most of the contents of this chapter has been published in Pérez-Guillén et al.
(2014).

5.1 Introduction

The inertial forces induced by an earthquake can cause an increase in the load
down the slope and can also decrease the shear strength. Both effects could lead
to a destabilization of the snowpack and hence the release of an avalanche. Snow
avalanches triggered by earthquakes have been poor investigated given the scarce
occurrence and the lack of real monitored events (Podolskiy et al., 2010b). This
phenomenon can be considered an important collateral hazard associated with

earthquakes in snow-covered mountain areas with high seismicity.
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An inventory of the few documented historic cases of earthquake-induced snow
avalanches has been compiled in Podolskiy et al. (2010b). The relationship be-
tween an avalanche release and the seismic effect is related to the distance from the
source (hypocentral distance), the local conditions (geology, topography, snowpack
stability, etc.) and the characteristics of the seismic source: amplitude, frequency
and duration of the vibrations (Surinach et al., 2011). Large seismic wave ampli-
fications effects can occur though focusing on mountain tops which can increase
the probability of avalanche release (Geli et al., 1988; Pedersen et al., 1994; Massa
et al., 2010).

Most of the avalanche fatalities in mountain areas are caused by dry snow slab
avalanches triggered by the victims or their companions. These avalanches are
initiated by a failure within a weak layer, resulting in the release of a rigid slab
of variable dimensions produced by the propagation of fractures (McClung and
Schaerer, 2006). These weak layers within the snowpack act as shear planes that
facilitate an avalanche release. A necessary condition for failure is that the shear
stress exceeds the shear strength at a point in the weak layer (Schweizer, 1999).
Laboratory experiments carried out with artificial snowpacks containing a weak
layer over a shaking table have revealed that vibration reduces the effective shear
strength by increasing the peak shear loading (Chernouss et al., 2006; Podolsky
et al., 2008; Podolskiy et al., 2010c). In cases of natural seismicity, a slab avalanche
can be released by the loading due to the earthquake accelerations. This loading
produces an amplification of the stress that can cause a fracture between the
snow layers (Higashiura et al., 1979). The shear stress amplification is larger at
higher accelerations which depend on the earthquake magnitude, the hypocentral

distance and local conditions (site effect).

In this chapter, we asses whether an avalanche released after the arrival of an
earthquake is triggered seismically or not. Firstly, the time-frequency joint anal-
ysis of seismic, infrasound and the GEODAR radar data provides information on
the avalanche and earthquake characteristics (Sections 5.3, 5.2 and 5.4). Data
from two local earthquakes that did not trigger any snow avalanche are used for
comparison (Section 5.5). The intensity of shaking of these earthquakes is quanti-
fied using the six seismic indices defined on Section 3.4. In addition, we present an

evaluation of the snowpack stability conditions comparing the nivo-meteorological
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situation and the snow cover simulations of the days in which they occurred (Sec-
tion 5.6). Finally, the coseismic displacement of the earthquake that possibly trig-
gered the avalanche is calculated and compared with load-controlled experiments

with layered snow samples (Section 5.7).

5.2 The event of 6th December 2010

On 6th December 2010, the snow avalanche alarm system of VdIS was triggered by
a local earthquake (My 3.1; 6:41:24 UTC) with the hypocenter in Col de Balme,
France ( 46.05° N; 6.94° E; depth 3 km; source SED) located at approx. 43 km
from VdIS (Earthquake #1, Figure 5.1 and Table 5.1). The trigger in the avalanche
warning system of VdIS caused by the earthquake was initially discarded because
of the identification of the earthquake. However, a subsequent analysis of the
infrasonic and seismic data of the UB stations (cavern B, C and D of Figure 5.1)
showed that a signal generated by an avalanche appeared seconds after the arrival
of the waves of the earthquake. Apart from these data, the only available data
for this avalanche were acquired with the GEODAR radar and the seismic station
Syscom of cavern A (Figure 5.1). This avalanche did not descend along the main
gully 1 but along the secondary one (field observation). As a result, no data were
recorded by the other monitoring instruments situated in the main gully. After
the storm temporarily cleared, a small part of the deposit of this avalanche was

visible in the secondary gully.

The earthquake and the snow avalanche were recorded at all the UB seismic sta-
tions at the experimental site. Figure 5.2 shows the correlation of the avalanche
fronts detected by the radar with the time series of the seismic signals from the
UB stations at caverns B, C and D. In cavern A only the record of the earthquake
was obtained because of the short recording length of this station that only works
in trigger mode. Only the E-W component is presented in Figure 5.2 for sake of
space and because of the higher seismic energy of the horizontal components. The
infrasound signal obtained at D is also presented. The joint analysis of both types
of data (seismic and infrasound) yields information on the behaviour of avalanches
(Kogelnig et al., 2011b). Figure 5.2 shows two differentiated packets of energy in
the seismic time series, corresponding to the earthquake and subsequent avalanche.
This is not the case of the infrasound time series that displays a spindle shape and

will be discussed below. Figure 5.3 displays the corresponding spectrograms.
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FIGURE 5.1: Map of the epicenters of the earthquake and zoom of the overview
of Valle de la Sionne (VdIS) field site with the detailed position the four cav-
erns where seismic stations are installed. The approximate avalanche path is
delimited by the blue dotted line. The underlying grid has a size of 1 x 1 km.

The arrival of the earthquake is observed at all the seismic stations at approx-
imate 16.5 s (arrival of P-wave in Figure 5.2. The origin of time is arbitrary).
Note the clear and sudden appearance of energy at all frequencies in the seismic
spectrograms (Figure 5.3). This is a characteristic of earthquakes. The arrival
time of the S-wave is approx. at 22 s (Figure 5.2). The maximum amplitudes in

the earthquake seismic time series were recorded at approximately 23 s.

The seismic spectrograms show that the signals of the earthquake and the avalanche
overlapped (Figure 5.3). The coda of the earthquake overlaps the beginning of the
seismic signal of the snow avalanche (= 40 s). After the coda of the earthquake
(~ 50 s) the increase in amplitude of the seismic signal produced by the snow
avalanche is observed at different times in the different seismic records. This is
a consequence of the evolution of the relative position of the avalanche and the
sensors. The evolution of the frequency content in time allows us to estimate the
relative position of the snow avalanche with respect to the seismic stations. None
of the sections described in Section 4.3.1 were defined as the avalanche did not

flow directly over the sensor.
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FIGURE 5.2: Correlation between the GEODAR radar (a), seismic (b-d; EW
component) and infrasound (e) data of the event of 6th December 2010 (earth-
quake and avalanche). The radar provides the position (range, distance from
bunker to the avalanche position) of the three avalanche fronts. The earthquake
generates a similar seismic signal in the three different stations (B, C, D) fol-
lowed by the avalanche seismic signal distinguishable in B and C. The P-wave
arrives at approx. 16.5 s and the S-wave at 22 s. The instants t; = 66.4 s, to
= 79.8 s and t3 = 105.4 s are the arrival of the fronts 1 and 2 to the range of
seismic stations B and C. The data recorded in C were very noise possibly due
to oscillations of the mast produced by the wind.

The approach of the snow avalanche to a sensor results in an increase of the energy
content of the higher frequencies. Maximum amplitudes in the highest frequencies

are recorded when the snow avalanche flows near or over the seismic sensor. The
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FIGURE 5.3: Spectrograms of the seismic (EW component) and infrasound

signals at the different stations of VdIS of the event of 6th December 2010

(earthquake and avalanche). The instants t; = 66.4 s, to = 79.8 s and t3 =

105.4 s are the arrival of the fronts 1 and 2 to the range of seismic stations B
and C. The colour scale represents the relative amplitude in dB.

maximum seismic energy is observed at different time intervals: [64-104] s at cavern
B and [105-117] s at cavern C. No maximum values of amplitude are reached in the
seismic spectrogram of cavern B for the higher frequencies (maximum amplitudes
in the spectrogram are in the range of [1- 20] Hz) (Figure 5.3). This indicates that
the avalanche did not flow over cavern B, in accordance with the field observation,
which indicates that the avalanche descended along gully 2. The increase in the
seismic amplitudes and frequency content indicates when the avalanche reached
the minimum distance to B (Figures 5.2 and 5.3; t; ~ 64 s). The decrease in
amplitudes of the seismic signal and in the frequency content observed in the
records of B indicates that the avalanche moves away from cavern B. The same
general characteristics are observed at cavern C despite a shift in the time interval,
[105-120] s. However, the energy of the highest frequencies, [1- 40] Hz, in the
spectrogram is higher than that of B, indicating that the avalanche passed very
close to C. The snow avalanche stopped at short distance after cavern C at approx.
127 s. The low amplitude signals and frequency content recorded at cavern D are

due to the avalanche stopped far from this station. The overlap of the signals of
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the two sources (earthquake and avalanche) makes difficult the determination of
the exact start of the snow avalanche. Moreover, the radar recorded movement
at 30 s at a range of 2000 m (Figure 5.2). At this time interval, the returned
radar signal is relatively weak, indicating the beginning of an avalanche at the
approximate range of cavern A. Data before this time are unavailable because the
VdIS alarm system was triggered after the arrival of the maximum amplitudes of

the earthquake (= 25 s) and the radar needs several seconds to record data.

5.3 Correlation of the seismic data with the in-

frasound and radar data

Data deduced from the radar are consistent with the previous analysis of the
avalanche evolution obtained from the seismic signals. The analysis of the radar
signal indicates that the avalanche was divided into three fronts descending with
different velocities (Figure 5.2). Note that the radar range is the distance from the
shelter to the avalanche position. The slope of the curves of the front positions
against time is the instantaneous avalanche front velocities. The avalanche has
three distinct velocity fronts. The first two fronts are traveling at a maximum
velocity of 24 and 21 ms™' (average from radar measurements). The first front
(1, Figure 5.2) travelled from the starting zone and abruptly decelerated to zero
within 3 seconds at range 722 m. At the range of cavern B (1272 m) it was divided
into two parts which crossed the range of B at 64.2 and 66.4 s. The second front
(2) which descended approx. at the same speed as front (1) from range 1756 m to
the range of cavern C decelerated until it reached 359 m. It crossed the range of B
at 79.8 s and the range of C at 105.4 s. The arrival of these fronts at the range in
which seismic station B is placed corresponds to the peaks in the temporal seismic
signals and to a maximum in the amplitudes of the highest frequencies in the
spectrogram (¢; and ¢, Figure 5.2 and 5.3). The arrival of front (2) at the range of
cavern C corresponds to t3 (Figure 5.2 and 5.3). The latter, third front (3), travels

! and expands far into the run-out zone. This front appears in

slowly at 13 ms™
the radar record at a range of 1020 m and still moves when the recording finishes
after 3 minutes. Note that the maximum run-out distance has been reached by
the front (2) (Figure 5.2). The seismic and infrasound energy generated by last
slow moving front (3) is not detected because their amplitudes were very low with

an order of magnitude similar to that of the background noise.
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The infrasound time series displays a spindle shape with a maximum value in the
time series amplitude of 1.1 Pa in the [65-110] s interval (Figure 5.2), which also
corresponds to the maximum in the spectrograms (Figure 5.3). This shape was
also observed in other avalanche infrasound signals (Kogelnig et al., 2011). The
infrasound energy interval coincides with that of the seismic signals although the
frequency content is lower, up to 20 Hz (Figure 5.3). However, the infrasound
energy distribution is different. Very low amplitudes are observed in the earth-
quake interval (up to 50 s), whereas the highest amplitudes are present in the
snow avalanche interval. The maximum amplitudes of the infrasound signal were
recorded seconds after (infrasound time travel at sound speed) when the avalanche
moved along the channelled path, reaching the maximum velocity. We can con-
sider that the infrasound signal attenuation is negligible at local distances (d<3
km; Section 3.3). Note that the maximum energies in the infrasound (recorded
at D) coincide when the avalanche is in between the range of B and C, in the
channelled path before reaching C. The amplitudes and shape of the infrasound
indicate that the avalanche developed a dilute faster part in this part of the path
according to the analysis of other avalanches at the site (Kogelnig et al., 2011b).

TABLE 5.1: Hypocenter coordinates (source:SED), epicentral distance to sta-

tion D of VdIS, PGV and maximum infrasound value recorded at station D

for earthquakes #1, #2 and #3; My, is the local earth- quake magnitude. The

PGV values are the maximum values obtained from the velocity records of each
component.

Earthquake H [m] A [km] PGV [ms™1] Ar Pa

#1: My 3.1 46.05 N 6.94 E; 3km 432 (2.5-107°,3.1-107°,2.9-107°) 0.11
#2: My 4.2 47.15N 855 E; 32km 132 (4.8-107°,1.4-107%,6.8-107%) 0.07
#3: Mp 2.1 4632 N7.34E; 0.1 km 45 (23-107% 45-107%,6.1-107%) 0.76

The analysis of the evolution of the seismic signals allows us to determine first,
that it was an avalanche and second, the approximate path that it followed. The
velocities of the first fronts and the characteristics of the infrasound signal indicate
that it was a dry avalanche. According to the length of the avalanche path (1500
m), we can classify it as a medium size avalanche (see classification criteria in
Section 4.2).
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5.4 Determination of the approximate start time

of the avalanche

In order to determine whether the snow avalanche was triggered by the earthquake
or not, first it is necessary to determine the arrival time of the earthquake at the
site and the time when the snow avalanche was released. The determination of the
arrival time of the earthquake does not present problems. The sudden appearance
of the P-wave arrival in all the seismic stations is visible in the time series and
spectrograms at 16.5 s (Figures 5.2 and 5.3). In addition, the snow avalanche
had to be released after the arrival of the earthquake because no seismic energy
of the avalanche is observed before the earthquake. However, the starting of the
avalanche is not easy to detect due to the presence of the energy of the earthquake
(Figures 5.2 and 5.3). The radar started recording at t ~ 30 s (¢, in Figure 5.4)
and the avalanche was at the range of cavern A but it did not flow directly over
this cavern. The comparison of the seismic and infrasound signals of the 6th
December 2010 event with that obtained for two local earthquakes recorded at the

experimental site which did not trigger a snow avalanche are helpful.

On 11th February 2012 an earthquake occurred 132 km from VdIS ( M, 4.2;
22:45:26 UTC; earthquake #2 in Figure 5.4 and Table 5.1) with the hypocenter
in Zug, Switzerland (Table 5.1). A second earthquake occurred on 21th March
2012, 4 km from VdIS (My, 2.1; 11:01:57 UTC; earthquake #3 in Figure 5.4) with
the hypocenter in St. Leonartz, Switzerland (Table 5.1). All these earthquakes
generated (local) infrasound as a result of the coupling to air of the seismic waves
to the air that travelled to the vicinity of the infrasound station (Burlacu et al.,
2011). The amplitude of the infrasound signals depends on the magnitude of the
earthquake and the distance of the station to the epicenter. The values of the
maximum ground velocities (PGV') of the earthquakes at D are shown in Table
5.1. A comparison of these values shows that earthquake #3 generated higher
infrasound amplitudes (A4 = 0.76 Pa) than the other two earthquakes which
had a lower PGV and longer epicentral distances. However, earthquake #1 with
lower PGV, but closer to the station, yields higher infrasound amplitudes (A qz
= 0.11 Pa) than earthquake #2 (A0, = 0.07 Pa). In order to compare the
different shapes of the seismic and infrasound signals of the three earthquakes,
the envelopes of the complete seismic signals and those of the infrasound of these

earthquakes recorded at cavern D were calculated. Figure 5.4 shows the envelopes
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FIGURE 5.4: Comparison of the normalised envelopes of the seismic and infra-

sound signals of the event (earthquake and avalanche; #1) and the two earth-

quakes (#2 and #3). The origin of time is arbitrary. The infrasound generated

by the snow avalanche is received at t; and at t, the radar started to record the
movement of the snow avalanche.

normalized for comparison of the three earthquakes. In earthquakes #2 and #3,
the infrasound amplitudes correlate well with the seismic signals although the
distances from the epicentre were different and hence the shape of the seismograms,
i.e. a) a sudden increase in the infrasound amplitude that corresponds to the P-
wave arrival of the earthquake at the sensor, b) maximum infrasound amplitudes
that correspond to the maximum seismic amplitudes and c) a decrease in the

infrasound amplitude for the coda of the earthquake (Figure 5.4).

A different relative behaviour between the envelopes of the seismic and the in-
frasound signals is observed in the case of the event #1 in which the avalanche
was triggered (Figure 5.4). The sudden increase in the infrasound signal at the
moment of the arrival of the P-wave is not observed in the envelopes and in the
time series. This is due to two factors: a low signal-to-noise ratio and the low
seismic energy of the earthquake. The infrasound background noise of the given
day had mean amplitude of 0.008 Pa (calculated 10 s before the earthquake). This
value is similar to that of the day of earthquake #3 (0.007 Pa) and higher than
that of earthquake #2 (0.003 Pa). The low signal-to-noise ratio of the amplitude
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of the infrasound generated by the P-wave and the immediate phases that fol-
low is not sufficient to distinguish the increase in the infrasound signal (Figure
5.4). The low energy of the seismic signal of these phases (maximum value below
of 1075 ms™1) did not generate enough infrasound energy to be distinguished at
the beginning of the earthquake. However, at t = 23 s, a local maximum of the
infrasound is observed on the arrival of the maximum energy of the earthquake.
Note that the delay observed at this maximum is due to the travel time difference
between the seismic and infrasound waves (Ichihara et al., 2012). The similar de-
crease in amplitudes of the coda section of the infrasound and seismic envelopes
observed for earthquakes #2 and #3 (without avalanche) is not observed in the
event. The fall in the seismic envelope amplitude does not correspond to a de-
crease in the infrasound envelope amplitudes. By contrast, the amplitude of the
infrasound envelope increases, reaching a maximum at 28.01 s (¢;) that exceeds
the local maximum at 23 s (Figure 5.4). A possible explanation for this increase
that surpasses the local maximum is that the sensor was receiving the infrasound
generated by the avalanche. We therefore infer that the avalanche was released a
few seconds before this time and after the arrival of the earthquake. This assumes

that the only sources of infrasound were the avalanche and the earthquake.

In our seismic recordings of the 6th December 2010 event the most energetic waves
are the S-waves around 22 s (Figures 5.2 and 5.3). Therefore the inertial forces
induced by the acceleration of these waves will be stronger and might cause more
effects in the snow cover. Our data indicate that the avalanche was released
shortly after the arrival of the waves of the earthquake, which strongly suggests
that the avalanche was triggered by the earthquake. A quantification of the signals

generated by the earthquakes could yield more information.

5.5 Earthquakes ground motion quantification

In order to evaluate the effect of ground shaking produced by the earthquake on 6th
December 2010, we compared the seismic signals of this earthquake with those of
the two earthquakes aforementioned (earthquakes #2 and #3). The seismograms
obtained at cavern A were used because this cavern is situated at the release area
(Figure 5.5). We assume that the earthquake shaking is similar over the entire

release area.
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Six indices are used to measure the effect of ground motion or shaking on a struc-
ture. We considered the snow slab using the same approach. The indices used
were defined in Section 3.4. The PGD, PGV and PGA indexes consider the max-
imum values in the seismic time series, whereas the indices I, and T'D take into
account their evolution in time and their duration over the seismic time series.
The PSA gives the maximum acceleration response of a structure (in this case the
snow slab) for each period (T"). Resonance effects in the snow slab can appear if
its natural frequency is close or equal to the resonant frequency of the soil, thus
increasing the potentiality of damages. The damping factor depends on the struc-
ture characteristics, in our case on the characteristics of the snow slab, but the
exact characteristics are unknown. Therefore we calculate the PSA using three
different damping ratios in an appropriate range. The loss factor (two times the
damping ratio) calculated in snow tests showed values in a range between [0.005
0.16] depending on the density and temperature of the snow (Mellor, 1975). Hence,
to evaluate the different possibilities three variable damping ratios (1%, 5% or 8%)

were considered in this study.
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FIGURE 5.5: Down-slope components of the ground motion recorded at A of

the three earthquakes occurred on 6th December 2010 (#1), on 11th February

2012 (#2) and on 21th March 2012 (#3). The arrows indicate the Peak Ground
Velocity (PGV') values for each earthquake.
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The parameters were calculated for all three seismic components. The ground
accelerations were obtained from the derivative of the ground velocity time signals
recorded at the station at cavern A, the cavern situated in the release area (Figure
5.1). The parameters were calculated in the rotated coordinate system and aligned
with the local slope of 40° at A. The down-slope components of the ground velocity

of each earthquake at A are shown in Figure 5.5.

Figure 5.6 shows the PSA values of the different components for earthquakes #1,
#2 and #3, respectively, obtained at cavern A for different values of the damping
ratio. The corresponding PGD, PGV, PGA, TD and [, values are shown in
Table 5.2. We compare the values of the six indices for all three earthquakes.
The magnitude and epicentral distances of the different earthquakes are indicated
with the symbol M and A with the corresponding subindex. The magnitude and
epicentral distances of earthquake #1 accomplishes Mo > M, > Mz and Ay >
A1 > Ajz. The comparison of the quantification values shows that earthquake 3,
the earthquake nearest to VdIS, has the maximum values of PGD, PGV, PGA,
PSA and I, (Table 5.2 and Figure 5.6). However, its duration, determined by
TD, is the lowest of the three earthquakes. Earthquakes with longer duration
of shaking i.e. higher T'D, are more prone to cause a slab failure (Podolskiy
et al., 2010b). These results are consistent with the physical conditions and the
geographical situation of the earthquakes (Figure 5.1). Note that earthquake #3
is the closest to the VdIS site despite being the lowest in magnitude. Its highest
PSA, PGD, PGV, PGA and I, values, and the smallest T'D value with respect
to the other earthquakes are more attributable to the short epicentral distance

than to its small size.

Earlier studies of artificial earthquakes caused by underground explosions in the
Khibiny mountains in Russia (Fedorenko et al., 2002; Chernouss et al., 2006) have
revealed a correlation between explosions with PG A in the order of 0.1- 8 ms™2
and avalanche release. These PG A values are much higher than those recorded
in the earthquakes under study because of the proximity of the explosions to the
release area. The explosions, however, usually have a T'D much lower than the

earthquakes.

The maximum PGD and PGV are obtained for the slope parallel plane compo-
nents (X and Y) of the earthquake #3 (Table 5.2). The PGD and PGV values
of earthquakes #1 and #2 are of the same order of magnitude, slightly higher for

earthquake #2. Also in these earthquakes the values of the horizontal components
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are higher than the vertical components. The effects of the PGV and PGD of
the ground are even more important than PG A values because they lead to fis-
sures in the ground surface (Newmark, 1965). The highest values are obtained for
the earthquake #3 and the effect of this earthquake might produce more damage

leading to a failure.

The maximum PSA values and the associated periods (or frequencies) are im-
portant factors to consider in the analysis of the shaking. Farthquake #1 and
#3 present higher frequency content (lower period) of PSA than earthquake #2
because they were closer to the VdIS site: The periods for earthquakes #1 and
#3 are in the range of [0.04 -0.15] s and earthquake #2 in [0.08-0.17] s (Figure
5.6). This is a consequence of the geometrical and anelastic attenuation of the
seismic waves that produce, for the same magnitude earthquake, lower amplitude
and frequency content for longer epicentral distances. The relationship between
the frequency content of the seismic source and the slab failure has not been stud-
ied yet. All the documented cases of earthquakes-induced avalanches (Podolskiy
et al., 2010b) were for earthquakes located at a distance relatively close to the
source (in a range of 0.2-640 km). Teleseismic earthquakes do not usually trigger
snow avalanches, although the peak ground acceleration recorded at the site could
be higher than that of the studied local earthquakes. This suggests that the most
effective accelerations that induced the slab failure are those of high frequencies
(shorter epicentral distances). Note that snow avalanches are often triggered by
explosions which are very high frequency seismic sources, though the analogy is

only approximate.

The PSA values in the downwards direction to the slope (X) of earthquakes #1
and #2 are of the same order of magnitude, and earthquake #3 has the largest
value, 0.25 ms? for a period of 0.07 s (f ~ 14.3 Hz) for a damping ratio of 1%
(Figure 5.6). In the discussion we use the lowest value of damping to consider
the maximum values of PSA although the other values are represented in Figure
5.6. The value of earthquake #3 is one order of magnitude higher than those of
earthquake #1 (0.029 m/s; f ~ 16.7 Hz; 1%) and earthquake #2 (0.059 m/s; f ~
8.3 Hz; 1%). In summary, earthquake #1, which was followed by the avalanche,
presents the minimum values of PGA and [,,, and the highest frequencies involved
in the maximum PS A, although they are not the maxima. Nonetheless, only small

differences between these values have been detected. The maximum values of the
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FIGURE 5.6: PSA values calculated for all the components of the seismic signal
at A of the earthquake #1 on 6th December 2010 (a), earthquake #2 on 11th
February 2012 (b) and earthquake #3 on 21th March 2012 (c) calculated with

different damping factors 1%, 5%, 8%.
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TABLE 5.2: Values of the PGD, PGV, PGA, TD and I, calculated for the
three components (Z, X, Y) in cavern A of all the earthquakes; My, is the local
earthquake magnitude.

Earthquake Component PGD[m] PGV[ms™'] PGA[ms? TD I,[ms™ ]

V/ 6.8-1077 32-107° 25-107% 164 6.2-1077
#1: My 3.1 X 1.2-100% 3.7-107° 3.4-107% 159 9.8-1077
Y 1.2-10% 3.7-10® 3.4-1073% 16.7 9.8-10°7
y/ 1.6-107% 81-107® 49-107% 30.3 2.6-107°
#2: Mo 4.2 X 1.8-107% 1.1-100*  53-107% 299 3.5-10°6
Y 21-100% 95.10° 64-1073% 26.7 4.5-1076
Z 83.107% 44.100* 36-1072 1.5 4.4-107°
#3: Mps 2.1 X 86-10 54-100* 46-1072 1.7 4.0-107°
Y 12107 6.1-100* 43.1002 1.5 3.5-107°

PS A represent the maximum acceleration loading to the slab when the slab had
this frequency of resonance. Although the resonance frequency of a snow slab is
unknown it must be related to the type of snow grain and the geometry of the slab
as well as its stiffness. The values at cavern A presented here can be considered
as an upper boundary of the accelerations obtained due to site effects (see Section
3.5). The earthquake accelerations at A, at the top of the mountain, are higher
than those at caverns B, C and D (Table 3.2).

We compared the magnitude and epicentral distance of the event with previous re-
ported cases of earthquake induced avalanches. Podolskiy et al. (2010b) suggested
a limit for earthquake induced snow avalanches of M, 1.9 earthquakes at zero
source to site distance, that implies a PG A around 0.03g approx. This threshold
is based on reported cases of avalanches triggered by underground explosions in
the Khibiny Mountains in Russia (Chernouss et al., 2006). However, data derived
from statistical analysis (Podolskiy et al., 2010a) showed an important reduction
of that threshold. In particular, statistically identified earthquakes of magnitudes
in the range M,, 3-3.9 induced snow avalanches at distances 100-199 km. The
corresponding PG A is between 107%g and 10~*g. Our case study fits inside the
limit of the reported statistical cases, although the reliability of these cases is
questionable because most of them could be incorrectly identified or they corre-
spond with an extremely unstable snowpack. Therefore it is difficult to estimate
a threshold shaking intensity without knowledge of the local snowpack stability
(Podolskiy et al., 2010b). Additional studies are needed to be more precise about
the distance-magnitude threshold (Podolskiy et al., 2010a). In cases of landslides
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triggered by earthquakes, recent works of Jibson and Harp (2012) have demon-
strated a reduction of the maximum distance limit known until now with the

addition of new reported cases.

In summary, we have shown that the characteristics of earthquake #1, which
could trigger an avalanche, are similar to those of earthquakes #2 and #3, which
did not trigger avalanches. The most likely explanation for the different effects
of the earthquakes with respect to the avalanche release is the differences in the
snowpack stability. The snowpack stability has a clear influence in the evaluation
of the possibility that these earthquakes of minor magnitude can act as triggering
mechanism for snow avalanches. The stability and the meteorological conditions

of each day are thus evaluated in the next section.

5.6 Nivo-meteorological conditions and snow cover

simulations

Avalanche release mechanisms can be more or less effective depending on the snow-
pack conditions. The snow cover stratigraphy is the key contributing factor for
dry slab avalanche formation (Schweizer et al., 2003). The triggering of this type
of avalanches can occur because of three factors (Schweizer et al., 2003): localized
rapid loading (in this case the shaking of the earthquake), gradual uniform loading
(for example, precipitation) or a non loading situation like surface warming caus-
ing changes in the effective shear strength. Thus, the snow cover structure is one
of the most important factors, apart from earthquake magnitude and distance, to
consider in the correlation of earthquakes and snow avalanches. Podolskiy et al.
(2010b) using snow profiles from starting zones of avalanches triggered by earth-
quakes in Japan, showed the weakness of the snow strength to be stressed until

failure by the inertial forces induced by the earthquake.

To obtain detailed information of the snow stratigraphy at the days of the earth-
quakes, we conducted simulations with the one-dimensional snow cover model
SNOWPACK (Lehning and Fierz, 2008). The simulations were computed using
data from the nearest automatic weather station Donin Du Jour (VDS2 at 2390
m a.s.l. and 2 km from the VdIS release area) that provide all the required data
to run SNOWPACK. The result of simulations of the snow cover conditions of the
three investigated days showed a significantly different stratigraphy and stability
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(Figure 5.7). Additionally, data from the automatic weather station close to the
release area (VDS station, 2696 m a.s.l.) and avalanche bulletins of the region
have been used to complete the analysis (Figures 5.8, 5.9 and 5.10). Below, the
detailed snow cover characteristics with the complementary meteorological infor-

mation for each day are presented.

o
m_
™ +
s e .
™ O m]
o O L
ggf
(]
~QO
c O
“5’_(\]
()
ol @)
20
8F
U)g_ -
3 1 O
o e
2010 12 06 2012 02 11 2012 03 21

FIGURE 5.7: Modeled snow height and grain type (colours and symbols accord-
ing to Fierz et al. (2009)) for the three days of the earthquakes using SNOW-
PACK.

6th December 2010

The avalanche on 6th December 2010 was released after a snow fall of 0.25 m in
the preceding 8 hours on top of an existing snow cover of 0.8 m (VDS2 station;
Figure 5.8¢c). The air temperature in the release zone (VDS1 station; Figure 5.8b)
was —4°C at 07:41 (local time). The resulting snow cover simulation (Figure 5.7)
of the day of the event, 6th December 2010, consists of a thick hard crust around
0.2 m. Above this crust a layer with a thickness of 0.4 m of faceted crystals
was buried by decomposing forms and a fresh snow layer. This combination of
a melt-freeze crust at the bottom, a well developed faceted layer and new snow
on top (Figure 5.7) favors the release of slab avalanches according to McClung

and Schaerer (2006). The weak snow cover structure at this time period was also
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observed by SLF observers. They noted a weak, poorly cohesive layer of faceted
crystals over a hard crust which was formed on 12 November (data from profiles

made on 7 December 2010 at 14 km approx. away from VdIS).

The unstable snowpack described above, together with the adverse meteorological
conditions of the day, led to a high avalanche danger (level 4 on a scale of 1 — 5;
Figure 5.8a). The national avalanche bulletin no. 28 for Monday, 6th December
2010 forecasted the possibility of dry avalanches on steep slopes in all exposures
above approximately 1800 m a.s.]. An increase in air temperatures resulted in an
ascending snowfall level. Therefore naturally triggered moist and wet avalanches
were expected about 2400 m a.s.l. at early morning hours. Moreover, the bulletin
also indicated that the south-westerly wind will be strong in this area, transport-
ing fallen fresh snow and old snow. Therefore snowdrift accumulations were also

possible in the release area.

A total of 11 avalanches (wet and dry snow avalanches) occurred around the
VdIS test site on that day, confirming the forecast. A few hours later, two more
avalanches were released at the VdIS test site (the first avalanche occurred at
17:00 of 6th December 2010 and the second at 03:00 of 7 December 2010) which
did not correlate with the arrival of the earthquake, but they reflect the unstable
conditions of the snowpack that day. The analysis of these avalanches is available
in Kogelnig et al. (2011b) and Vriend et al. (2013). Several other avalanches were
observed in the morning of 7 December 2010 around Anzere and Crans Montana
ski areas, 2.5-8 km away from VdIS and farther from epicentre of the earthquake.
None of these avalanches could be detected by the array of the VdIS due to the

farther distance to the stations and their linear configuration.

11th February 2012

On 11th February 2012 the temperature of the air was —17°C (VDS 1 station;
Figure 5.9b) at 23:45 (local time) and there was no precipitation on the previous
days. The VDS2 station recorded a snow depth of 3.07 m (Figure 5.9¢). The
resulting snow cover simulation of the day consisted (Figure 5.7) of a very ho-
mogeneous snow cover of a 3.00 m thick layer of rounded grains with a layer of
faceted crystals between 2.80—3.00 m. The snow cover consisted of well bonded

crystals which were not very favorable for the formation of avalanches.
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FIGURE 5.8: a) Regional avalanche danger map of Central Valais, lower Valais
and Vaud Alps (avalanche bulletin no. 28 for Monday, 6th December 2010;
www.slf.ch). b) Air temperature (T'A), wind velocity (VW) and maximum
wind velocity (VWyrax) data measured during 4th to 6th December 2010 at
Créta Besse weather station (VDS1). c¢) Air temperature (TA), snow surface
temperature (TSS), snow surface height (HS1) measured during 4th to to 6th
December 2010 at Donin du Jour weather station (VDS2). Source: SLF (http:
//www.slf.ch)

The weekly report of the SLF indicated a moderate avalanche danger (level 2;
Figure 5.9a) at Valais because of the stable snowpack and only low winds from
the northeast in this part of the Alps. According to SLF data, there were no
natural snow avalanches on the days before and after the earthquake because the

snowpack was fairly stable.
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FIGURE 5.9: a) Regional avalanche danger map of Central Valais, lower
Valais and Vaud Alps (avalanche bulletin for Saturday, 11th February 2012;
www.slf.ch). b) Air temperature (T'A), wind velocity (VW) and maximum
wind velocity (VWjax) data measured during 9th to 11th February 2012
at Créta Besse weather station (VDS1). ¢) Air temperature (TA), snow sur-
face temperature (TSS), snow surface height (HS1) measured during 9th to
11th February 2012 at Donin du Jour weather station (VDS2). Source: SLF
(http://www.slf.ch).

21th March 2012

On 21th March 2012 the temperature of the air was —3°C (VDS station; Figure
5.10b) at 11:01 (local time) and there was 0.1—0.2 m of snow precipitation during
the night of 20 March 2012. There was a snow cover of 2.73 m at the VDL2
weather station (Figure 5.10c). The SNOWPACK simulation of this day (Figure

5.7) showed a snow cover that consisted of 0.7 m of rounded grains below 1.8 m of
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melt forms. At the top a 0.2 m thick layer of decomposed forms was observed. The
only possible weak layer was situated at the interface of the rounded grains and
the decomposed forms at 2.5 m above the ground. The snow cover was mainly well
bonded. Moreover, this day, the regional avalanche bulletin indicated a moderate
avalanche danger (level 2; Figure 5.10a) for the area of VDLS. It was a spring

situation with the possibility for spontaneous wet avalanche formation.

Comparing the snow cover conditions of the three days we can conclude that at the
day of the earthquake followed by the avalanche, the conditions for an avalanche
release were more favourable than for the days of the two other earthquakes. The
snow profile this day showed a new snow layer on a very unfavourable old snow
cover that consisted of a weak layer of faceted crystals over a crust. Therefore, the
existence of this weak, non-cohesive layer in the snow cover, the loading produced
by the snow precipitation during the previous hours and the rapid increase in
the air temperature together with the rapid loading produced by the shaking of
the earthquake were the factors that contributed to the avalanche release on 6th
December 2010.

Another possible factor in the relationship between the snow cover conditions and
the effectiveness of the shaking of the earthquakes should be taken into account.
This is the position of the weak layer in the snow cover that could be fractured
due to the shaking of the earthquake. Since the seismic waves propagate through
the ground before reaching the snow cover and thus could be attenuated inside the
different snow layers before reaching the weak layer. The amplitude of the shaking
on the weak layer will depend on the distance travelled inside the snow cover. Field
experiments carried out with explosives to release avalanches have shown that the
effective range of an explosive depends on the position of the charge relative to
the snow surface, the charge mass, the snow profile and the characteristics of the
ground (Gubler, 1977). The snow cover simulations of the different days (Figure
5.7) showed that snow cover depths and position of the possible weak layers are
much higher up in the snow cover of days of the earthquakes #2 and #3 than in
the day of the event, which can also contribute to the attenuation of the seismic

waves travelling through the snow cover.
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FIGURE 5.10: a) Regional avalanche danger map of Central Valais, lower
Valais and Vaud Alps (avalanche bulletin for Wednesday, 21th March 2012;
www.slf.ch). b) Air temperature (T'A), wind velocity (VW) and maximum wind
velocity (VWjyrax) data measured during 19th to 21th March 2012 at Créta
Besse weather station (VDS1). ¢) Air temperature (TA), snow surface tempera-
ture (TSS), snow surface height (HS1) measured during 19th to 22th March 2012
at Donin du Jour weather station (VDS2). Source: SLF (http://www.slf.ch)

5.7 Stability Factor and Newmark’s method

The shaking of the earthquake produces inertial forces in the layered snow cover
and in consequence a change in the elastic stress field within the snow. This load-
ing of the snow induced a stress with shear, tensile and compressive components
(Podolskiy et al., 2010c). Taking into account the snow conditions analyzed in the

previous section, we calculate the stability factor of the slope in the presence of


http://www.slf.ch

Chapter 5. Fvaluation of an earthquake-triggered avalanche 112

ground vibration and the coseismic displacement produced by the earthquake #1

at A.

5.7.1 Stability Factor of the slab

The relationship between the retaining forces and shearing forces yields the sta-
bility factor of the slope S. For each layer boundary, the resulting stability index
S is calculated as (Schweizer et al., 2003):

_ Ty
T+ AT

(5.1)

where 75 is the shear strength, 7 is the shear stress due to weight of the overlaying
slab layers and A7 is the additional shear stress due to the earthquake in this case.
A failure occurs when the down-slope component of the force approaches the shear
strength in the weak layer. However, it is possible to have a failure on snow without
fracture propagation (McClung, 2009). The shear stress (denominator of Eq.5.1)
of the snowpack in down-slope direction is described as the sum of the weight of
the different layers and the loading produced by the acceleration of the earthquake

in this direction:

sz i (g sin(a) + a(t)) (5.2)

where 7, is the shear stress, p; and h; are the density and height of each layer, and
a, (t) the acceleration due to the earthquake in the down-slope direction. In the
presence of the earthquake, this shear stress is a function of time. In consequence,
the maximum shear stress applied to the weak layer, during the time interval of the

earthquake, is obtained at the instant when the earthquake reached the maximum
acceleration (PGA):

szax sz % 9 sm )+ax(tPGA)) (’53>

Jamieson and Johnston (1998) obtained the following expressions for the shear

strength of layers composed of decomposing forms (77 in Eq.5.4) or faceted crystals
(177 in Eq.5.4):

7 =14.5-10° Pa (L) or 1y =185 10% Pa ()21 (5.4)
Pice Pice
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where p is the density of the layer and p;. is the density of ice. In our study
Pice 18 917 kg/m3 (McClung and Schweizer, 2006). We consider a range for the
density of the decomposing forms layer of 150-200 kg/m? and of 200-250 kg/m? for
the faceted layer (values obtained from the SNOWPACK simulations). Equations
5.4 give a range of values for the shear strength of [632.6-1040.5] Pa for a layer of
decomposing forms and [744.3 1191.9] Pa for a layer of faceted crystals. According
to the information on the snowpack conditions, two possibilities to calculate the

stability factor were considered:

1. The avalanche released in the upper part of the snow cover. In this case
only the two first layers of new snow and decomposing forms (100 kg/m? of
fresh snow and 200 kg/m? of decomposing forms; mean values obtained from
the simulations) are considered. The thicknesses of these layers are: 0.25
m which is the precipitation measured in VDS2 and 0.2 m the decomposing
forms layer obtained from the simulation of the snow cover (Figure 5.7). The
maximum value of the shear stress calculated in this evaluation (Eq.5.3) is
410.1 Pa.The stability index (Eq. 4.1) in this case is:

TI

S = (5.5)

Tmax

The values obtained for S are in the range of [1.5-3.5] which correspond to

stable conditions (S > 1).

2. The avalanche released in the old snow. In this case, we considered that the
first layers (fresh snow and decomposing forms) and the second layer of 0.4
m of faceted crystals of a mean density of 225 kg/m? (mean value obtained
from the simulation) are released. The maximum value of the shear stress
calculated in this evaluation (Eq.5.3) is 977.92 Pa.The stability index in this

case is:

g =1 (5.6)

Tmax

The values obtained for S are in the range of [0.7-1.2]. If the shear strength
of the layer is below or equal to the shear stress we have unstable conditions

(S <1).

We consider that the earthquake could have more effectiveness if the avalanche

broke in the interface of the crust and the faceted layer for two reasons: the shear
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stress is larger (the stability index is bellow 1 in most of the cases) and the position

of the weak layer is close to the ground.

5.7.2 Coseismic displacement

An evaluation of the whole effect of the earthquake was conducted applying
Newmark’s method (Newmark, 1965). This method has been previously ap-
plied to earthquake-induced landslides (Wilson and Keefer, 1983; Jibson, 1993,
2011) and snow avalanches triggered by artificial seismicity (Fedorenko et al., 2002;
Chernouss et al., 2006). This method calculates the cumulative displacement (D)

of one block, the Newmark displacement, owing to the effects of the earthquake

D:// (a(t) — a.)dt? (5.7)

where a(t) is the acceleration of the earthquake and a, is the critical acceleration.

acceleration time-history:

In this approach, displacement depends on the critical acceleration (Eq.5.7) which
depends on the values of the shear strength and shear stress of the slab. The

critical acceleration is (Jibson, 1993):
a.=(S—1)-g-sin(a) (5.8)

where « is the slope inclination (40°) and S is the stability factor calculated using

Eq.5.1 without considering the earthquake.

The values of the critical acceleration calculated in the evaluation 2 give a range
of values of critical acceleration that oscillates from negative values (the snow slab
is unstable before the shaking of the earthquake) to values up to 1.2 m/s? (over
the PG A of the earthquake). We assume that our snowpack is at or very close
to the static equilibrium (the stability factor is 1) in the evaluation 2 and then
we calculate the maximum cumulative displacement. In a situation very close to
the static equilibrium the block experiences a very low critical acceleration (the-
oretically, a, = 0) and thus should undergo higher inertial displacements (Jibson,
1993). Therefore, the maximum cumulative displacement (zero critical accelera-
tion) produced by the earthquake in the down-slope direction from Eq.5.8 is 0.084
mm. In addition, the maximum cumulative displacement in the direction normal

to the shear plane (the vertical component of the acceleration is used in Eq.5.8)



Chapter 5. Fvaluation of an earthquake-triggered avalanche 115

is 0.068 mm. Both shear and normal to the shear plane displacements are calcu-
lated because the initial failure could be in compression or in shear (Reiweger and
Schweizer, 2010).

Ductile materials can accommodate more displacement without failure, while brit-
tle materials can accommodate less (Jibson, 1993). Snow is one of the most
rate dependent materials known (Kirchner et al., 2000). Laboratory experiments
(Schweizer, 1998) showed that at high deformation rates snow behaves as a brittle
material, but at at low deformation rates as a ductile material. What displacement
causes a failure varies according to the material and the conditions. The strain
necessary to reach the residual strength can be estimated from laboratory shear-
strength tests. Reiweger et al. (2010) performed loading experiments to study the
material behavior of snow samples containing a weak layer before fracture. They
observed that in layered snow samples the global deformation is concentrated in
the weak layer. They used layered snow samples consisting of small grains at the
top and bottom and a weak layer of faceted crystals and some depth hoar in be-
tween. Comparing two photographs before fracture, they measured displacements
between 0.06-0.08 mm within the weak layer. These values are of the same order
of magnitude as the maximum cumulative displacement produced by the earth-
quake on 6th December 2010. Thus, the effects of a minor earthquake on a snow
cover with a faceted weak layer, close to static equilibrium can produce enough

displacement to cause failure.

5.8 Conclusions

We analysed a small earthquake that occurred on 6th December 2010, 43 km from
the VdIS test-site and showed that it possibly triggered an avalanche. The main
contribution of this study is the evaluation of the shaking produced by this earth-
quake to trigger an avalanche using for the first time acceleration data measured
in the release area of an avalanche. The low magnitude of the earthquake and the
existence of an unstable snowpack hinder the determination of the exact triggering
mechanism. However, the evidence of a temporal coincidence of the two seismic
sources, the earthquake and the avalanche, reinforces the idea that the earthquake

could contribute to the triggering of the snow avalanche.
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The study was carried out using seismic and infrasound data generated by three
earthquakes and one avalanche obtained by instruments at different locations at
the test site. The joint analysis of the infrasound and seismic data shows that the
avalanche occurred after the arrival time of the earthquake, in agreement with the
GEODAR radar data, suggesting that the earthquake was the triggering factor.
The comparison of the radar with the seismic and infrasound data allows us to
characterise the avalanche size and path. The avalanche was a dry medium size
avalanche flowing down the secondary gully. The maximum infrasound signal was
recorded when the avalanche descended in the channelled zone at a high velocity.
The avalanche run-out below cavern C was determined by analyzing data from the
GEODAR and seismic sensors.

The quantification of the ground motion of the earthquakes shows that the PG D,
PGV, PGA, I,, TD and PSA values of the 6th December 2010 earthquake are
not particularly high with the result that we cannot be absolutely sure that the
avalanche was triggered by the earthquake. Two other earthquakes with higher
quantification parameters did not trigger any avalanches at the same site, because
they occurred when the snowpack was much more stable. However, this small
earthquake can be significant due to the instability conditions of the snowpack on
6th December 2010.

Despite the fact that possible resonance effects of a snow slab under vibration
are unknown, the PSA values calculated for the earthquake of the event indicate
that the snow slab could suffer amplifications of the acceleration being up to one
order of magnitude higher (PSA maximum values are one order of magnitude
higher than the PGA). Therefore in the case of resonance, higher increases of the
stresses are produced due the acceleration of the earthquake. On the other hand,
the accelerations used in our calculations recorded at the top of the mountain
at the avalanche release area are higher than the values obtained at the stations
situated at lower heights. The maximum acceleration values, PG A, at the top can
be doubled. For a better evaluation and quantification of the earthquake-induced
avalanches, it is necessary to know the acceleration time-history of the ground
motion in the areas where the avalanches can be released. These data are not
easy to obtain because only few seismic stations are situated in these areas where

access and installation are complicated.

Owing to the uncertainty in the parameters involved in avalanche release, it is not

easy to establish an area affected by snow avalanches triggered by an earthquake
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taking into account only the earthquake magnitude and distance without consid-
ering the snowpack conditions on a given day. These conditions vary widely in
mountain areas and are the key factors in limit cases. The SNOWPACK simula-
tion computed for 6th December 2010 revealed an unstable snow cover with the
presence of a weak layer of faceted crystals over a hard crust which was buried by
the subsequent snowfall. In these unstable conditions, the maximum cumulative
displacement that the earthquake can produce is in the order of magnitude of
displacements measured before fracture in laboratory experiments for snow sam-
ples with faceted weak layers. Thus, this small displacement could be enough to
produce failure when the snow is loaded at high loading rates, like in the case of

an earthquake.

Further studies are warranted to evaluate the relationship between the seismic
source (amplitude, duration and frequency content) and its effect on the snow,

which is one of the most brittle and rate-depended materials that exist.

Note: A new event of an earthquake-generated avalanche has been documented
(http://acnacat.weebly.com/notiacutecies.html; (2016, May, 11)) at the
end of the writing of this thesis . The event has been visually recorded (https:
//www .youtube.com/watch?v=F1FEERMrHgY; (2016, May, 11)). This avalanche
was triggered on 11th May 2016 in the Circ de Gavarnie and temporally coincided
with the arrival of an earthquake of magnitude M 3.8 in the French Pyrenees
(http://www.emsc-csem.org/Earthquake/earthquake.php?id=505942; (2016,
May, 11)). The approximate distance of the earthquake epicenter to the avalanche

release area was 50 km.


http://acnacat.weebly.com/notiacutecies.html
https://www.youtube.com/watch?v=FlFEERMrHgY
https://www.youtube.com/watch?v=FlFEERMrHgY
http://www.emsc-csem.org/Earthquake/earthquake.php?id=505942




Chapter 6

Deducing avalanche size and flow

regimes from seismic data

In the present chapter, the second part of the results of this PhD study are pre-
sented. The comparison of seismic signals with FMCW radar measurements gen-
erated by the different parts of an avalanche (front, energetic and dense/tail parts)
allows determining specific signatures of each avalanche flow regime. In addition,
the seismic signals of a catalogue of 32 avalanches of different type and size are
quantified using a set of seismic indices defined on the previous Section 4.3.3.
This quantification enables us to yield relationships between avalanche seismic
signals and avalanche characteristics such as the type of flow and size. Most of

the contents of this chapter has been published in Pérez-Guillén et al. (2016).

6.1 Introduction

Interest in the application of seismic methodology in the field of avalanche re-
search has increased considerably in recent years as it enables data to be obtained
from remote areas at a low economic cost. The methodology has been widely
used to automatically detect or monitor avalanches (Section 1.5), to determine
avalanche dynamic parameters (Section 1.4), and to record signals precursory to

the avalanche release (Section 1.3).

While much progress has been made in the avalanche research field, the use of

seismic sensors for real-time monitoring still requires further research. In remote

119



Chapter 6. Deducing size and flow regimes 120

areas, real-time monitoring would ideally provide details such as the location of
the release, the avalanche size, or the run-out distance. Vilajosana et al. (2007b)
estimated the seismic energy dissipated by avalanches into the ground to be used
for classifying avalanche size. Their method requires additional data, such as the
location of the avalanche front at each instant of time. A beam-forming technique
to locate avalanches using an array of seismic sensors was proposed by Lacroix
et al. (2012). They estimated the front speed of avalanches and classified them as

a function of the type of snow by correlating the data with meteorological data.

So far little research has been done on using seismic data to estimate the run-
out distance of an avalanche. We therefore propose correlating the avalanche
run-out distance with a set of seismic indices related to the duration and the
intensity of the signals. As earlier seismic measurements of avalanches have shown,
larger avalanches normally have longer signals and generate signals with higher
amplitudes (Surinach et al., 2001; Biescas et al., 2003; Kogelnig et al., 2011b). This
analysis appears simple but it requires knowledge of such fundamental processes
as the wave propagation, the effect of the different flow regimes on the features
of the signals generated and the effect of the snow cover on the seismic signal

attenuation (Reiweger et al., 2015).

Anelastic attenuation of seismic waves is affected by parameters such as anisotropy,
fluid content and the porosity of the propagation medium (Tokséz and John-
ston, 1981). A snowpack is a porous medium that very effectively absorbs en-
ergy (Gubler, 1977). It is stratified in layers with different physical properties
(Schweizer et al., 2003) and acts as the interface between the sources of the seis-
mic signals and the sensors buried in the ground. Little is known about the effects
of the depth and properties of the snow cover on the seismic signals, but such in-
formation is essential for improving seismic methodology as a system for detecting
or classifying avalanches. None of the seismic monitoring systems developed to
date take snow cover characteristics along the avalanche path into account as an

additional attenuation factor of the seismic signals.

Moreover, snow avalanches can display a variety of flow regimes as a function of
the physical properties of the snow cover (Steinkogler et al., 2014). The ground
motion generated by snow avalanches is directly connected to the flow regime
that the avalanche develops. A deeper understanding of the sources of avalanche
seismic signals is fundamental to elucidate their relation with avalanche dynamic

processes.
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In this chapter, we analysed the avalanches of Table 4.1 (excluding the avalanche
#3002, previously analysed in Chapter 5) acquired with the seismic sensors po-
sitioned in and outside the avalanche path and compared them with Frequency
Modulated Continuous Wave radar measurements (Section 4.4). This enabled us
to characterize the avalanche flow regimes, deduce the snow cover thickness at the
seismic locations and correlate a set of seismic indices with the avalanche run-
out distance. The combined data analysis allowed us to relate the internal flow
structures and the basic processes, such as erosion and deposition that govern the
dynamics of the avalanche, with the signatures of the seismic signals (Section 6.2).
Based on these results, we describe the nature of the seismic signals generated by
the different avalanche typologies (Section 6.3) and the feasibility of using seismic
measurements to distinguish avalanche flow regimes (Section 6.4). The basis of a
method for avalanche classification based on a set of seismic indices is presented
in Section 6.5, together with an evaluation of seismic absorption factors calculated
for different snow cover thicknesses (Section 6.5.1). Finally, we discuss how the

proposed method can be used to estimate the avalanche size (Section 6.6).

6.2 Comparison between FMCW radar data and

seismic signals

We analysed a total of 32 snow avalanches recorded with the seismic sensors dur-
ing the winters of 1999 to 2003 and 2010 to 2015. The classification of the snow
avalanches in function of the triggering mechanism, avalanche path, type of flow
and size are shown in Table 4.1. For each avalanche we calculated the following
seismic indices (defined in Section 4.3.3) at each seismic station: the avalanche seis-
mic signal duration (7)), the peak ground velocity of the total envelope (PGV E)
of the seismic signal and the signal intensity (7). All the seismic signals were fil-
tered (1 Hz to 45 Hz) with a 4th-order Butterworth bandpass filter with the aim
of homogenizing all the data acquired with different sample rates. Table 6.1 gives
for each avalanche the number, the snow cover thickness (H) at locations where
the avalanche flows over (B and/or C), and the seismic indices calculated at each
site. Detailed characteristics of the instrumentation deployed at the site and the

measurement procedures are described in Chapter 2 and Chapter 4, respectively.



Chapter 6. Deducing size and flow regimes

122

TABLE 6.1:

Characteristics of the avalanches analysed: avalanche number,

recorded location, snow cover thickness, H (m), obtained from the FMCW radar
of this site (B or C), and the values of the seismic indices (T4(s) , PGV E(ms™!)
and I(ms~1)? - s) determined at each seismic site (B, C and D). The date of
each avalanche, the typology, the triggering mechanism, the avalanche path and

the run-out distance are in Table 4.1.

N° T4 Hp PGVEpR Ip Ho PGVEc: Ic PGVEp Ip
301 217.8[2.5-0.5]5.6-107%2.5-107¢ - - - - -
103 304.0 [2.5-5] 3.0-10722.1-107% - - - - -
200 290.0 [2-0] 5.4-10734.7-107% - - - - -
4267 281.1 0.5 1.0-107349-1076 - - - 1.1-10751.1-107°
4270 809 1 1.5-10747.6-1078 - - - 1.3-10793.4.1071¢
4288 436.4 0.5 22-107322-107° - - - 1.6-107°4.3-107°
4292 542.2[1.5-0.5]2.0-10732.2-107° - - - 1.5-107*1.0-1077
504 148.8 [3-1.5] 1.0-10726.7-107% - - - 22:107334-1076
505 76.1 2 1.2-107%44-107% - - - - -
506 190.1 [3-1] 9.9-107%3.9-1076 - - - 2.9-10742.6-107°
3003(1)404.3 [x-0] 7.8-107*1.6-10"¢ [1.5-0] 6.1-10° 1.4-1077 4.9-10763.9.1071°
3004 507.0 [1.5-0] 3.8-107%2.1-10"7 [1.5-1] 6.4-107 1.4:10~7 3.5-107° 7.6 - 107
3006 291.8 [2-1] 5.7-107%7.9-10" 15 4.0-107° 6.3-107? 1.3-10761.9.107 !
3012 106.3[3.5-1.5]1.8-107° 1.1-107? [3.5-2.5] 4.6:107° 5.4-107° 3.2-1075 1.1-107°
3023 74.5 [x-4.25]4.5-107°6.9-1077 - 1.6-1076 1.1-10711 2.4-10779.3 . 10713
3053(1)202.0 3 43-107°1.3-107% - 2.7-1076 2.2.10711 3.7-10771.1- 10712
3054 108.0 3 1.0-107°1.2-107% - 1.1-1077 5.0-107¥ 7.5-107%1.6- 1013
3060 236.6 0.75 4.0-107°2.1-107% - 6.81076 1.4.1071°5.5.10779.7 - 10712
3003(2)320.7 [x-0] 6.6-107°5.3-107? [2-0.5] 5.1-107° 4.5.-107° - -
3018 215.9[5.5-4.6]1.9-107°2.9-107% - 2.3:1076 1.6:10711 3.3-10778.4- 10713
3019 412.8 [5.5-4] 1.6-107%7.9-1078 [1.75-0.5] 1.2-10~* 5.6:10~7 6.4-10761.7- 10719
3020 464.9 [4.5-4] 2.7-107°1.2-1078 - 6.7-10° 9.2.1078 1.1-107°6.0- 10~1°
3021 380.5 [x-4] 6.5-107°4.4-1078 [1.5-0.5] 3.4-10742.1-10762.4-107°1.2-1078
3022 98.12[x-3.75]3.4-107°1.1-107% -  58-10772.8-107'21.3-10772.5- 10713
30231 48.4 [x-4.2] 1.2-10752.2.10710 8.6-10781.7-1071%9.2.10781.3 - 10713
30232 58.9 425 1.2-107°1.8-107% - 6.3.-107%1.7-107139.5-107%1.5- 10713
3024 1484 42 87-107°1.6-10® - 51-107°1.2-107%5.9-107%6.0- 107!
3049 1952 1.5 6.4-107°27-1078% - 52.107%6.6-107115.6-10771.6- 1072
3050 202.1 1.5 3.5-107°1.4-1078% - 24-1071.6-107113.2-10771.1- 10712
3053(2)208.5 2 6.1-107°33-10® -  53-10761.0-1071°5.9-10773.2. 10712
16 152.0 [2-0] 3.4-107%3.2-1077 [2-1] 24-107%15-10777.2-107°7.7-107°
17 123.2 [2-0] 1.3-10732.0-107% [3.5-2.5] 4.3-10741.4-10776.0-107° 4.9-107?
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Seismic signals in the time-frequency domain were compared with the FMCW
radar measurements obtained from the nearest locations. The FMCW signals
were used to qualitatively distinguish the internal flow regimes in the avalanche
flow, and thus further dissect the SOV part of the signal into subregions, each one
corresponding to a different flow regime, namely: the front, the energetic flow part
and the dense/tail part (see Section 4.4). As examples, the FMCW radar signal
generated by the powder-snow avalanche #504 is shown in Figure 6.1a and that
generated by the wet-snow avalanche #3020 in Figure 6.2a, with the corresponding
seismograms in Figure 6.1b and 6.2b, the C'E diagrams in Figure 6.1c and 6.2c

and the spectrograms of the seismic signals in Figure 6.1d and 6.2d.

Normally, the length of the SOV section, i.e. the avalanche temporal length, is
deduced directly from the FMCW plots. After comparing all the avalanche data
we observed that on average, the head of the avalanche is over the seismic sensor
when the normalized CE(%) is 0.5%, with a standard deviation of 0.2% (Figures
6.1 and 6.2). The time when the end of the avalanche tail flows over the sensor is
normally deduced from the FMCW plots and corresponds to an average normalized
of CE(%) of 99.91%, with a standard deviation of 0.02% (Figures 6.1 and 6.2). We
therefore defined the avalanche temporal length T}, (s) (Section 4.3.1) at a given
site as the time interval in which the normalized C'E(%), is between 0.5% and

99.91%. The avalanche temporal length can be calculated from the normalized
CE(%) if the quality of the FMCW radar signal is poor.

6.2.1 Snow avalanche regions

Typically, a powder-snow avalanche is characterized by three parts (Figure 6.1a).
For example, the front of avalanche #504 lasted for 5 s, measured from 40 to 45 s
after t;; its energetic part for 18 s, from 45 to 63 s; and the dense/tail part for 54.5
s, from 63 to 117.5 s. The frequency content of the seismic signal generated by
each part of avalanche #504 is given in Figure 6.3 (a~c). In contrast, only one or
two parts are distinguishable in the FMCW radar signal of a wet-snow avalanche.
For example, the front of avalanche #3020 (Figure 6.2a) lasted for 5.2 s, from 72.6
to 77.8 s; and the dense/tail for 177.5 s, from 77.8 to 255.3 s (see Figure 6.3 (d-e)

for the frequency content of the seismic signal generated).

Only a few avalanches had mixed characteristics, behaving like a powder-snow

avalanche in the upper part of the track but like a wet flow in the lower part of the
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track (see Figure 6.4 for an example). Avalanche #3019 was a large transitional
avalanche characterized by a different flow regime between the upper part of the
path (at B) and the lower part of the path (at C). At B, two characteristic parts of
a powder-snow avalanche can be distinguished in the FMCW signal (Figure 6.4a):
the energetic part (70.8-86 s; the front region was very short or not distinguishable
from the energetic part) and the dense/tail part (86-234 s). At C, two parts are
distinguishable, but with the characteristics of a wet flow (Figure 6.4¢): the front
(171.4-176.2 s) and the dense/tail part (176.2-290 s). The seismic signals at both
locations and the corresponding power spectra of the different parts are shown in
Figures 6.4 (b-d) and 6.4 (f-h).

Avalanches #504, #3020 and #3019 were taken as examples of the three different
types of avalanche and the signals they produced in each distinguishable region
were analysed in detail. Their duration (Section 4.3.1), maximum flow height
(Section 4.4), CE (%) (Section 4.3.1) and frequency content (Section 4.3.2) are

listed in Table 6.2 for each avalanche region and location.

Frontal Region

The frontal region of both powder-snow and wet-snow avalanches normally consists
in a short time interval of a few seconds (up to 5 s). In this region, the FMCW
radar signals are characterized by low-intensity signals and a small flow height (up
to 2 m). A rapid entrainment of dry snow of low cohesion occurs in this region
(Sovilla et al., 2006). For examples of this region with durations between 4.8 and
5.2 s, and flow heights between 0.5 and 2 m, see Figures 6.1a, 6.2a, 6.4e and Table
6.2.

The avalanche front passing over the seismic sensor generates a wave packet with
low seismic amplitude (e.g. Figures 6.1b, 6.2b, 6.4f), low dissipation of CE (%)
(less than 5%; Table 6.2) and a power spectrum in the range of [1-40] Hz (Table
6.2). The maximum CE (%) of 2.9% was dissipated by the passage of the front
of the powder-snow avalanche #504; whereas the minimum of 0.7% was for the
wet-snow avalanche #3020 (Table 6.2). The frequency content of the spectra of
the signals of the wet flows are [16-27] Hz for avalanche #3020; and [14-40] Hz for
avalanche #3019 (Figures 6.3d and 6.4g; Table 6.2). These values differ slightly
from those of the spectrum of the powder-snow avalanche where the frequency
range of [1-41] Hz is wider (Figure 6.3a; Table 6.2).
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FIGURE 6.1: Comparison of the FMCW radar signal (a), the seismic signal
(b), the CFE diagram (c), and the spectrogram (d), of the powder avalanche
#504 recorded at B. Three different sections can be distinguished in the seismic
signal: SON, SOV and SEN. The dashed lines delimit the different parts of the
avalanche in the SOV section: the front (#1), the energetic part (#2) and the
dense/tail part (#3). The solid black lines of the FMCW radar signal delimit
the bed surface levels of the avalanche at heights between 2.5 and 1.5 m.

Energetic Turbulent Region

The energetic region, which is only present in powder-snow avalanches, is charac-
terized by density stratification, with a higher density close to the ground (Sovilla
et al., 2015). This region is characterized by the highest entrainment rate and
maximum flow heights (up to 8 m in our avalanche catalogue). The duration of
the passing of this region in our dataset was up to 30 s. The energetic regions of
the powder-snow avalanches #504 and #3019 at B are shown in Figures 6.1a and
6.4a, respectively. The maximum height of the avalanche flow was 4.5 m for 504
and 3 m for #3019 (Table 6.2).

The energetic flow passing over the seismic sensor generates the highest seismic

amplitudes, and C'E(%) rapidly reaches values over 50%. The seismic signals
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of the examples indicate that, for avalanche #504, 95.6% of CE(%) is dissipated
during the passage over the sensor of the energetic part (Figure 6.1b) and for #3019
(Figure 6.4b), 60.0% (Table 6.2). A narrow power spectrum with frequencies below
10 Hz characterizes the spectra of this region. For instance, the power spectra of
the energetic parts of avalanches #504 (6.1b) and #3019 (6.4c) have maximum
amplitudes for frequencies below 6 Hz (Table 6.2).

The seismic signals generated by the energetic region of larger powder-snow avalanches,
e.g. avalanche #504 (Figure 6.1b), frequently contain different seismic wave pack-
ets. The breaking and entrainment of the subsequent deeper snow layers correlates
well with the highest increases in seismic amplitude (Figure 6.1b), as a previous

comparison between the FMCW and seismic signals of avalanches has shown (Bi-
escas, 2003).
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FIGURE 6.2: Comparison of the FMCW radar signal (a), the seismic signal
(b), the CE diagram (c), and the spectrogram (d), of the wet-snow avalanche
#3020 recorded at B. Three different sections can be distinguished in the seismic
signal: SON, SOV and SEN. The dashed lines delimit the different parts of the
avalanche in the SOV section: the front (#1), the energetic part (#2) and the
dense/tail part (#3). The solid black lines of the FMCW radar signal delimit
the different bed surface levels of the avalanche at heights between 4.1 and 4 m.
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A ground particle motion analysis of the filtered signals was performed to identify
specific waves. An explanation of the particle motion analysis is detailed, for
example, in Vilajosana et al. (2008). A low pass filter with a cutoff frequency
of 10 Hz is applied to the signals. We selected this cutoff frequency because the
energetic part of an avalanche is mainly characterized by a low frequency spectrum
with maximum amplitudes below 10 Hz (Figures 6.3b and 6.4c). The analysis of
the diagram of the particle (Figure 6.5) allows us to identify pressure waves (P-
waves) within the seismograms of the energetic part of powder-snow or transitional
avalanches at B, where the flow is confined in a channeled terrain (Figure 6.6).
The diagrams of the particle of the avalanches #504 and #3019 are shown in
Figure 6.5. Least square regression lines are fitted to the amplitudes of the seismic
signals to obtain the angles [, ¢]. The ¢ angle represents the impact direction of
the avalanche in the XY plane (Figure 6.6a). The « angle represents the impact
direction of the total vector R, composed by X and Y, and the vertical component
Z.

We observed that the angle ¢ correlate well with the flowing direction of the
avalanches before reaching B location (Figure 6.6). A change in the main avalanche
flow direction occurs just at the height of the cavern B, where three sub-gullies are
joined at this location. Snow avalanches released from PR-CB1 area have ¢ angles
in the range between 35° —45° and between 15° —45° if they were released in CB1-
CB2. At C, the avalanche spreads laterally after lowing through the channelled

part of the path and thus, none explicit impact direction has been recorded.

Dense/Tail Region

The passing of the dense/tail region of both powder-snow and wet-snow avalanches
over the sensors may take as long as 400 s. The FMCW radar signals of this region
show a relatively constant flow height (0.5-2.5 m), while the bed surface remains
at the same level (0 - 4.5 m above ground) until the avalanche stops (Figures 6.1a,
6.2a, 6.4a and 6.4e). No significant quantity of snow is entrained in this region
because the avalanche slides over a high strength snow surface, usually formed
from older avalanche deposits (e.g. avalanches #3019 and #3020) or melt-freeze

crusts.

In this region, the seismic signal of a powder-snow avalanche is characterized by

a large coda where the amplitudes decrease with time (e.g. Figure 6.1b and 6.4b)
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FIGURE 6.3: Normalized power spectra of the seismic signal at B of the different

parts of the powder avalanche #504: front (a; black), energetic part (b; blue)

and dense/tail part (c; red), and of the wet-snow avalanche #3020: front (d;
black) and dense/tail part (e; red).

and generate the typical inverse triangular shape of the spectrograms of avalanches
flowing over the seismic sensor with a higher amplitude in the high frequency part
of the spectrum as in Figure 6.1d (Biescas et al., 2003). The dense region of wet-
snow avalanches presents a typical spindle shape seismic signal with a large coda

that also generates an inverse triangularly shaped spectrogram (e.g. Figure 6.2d).

In the powder-snow avalanche #504, the increase in the cumulative energy through-
out this interval time is insignificant, according to the C'E(%) diagram (Table 6.2;
Figure 6.1c); whereas the cumulative energy of the wet-snow avalanche #3020
increases 98.6% (Table 6.2; Figure 6.2c). The high seismic amplitude peaks in
the tail of the avalanche at the end of the FMCW radar signal indicate that the
avalanche is depositing mass (e.g. at 118 s in Figure 6.1d and 246.7 in Figure
6.2b). The power spectra of the dense/tail part of all avalanches have a higher
frequency content with maximum energies for frequencies over 9 Hz (Table 6.2 and
Figures 6.3c, 6.3e, 6.4d and 6.4h).
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TABLE 6.2: Detailed information of selected avalanches: avalanche number,

recorded location, avalanche typology, type of region, seismic signal duration

in the region, maximum flow height, normalized cumulative seismic energy and
frequency content for each distinguishable region.

Max. Fl
ax. Flow

N°  Site Type Region  Durat. (s) (%] Af[HZ]
Height (m)

Front 5.0 1.5 2.9  [1.2-40.7]

#9504 B Powder Energetic 18.0 4.5 95.6  [1.0 - 4.8]
Dense/Tail  54.5 2.5 1.0 [16.1- 38.7]
43020 B Wet Front 5.2 0.5 0.7 [16.0 - 26.7]
Dense/Tail ~ 177.5 1.5 98.6  [14.7 - 45.0]

B Trans./ Energetic 15.2 3.0 60.0 [1.2 - 2.5]
4 3019 Powder pyonge/Tail  148.0 1.5 39.5 [15.8 - 39.0]
C Trans./  Front 4.8 2.0 1.6 [14.1 - 37.2]
Wet  Dense/Tail  169.9 1.5 97.1  [9.3 - 42.1]

6.3 Nature of avalanche seismic signals

At least 50% of the seismic energy dissipated by powder-snow avalanches appears
to be generated by the energetic part of the flow with a low frequency content
(f < 10 Hz). By contrast, almost all the seismic energy generated by wet-snow
avalanches is produced by the dense part of the flow with a higher frequency
content (f > 10 Hz).

The maximum seismic energies of powder-snow avalanches are recorded when the
energetic part of the avalanche passes over the sensor. This part has a high velocity
with large density fluctuations and large energetic impacts with the terrain (Sovilla
et al., 2015). Snow is rapidly entrained in the form of abrupt eruptions, increasing
the scale of the turbulence. Furthermore, a frontal impact between the avalanche
and the snow cover occurs if the avalanche changes the sliding surface (Sovilla
et al., 2006). This impact could be correlated with the large seismic peaks recorded
after the entrainment of deeper layers. This correlation has been also observed in
previous comparisons of FMCW radar and seismic signals of avalanches at VdIS
(Biescas, 2003). At the channelled part of the path, as for example at B, these
impacts are characterized by pressure waves (P-waves) indicating the direction of

the impact of the flow with the sliding surface.

Powder-snow avalanches typically also have a long dense tail. However, the passage

of this dense tail over the seismic sensor produces less seismic energy than the
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FIGURE 6.4: FMCW radar signals and seismic signals at B (a-d) and C (e-h)
of the transitional avalanche #3019 compared: (a) FMCW radar signal divided
into the energetic part (#2) and dense/tail part (3); (b) Seismic signal generated
by the avalanche; (c) Normalised power spectra of the energetic part and (d) the
dense/tail part; (e) FMCW radar signal divided into the front (1) and dense/tail
part (3); (f) Seismic signal generated by the avalanche; (g) Normalized power
spectra of the front part and (h) the dense/tail part. Note that there is a shift
in the arrival time of the avalanche at the FMCW radar equipment and the
seismic station at C due to their different positions. No radar data are available
for t > 290 s, but the seismic signal of the dense part extends until 346.1 s.
The horizontal black lines of the FMCW radar signals delimit the different bed
surfaces levels of the avalanche at B and C.

energetic part, possibly because it propagates with a velocity close to zero at the

bed surface (Sovilla et al., 2008a; Kern et al., 2009), with no observable erosion

processes.

Furthermore, the pressure gradually decreases along the dense/tail

region, and rapid pressure fluctuations are superimposed on the steadier pressure

signal (Sovilla et al., 2015). These fluctuations could generate the high-frequency

vibrations characteristic of the tail of the avalanche, thereby producing the typical

inverse shape of the spectrograms of the seismic signals.
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FIGURE 6.5: (a) Filtered (between 1 to 10 Hz) seismograms generated by the
energetic part of the powder-snow avalanche #504. The dashed lines represent
time intervals where the ground particle analysis was performed. (b) Ground
particle diagrams of the first time interval (blue dashed lines). The angles
[¢, ] represent the impact direction of the avalanche with the terrain. (c)
Ground particle diagrams of the second time interval (red dashed lines). (d)
Filtered (between 1 to 10 Hz) seismograms generated by the energetic part of
the transitional avalanche #3019. (e) Ground particle diagrams of the first
time interval (blue dashed lines). (f) Ground particle diagrams of the second
time interval (red dashed lines). The values for the angles [¢, o] at the different
locations are: [40°,62°] (b), [33°,58°] (c), [20°,65°] (e) and [16°,67°] (f).

Wet-snow avalanches adopt completely different flow regimes that are character-
ized by plugs, several metres high, sliding over a thin, sheared basal layer (Sovilla
et al., 2008a; Kern et al., 2009). The movement of wet-snow avalanches is strongly
influenced by the roughness of the local terrain (Sovilla et al., 2012). In these
flows, the largest pressure and fluctuations are found near the sliding surface,
which indicates that the contact between the snow granules and terrain is perma-
nent and frictional (Sovilla et al., 2008a). Wet-snow avalanches which may also
usually drag along denser material, such as rocks, contribute to the higher seismic

energy observed.

In summary, the origin of the high frequency vibrations generated by wet-snow
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FIGURE 6.6: (a) Picture of the powder-snow avalanche #16 released on the
experiment of 3 February 2015 (from http://in.reuters.com/news/picture/
creating-an-avalanche?articleId=INRTR4022L. The avalanche flow splits
in different fronts that follow different path. At B, the flow impact with an
angle of ¢ relative to the main avalanche direction X. (b) Picture of cavern
B. The red arrows indicate the main avalanche direction (X) and the possible
direction of the flow before reaching the location of cavern B.

avalanches may thus be attributed to the rapid density and pressure fluctuations
observed in the bottom part of the avalanche (Sovilla et al., 2015). In contrast,
the low frequency seismic signals characteristic of the fast core of powder-snow
avalanches are probably due to the large fluctuations in the energetic part of the
flow, and thus probably depend on the scale of the turbulence present in this
region. Large seismic amplitude peaks are recorded in the tail of both types of
avalanche. In the tail, the avalanche mass stops suddenly once the velocity of the
flow drops below a critical value (Sovilla et al., 2006). Such abrupt mass deposition
is probably the origin of these characteristic seismic peaks also detected in previous
research (e.g. Surinach et al., 2000; Biescas, 2003; Kogelnig et al., 2011b).

6.4 Distinction of snow avalanche flow regimes

In the previous sections, we showed that the distribution of the seismic energy in
the frequency domain (Figures 6.3, 6.4c-d and 6.4g-h) is different for each avalanche
type. The seismic signals of each type exhibit a distinctive pattern which is visible

in the cumulative energy diagrams partitioned in four frequency-filtered bands (see


http://in.reuters.com/news/picture/creating-an-avalanche?articleId=INRTR4O22L
http://in.reuters.com/news/picture/creating-an-avalanche?articleId=INRTR4O22L
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Section 4.3.2). Thus the avalanche flow regimes can be distinguished by analysing

seismic signals.

Figure 6.7 shows the CE(%) diagrams for the four frequency-filtered bands for
powder-snow, wet-snow and transitional avalanches. The distribution of the seis-
mic energy of the powder-snow and transitional avalanches flowing over B (Figure
6.7a and 6.7c) is such that the lowest frequency band of [1-10] Hz is the most ener-
getic. For the wet-snow (Figure 6.7b) and the transitional avalanches flowing over
C (these avalanches transform to wet dense flows close to C; Figure 6.7d), this band
is the least energetic. These results are in accordance with the observation that
the highest seismic energy dissipated by powder-snow avalanches is mainly gener-
ated by low frequency content signals (< 10 Hz), whereas for wet-snow avalanches

is mainly generated by high frequency content signals (> 10 Hz).

The frequency parameters described by Eq.4.7 can be used to quantify the dif-
ferences observed in Figure 6.7. The frequency parameters calculated using the
relative intensities between the [1-10] Hz and the three subsequent frequency bands
([10-20] Hz, [20-30] Hz and [30-40] Hz) of all the avalanches that flowed over B and
C are shown in Figure 6.8. Only these bands are considered to homogenize all the
data acquired with different sample rates. The results, however, are independent of
considering the whole spectra for avalanches acquired at 200 Hz (see Figure 4.15).
In general, the frequency parameters of powder-snow avalanches satisfy P;_,, > 1
for n = 2,..,4. This means that the maximum seismic energy is dissipated in the
low energy band: [1-10] Hz. In contrast, the frequency parameters calculated for
wet-snow avalanches satisfy P,_, < 1 for n = 2,..,4, i.e. the maximum seismic

energy is dissipated in the energy bands above 10 Hz.

An exception of this rule occurred for the frequency parameter P,  of some
powder-snow avalanches flowing over B and C (Figure 6.8). Hence, a shift in
the distribution of the frequency bands is recorded and the second [10-20] Hz
band is the most energetic one. The frequency parameters satisfy P,_,, > 1 for
n =3,..,4 and P;_y < 1. In theses cases, field observations and data from other
instrumentation indicate that the flow is decelerating and depositing the mass over
these locations. As a possible explanation, this change in the observed pattern is
likely produced by a change in the main flow regime characteristic of the avalanche
at this part of the path. When an avalanche decelerates, the flow changes between

a sheared flow regime to a plug regime (Sovilla et al., 2008a) that may produce a
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FIGURE 6.7: CE[%)] diagrams divided into four filtered- frequency bands for
three avalanches flowing over B (#504 (a); #3020 (b); and #3019 (c)); and C

(#3019 (d)).

shift in the distribution of the energies across the spectra of the signals of these

avalanches at the end of their path.

None of the above characteristics are observed in the data from seismic station
D on the opposite slope, which is normally outside the avalanche path, because
the anelastic attenuation strong reduces the high-frequency content of the signals.
As a result, all the seismic signals generated by the different types of avalanches
at D have a similar low-frequency content (f < 20 Hz). Thus, it is not possible
to determine the type of avalanche using the frequency parameter values if the

avalanche does not flow directly over the sensor.

6.5 Correlation between avalanche size and seis-

mic signals

The values of T4, PGV E and [ (see Section 4.3.3) calculated for the 32 avalanches

are given in Table 6.1. Powder-snow avalanches have seismic signal durations
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FIGURE 6.8: Frequency parameters values plotted against the run-out distance
of the avalanche flowing over B (top) and C (bottom).

ranging from 48 s (small) to 304 s (extreme), while wet dense flows have durations
of between 98 s (small) and 542 s (large), and transitional avalanches of 320 s
(medium) to 507 s (large). The values for transitional avalanches and wet dense
flows are similar, as along most of their path they propagate with a low velocity,

generating long signals.

The relationship between the seismic signal duration and the avalanche run-out

distance follows a linear regression in the form, if the intercept is set to zero, of:
D=A-Ty (6.1)

where D (m) is the run-out distance, T4(s) is the seismic signal duration of the

avalanche, and A(ms™!) is the coefficient of the regression fitted to the data.

The analysis of the correlations between seismic signal duration and run-out dis-
tance for the different flow regimes reveals two main groups (Figure 6.9): powder-
snow avalanches (blue dots), on the one hand, and wet-snow and transitional
avalanches (red and green dots) on the other. Powder-snow avalanches can be fit-
ted using the coefficient A = 13+1 (R?* = 0.90); while wet/transitional avalanches
require the coefficient A = 4.5+ 0.3 (R? = 0.83).
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The size of the avalanche can thus be estimated using Eq.6.1 if the type of
avalanche is known. Hence it is possible to classify the size of avalanches us-
ing either their run-out distance (see Section 4.2) or the seismic signal duration
T4. We can thus define small powder-snow avalanches as those where the signal

lasts from 37 to 75 s; medium ones for durations between 75 and 113 s; and large

from 113 to 188 s.

Extreme powder-snow avalanches have durations > 188 s.

Wet /transitional avalanches are small for durations from 111 to 222 s; medium for
durations from 222 to 333 s; and large from 333 to 556 s (Figure 6.9).
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FIGURE 6.9: Correlations between the seismic signal duration (74) and the

run-out distance of all the avalanches analysed, forming two distinct clusters:

1) wet-snow and transitional avalanches (red and green points); and 2) powder-

snow avalanches (blue points). The grey area delimits the standard RMS error.

Extreme powder avalanches are not considered when calculating the linear fit

because they flowed down to the valley and the corresponding run-out distance
is approximate.

PGV E or I and T4 parameters are likely to be exponentially related. Thus, the
best fits for both powder-snow and wet/transitional avalanches are expressed in
the form:

PGVE = (- %14 (6.2)

I=Cy-e0Ta (6.3)

where C; for i = 1,,4 are the coefficients of the regressions. The logarithm of the
PGV E and I values are fitted with two least squares linear regressions for each

avalanche typology.
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Correlations between the seismic signal duration 7’4 of avalanches of different sizes
(small, medium, large and extreme) recorded at the three different locations (B, C
and D) and, PGV E and I (on a logarithmic scale) are shown in Figure 6.10. At
each recording station they cluster mainly into two groups: either powder-snow
avalanches (blue dots) or wet-snow and transitional avalanches (red and green
dots). The grey dashed lines in Figure 6.10 indicate the standard RMS error
for each regression. The R? coefficients in Table 6.3 are between 0.56 and 0.93.
Data from station C are available for only a few powder-snow avalanches, which

decreases the reliability of the results, but the data show a clear trend.

In general, PGV E and [ increase with the size of the avalanche, depending on
the type of flow regime (Figure 6.10). Eq.6.1 provides an ideal fit to describe
the correlation between run-out distance and seismic signal duration, but poorer
correlations are obtained for Eq.6.2 and 6.3, especially for wet and transitional
flows at B (Figure 6.10a-b). This suggests that the seismic parameters PGV E
and [ are influenced not only by the avalanche characteristics (duration), but also
by additional factors such as: absorption of the seismic wave intensity by the snow

cover lying above the seismic station and the seismic site effects.

All the avalanches flowing over B and C are characterized by a PGV E greater
than 107 ms™' and intensity values higher than 107° ((ms™!)?-s) (Figures 6.10a-
d). Avalanches with a PGV E and I below these thresholds represent flows that
stopped before reaching the location of the sensor (i.e. the blue area in Figures
6.10c-d). The absolute values of PGV E and I at the different stations cannot
however be compared directly. At D, the threshold values listed above are easily
reached by avalanches that stop before they reach the sensor (Figures 6.10e-f) due

to the seismic amplification effect recorded there.

Seismic site effects are considerable, especially for seismic station D, which is
situated close to the bottom of the valley on quaternary sediments (Figure 3.1).
These may, according to Pedersen et al. (1994), amplify the seismic waves. The
seismic recordings of earthquakes at the VdIS test site reveal that the Peak Ground
Acceleration (PGA) at D is up to one order of magnitude greater than it is at B
and C (Table 3.2).

The grey areas in Figures 6.10c-f indicate the avalanches detected at B, but not
at C or D due to the low avalanche signal to background noise ratio. Theses
avalanches (#3022, #3023_1 and #3023_2; Table 6.1) were the smallest avalanches
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detected by station B. They stopped at least 300 m away from the sensor at C
and flowed over a bed surface of 4 m.
TABLE 6.3: Values of the R? coefficients of the regression fits calculated with

the PGV E and T4 and, I and T4 indices for the different types of avalanches
(powder or wet/transitional in Figure 6.10).

Location Typology R?* (PGVE Fit)  R? (I Fit)
B Powder 0.77 0.74
Transitional /Wet 0.56 0.62
C Powder 0.83 0.88
Transitional /Wet 0.78 0.90
D Powder 0.82 0.80
Transitional /Wet 0.93 0.91

6.5.1 Absorption of the seismic intensity by the snow cover

To quantify the absorption of the seismic signal by the snow cover, we plotted the
bed surface level measured at B and C against the run-out distance and the seismic
intensity (I) (Figure 6.11). The bed surface level at B varied between 0 (when the
avalanche slid directly over the ground) and 4.5 m above ground (Figure 6.11a).
The bed surface was thickest where small avalanches stopping near B during winter
2012/13 had created an avalanche deposit (Table 6.1). At C, the thickness varies
between 0.5 m and 2.5 m (Figure 6.11b).

In general, the intensity of the seismic signals increases with the size of the
avalanche and decreases with the bed surface level (Figure 6.11). Different types
of avalanche also vary in intensity (see Figure 6.11, where the circles represent
powder-snow avalanches and the squares wet ones; transitional avalanches were
considered as powder avalanches at B and as wet avalanches at C). The inten-
sities of wet-snow avalanches with a similar run-out distance and flowing over a
bed surface at a similar level are greater than those of comparable powder-snow

avalanches.

The snow cover interface between the bed surface level and the ground absorbs
some of the intensity of the seismic signal generated at the bottom of the avalanche.

To quantify this effect, the absorption factor (Fag), i.e., the amount of seismic



Chapter 6. Deducing size and flow regimes 139

m Small Powder # Extreme Powder B Small Wet
A Medium Powder A Medium Transitional A Medium Wet
@ Large Powder @ Large Transitional ® Large Wet
107
Station B (b) Station B
'IO-‘ P 1
0" :
'EF &0 1
== )
= E
& =107 ]
107 |
107 1
10_‘0 .- 4
0 100 200 300 400 500 600
10° :
(d) _ »  Station C
10—3 b |
107}
z 107}
E By
w E0°}
o =
107"
o Mot Flow over the station 10"}
10 1
102} Not Flow over the station
] -
ol Background Noise Level qall : Background Noise Level
10 - 10 - : : - :
0 100 200 300 400 500 600 0 100 200 300 400 500 600
107
(e) Station D Station D
1
107
10"
g =z
—_— g o
w 10 ]
=
0] =
b =
107
Mot Flow over the station
10 -7 1
: Mot Flow over the station
of Background Noise Level Background Noise Level

0 100 200 300 400 500 600 300 400 500 600
Ta [s] Ta[s]

FIGURE 6.10: PGV FE and I parameters plotted against avalanche seismic signal

duration T4 for all avalanche sizes (small, medium, large and extreme) calcu-

lated at the three different seismic stations (B, C and D). The black lines show

the regression fits calculated for the powder-snow avalanches and the wet/tran-

sitional avalanches. The grey dashed lines show the standard RMS error. The

grey areas delimit the undetected avalanches and the blue areas the avalanches
that did not flow over the seismic station at C or D.
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FIGURE 6.11: Bed surface level plotted against run-out distance and seismic

intensity (logarithmic scale) for powder-snow (round dots) and wet-snow (square

dots) avalanches flowing over B (a) and C (b). Black outlines indicate avalanches
that descended through both gullies.

intensity absorbed by the snow cover, is defined as:

Fas = (6.4)

where Iy is the intensity of the avalanche (Eq.4.7) that slides over a H(m) thick
snow cover and Iy ap is the intensity of another avalanche of the same size (run-
out distance) but sliding over a H + AH (m) thick snow cover, where H is the
difference in the bed surface levels between the two avalanches. F4g increases
exponentially with increasing difference in the bed surface level, AH, between two

avalanches (Figure 6.12).
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FIGURE 6.12: Snow cover absorption factors of the intensity (F4s on a logarith-

mic scale) plotted against the difference in the bed surface level (AH) between

two powder-snow avalanches (blue) and two wet-snow avalanches (red). The
black dashed line shows the regression fit calculated for the data.

Some of the avalanches split in two with part of the mass flowing along the sec-
ondary gully (squares or circles highlighted with black outlines in Figure 6.11). In
this case, the energy generated by this secondary surge suffers much higher atten-
uation due to the distance than the energy produced by the mass flowing over the
sensor. To calculate Fl4g, we therefore only considered avalanches of the same flow
type that took a similar path, i.e. avalanches flowing through both gullies were

not compared with avalanches flowing through only one gully.

The factors Fys were calculated by comparing the intensity values of two powder-
snow avalanches (blue dots) and two wet-snow avalanches (red dots). The maxi-
mum Flyg is 97.4 for a value of AH of 4.2 m. The box in Figure 6.12 highlights
similar factors (6.2 and 6.4) for two wet snow avalanches (AH = 0.5 m) and two
powder-snow avalanches (AH = 2 m). In this case, more seismic intensity is ab-
sorbed by the wet snow cover. However, we also observed a minimum Fag of 1.5
in wet snow cover 0.75 m thick. In general, the seismic intensity of the signals is

absorbed in a similar way in both types of snow cover (Figure 6.12). The linear
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fitting of the logarithm of Fag and AH (In(Fas) = 0.8 - AH + 0.5) had an R?
value of 0.82 (see dashed black line in Figure 6.12).

The signal absorption of the snow cover is not as significant at the lower locations,
C and D, due to the less snow accumulating at lower elevations of the avalanche
path (Table 6.1). At C, avalanches flow over a maximum bed surface level of 2.5 m
(Figure 6.11b) and the correlations between T4 and both PGV E and I are good,
with R? coefficients closer to 1 (Table 6.3, Figure 6.11c-d).

6.6 Estimating the avalanche size using seismic

measurements

Avalanche size can be estimated as a function of the run-out distances using the
duration (74) of the seismic measurements if the main avalanche flow regime is
known (Figure 6.9). The main avalanche flow regime can be inferred from the

values of the frequency parameters as described in Section 6.4.

Avalanches can change the flow regime along their path, which goes against the
assumption that the avalanche flow regime is uniquely defined. Large avalanches,
in particular, which have a long path and a large vertical drop, are prone to change
their flow regime if the snow conditions along their path change. The flow type
estimation of these transitional avalanches can thus differ depending on the part of
the avalanche path where seismic sensor is installed. This problem can be resolved
by optimizing the sensor configuration, and thus installing several seismic sensors

in a linear array inside the path.

Avalanche size can also be estimated from the values of PGV E and I (Eqs. 6.2
and 6.3). However, this method is less reliable since the PGV E and I values
are greatly affected by the energy absorption caused by the snow cover lying on
the sensor. The underestimation of the size caused by this energy absorption can
be particularly important for snow deposits more than 2 m deep on the sensors
(Fag > 10 for AH > 2.3 m; Figure 6.12). In our case study, the station most
affected by the seismic energy absorption is B, where deposits from previous small

avalanches could lead to deep snow cover accumulating there (up to 4 m).

The seismic waves generated by avalanches propagating within the layers of the

snow cover suffer attenuation depending on the depth of the snow layers and the
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physical properties of the snow. Seismic reflection experiments in glacial ice (Peters
et al., 2012) showed that the anelastic attenuation of the seismic waves is higher
at higher temperatures, especially close to T ~ 0° C. Experiments with detona-
tions on the snow showed (Gubler, 1977) that the amplitude of the oscillations
of the snow cover depend on the density and type of snow with less attenuation
with dry snow cover that is denser. Thus, less absorption of seismic waves should
be expected in a snow cover composed of dry, higher-density layers than in wet-
snow avalanche deposits. We found, however, no significant differences between
the effects of a dry or wet snow cover. In both cases, the intensity of the seis-
mic signals decreases exponentially with the thickness of the snow cover interface
(Figure 6.12). The thickness of the snow cover should, therefore, be included as

an additional parameter to obtain accurate estimations of the avalanche size from
the PGV E and I indices.

Stations C and D are more appropriate for estimating avalanche size using re-
lationships 6.2 and 6.3 as they are installed at lower elevations where less snow
accumulates than at B. Part of the problem could be solved by estimating the
snow cover thickness over the seismic station using data from weather stations.
However, the effect of avalanche activity on the path could change the snow cover
thickness considerably due to the avalanche erosion and deposition processes along
the path.

If the fits of Eqgs. 6.1, 6.2 and 6.3 are combined with the ranges of seismic indices
values in Table 6.4, it may be possible to develop a classification system to detect

automatically avalanche size and type.

6.7 Conclusions

The flow regimes and size of snow avalanches can be identified, as we have shown,
using seismic measurements. The signatures of the seismic signals were found
to depend on the type of flow regime, and reveal characteristics of the dynamic
processes governing avalanche movement. The two main flow regimes that generate

seismic signals are:

1. The energetic flow of powder-snow avalanches. This region generates short

wave packets with high seismic amplitudes, characterized by a low-frequency
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TABLE 6.4: Ranges of values of T4, PGV E and I at VdIS for each site, type
of avalanche (powder and wet/transitional) and size (small, medium, large and

extreme).
Size Type Ta (s) Site PGVE (ms™!) I ((ms™1)2.5)
B [2-107°—-5-1075] [1-107° —6-1077)
Powder [38-75] 5105 -9-10"7] [5-10"4 —9.1071
Small D [4-10%-6-10"7] [3-1071—3-107'2
B [2-10°—7-107%] [3-107? —4-107%]
Wet/Trans. [111 - 222] 6-1077 —4-107% [2-1012 —7.10"1]
D [1-1077—6-10"7] [2-10713 —4.10712]
B [5-107°=1-107% [6-107% —4-107%]
Powder  [75-113] ( [9-1077—2-10"%] [9-10712 —1.1079
Medium D [6-1077—1-107°] [3-10712 —4-1071]
B [7-107°-3-107% [4-1078-5-1077
Wet /Trans. [222 - 333] [4-1075—2.107%] [7-10"11 —3.1079
D [6-1077—-3-1075] [4-107'2 -8-107!]
B [1-100*-8-107% [4-1078 —1-1079]
Powder  [113 188] (- 2107581073 [1-10=° — 41079
Large D [1-107°=3-107%] [4-10719 —5.1079)
B [3-1004—4-1073] [5-1077" —8-1077]
Wet/Trans. (333 556] (- [2-1075—8-1074] [3-1079 —4-10F]
D [3-106-1-107% [8-10711 —4-1079
B >8-107* >1-107°
Extreme  Powder > 188 C >8.10°3 ~4.107°
D >3.1073 >5-107¢

content (f<10 Hz). In this highly turbulent part, frontal and step entrain-

ment processes are dominant. Turbulent impacts between the avalanche and

the sliding surface, together with erosion processes, contribute to the gener-

ation of the seismic waves. The movement of the ground (P-waves) indicates

the direction of the impact of a turbulent flow in a confined path with the

bed surface.

2. The dense part of wet-snow avalanches. This region generates long energetic

wave packets with a high-frequency content (f >10 Hz). The generation of

the seismic waves is chiefly produced by friction and dissipation processes

dominant in this type of flow regime.
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The dense tail of powder-snow avalanches presents similar characteristics to those
of dense wet flows; but generates less seismic energy than the energetic part and
thus its contribution is of secondary importance when characterizing the signal.
The location of the seismic sensors is crucial to distinguish avalanche flow regimes.
Snow avalanches need to flow over the seismic sensors to reveal the internal flow

regimes coexisting inside them.

The seismic signals generated by avalanches can be used to estimate the avalanche
size, and thus the run-out distance, by determining the seismic signal duration and
inferring the avalanche flow regime from the frequency parameters. Avalanche size
can also be deduced from PGV E and I values when the avalanche bed surface
level is close to the ground and seismic energy absorption therefore not significant.
Large accumulations of snow (>2 m approx.) can absorb seismic intensity (Fag)
at more than one order of magnitude. To calculate the attenuation factors of the
seismic waves propagating within the snow cover and how they vary according to
stratigraphy of the snow layers and the physical properties of each layer, specially
designed experiments will be necessary. Our results, combined with further field-
work, can be used to develop an automatic system for classifying avalanches. The
methodology presented here can also be applied in monitoring avalanche activity

and thus provides a valuable tool for risk management.






Chapter 7

Discussion

In this chapter, a general discussion of the results of this thesis are presented. The
main contributions from seismic methods to the avalanche research are discussed

separately.

7.1 Contribution of seismic methods to the study

of avalanche formation

In the research field of avalanche formation, this PhD study has focused in the
analysis of one snow avalanche possibly induced by an earthquake on 6th December
2010. This event constitutes a unique and well-documented dataset of the seismic
records of the earthquake response in the avalanche starting zone with detailed
information on the snow cover stratigraphy and the evolution of the avalanche flow.
The earthquake recordings at different sites show the importance of measuring the
vibrations produced by the earthquake in the avalanche starting zone. These
zones are generally characterized by an abrupt topography and loose materials
that might amplify the effects of the earthquake greatly (Pedersen et al., 1994).
In our case study, the PGA values on the avalanche starting zone (cavern A)
can be up to one order of magnitude more than at lower elevation sites (Table
3.2) Furthermore, the data from the stations located at lower elevations of the
avalanche path were very useful to characterize the avalanche flow. The correlation
with the infrasound data was also essential in this study to determine the time

interval when the snow avalanche was released. The estimation of this time interval
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was very difficult to establish from the seismic recordings due to the overlapping
of the signals generated by both seismic sources (the earthquake and the snow
avalanche). Thus, the combination of several seismic sensors along the avalanche
path and an infrasound sensor is very well suited to detecting and characterizing

earthquake-triggered snow avalanches.

Additionally, different local and regional earthquakes of different magnitude and
epicentral distance were analysed to assess the possibility of avalanches triggered
by them. In general, all the recorded earthquakes had epicentral distances less
than 300 km and magnitudes smaller than M,, 5 (Table 3.2). From all of them,
only the analysed earthquake on 6th December 2010 coincided temporally with a
snow avalanche. Podolskiy et al. (2010b) suggested a limit for earthquake-induced
snow avalanches of My, 1.9 at zero source to site distance, which implies a PGA
of around 0.03g approx. This limit was based on data from snow avalanches
induced by mine explosions in the Khibiny mountains (Chernouss et al., 2006).
My case study, with an earthquake of M, 3.1 and an epicentral distance of about
40 km, which generated a maximum PGA of 3.5:107*g (Table 5.2), is outside of
the suggested limit of 0.03g. However, this case fits with in the previously reported
statistical cases where snow avalanches were triggered by earthquakes of M,, 3 -
3.9 that occurred at distances of 100-199 km (Podolskiy et al., 2010b).

Furthermore, none of the earlier reported events included details of the snow cover
properties and the stability conditions in order to establish a proper limit for
earthquake-induced snow avalanches. Snow cover properties play a major role in
avalanche release (Schweizer et al., 2003). In this regard, the snow cover simu-
lations conducted (Figure 5.7) and the analysis of the meteorological data (Fig-
ures 5.8-5.10) provided details of the snow cover stratigraphy on the day of the
event and the days of occurrence of the earthquakes that did not trigger snow
avalanches. Additionally, to quantify the total effect of the earthquake, I applied
the Newmark’s method, which was previously used for snow avalanches triggered
by artificial seismicity (Fedorenko et al., 2002; Chernouss et al., 2006) and also
widely used for landslides (e.g. Jibson, 1993). In the snowpack, close to insta-
bility conditions, on 6th December 2010, the maximum cumulative displacements
obtained were of the order of magnitude of displacements measured before fail-
ure in laboratory tests with similar snow layers (Reiweger and Schweizer, 2010).

Hence, the temporal coincidence of the phenomena and the calculated effects of
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the earthquake under these snowpack conditions shows the feasibility of this snow

avalanche of being triggered by such a small earthquake.

7.2 Contribution of seismic methods to the study

of avalanche dynamics

7.2.1 Identification of the sources of the seismic signals

Snow avalanches are characterized by different regions with different dynamics. In
order to improve our understanding of snow avalanches as moving seismic sources,
I performed detailed analysis of the seismic signals in the different sections defined
(SON, SOV and SEN). The characteristics of the SON and SEN sections are
dependent of the relative distance of the avalanche flow and the sensor due to
the attenuation phenomena that affect to the seismic waves propagating into the
ground. In addition, the SOV section was then sectioned taking into account
the internal parts of the avalanche flow (front, energetic and dense/tail regions)
passing over the seismic sensors. This section is slightly affected by the attenuation
of the waves. The observed signatures in the time and frequency domains of the
signals generated by each avalanche region have enabled me to characterize them

as follows:

e Frontal Region. The pass of the frontal region is characterized by low seis-
mic energy dissipation with a wide frequency spectrum of [1, 40] Hz. In
this region, the characteristic dynamical process of frontal entrainment or
ploughing of the first snow layer does not usually make a major contribu-
tion to the generation of seismic energy (CE[%] < 5%). This may be due
to the properties of the entrained layer, characterized by a low density and
cohesionless snow, and the short duration of the process (up to 5 s; Table
6.2). Furthermore, the absorption of seismic energy by these types of layers
(dry snow characterized by low density and high porosity) is expected to be
larger than by high density layers, according to Gubler (1977) and Sidler
(2015).
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e Energetic turbulent Region. The pass of the energetic region (only present
in powder-snow avalanches) is characterized by high seismic energy dissipa-
tion with a low frequency spectrum (f < 10 Hz). In correlation with this
observation, in this region, higher density layers are entrained by the impact
of the avalanche on the snow cover (Sovilla et al., 2006). This mechanical
process, also known as impact erosion (Gauer and Issler, 2004), is the main

mechanism of generation of seismic energy in powder-snow avalanches.

e Dense/Tail Region. The pass of the dense/tail region is characterized by
high seismic energy dissipation in wet-snow avalanches and by low seismic
energy dissipation in powder-snow avalanches. Both types of flows present
a high frequency spectrum (f > 10 Hz) in this region. Typically, the seismic
signal of the last part of this region is characterized by a large seismic coda
with superimposed narrow peaks. Previous works correlated these peaks
with the stopping phase of the avalanche (Surinach et al., 2000; Kogelnig
et al., 2011b). Detailed comparison of the data of this thesis shows that
these peaks are generated either by the deposition of the avalanche mass in
the run-out zone or by the deposition of the mass of the tail along all the

avalanche path (e.g. Figures 6.1 and 6.2).

In general, the main generation of the seismic energy was previously attributed
to the dynamical processes of ploughing at the avalanche front (front erosion)
and basal friction (Vilajosana et al., 2007b). These mechanisms, however, do
not always make the highest contribution in the generation of seismic energy in
powder-snow avalanches. In these avalanches, the highest dissipation of energy is
generated by the energetic turbulent part which travels just behind the front. At
times, the front part is too short (and indistinguishable from the energetic part)
and the first layers, including higher density layers, are rapidly entrained into
the flow (e.g. Figures 4.16 and 6.4). When this occurs, the front erosion makes
a major contribution to the generation of the seismic energy. Furthermore, the
basal friction plays the most important role in the generation of seismic energy for

wet-snow avalanches; while it is less significant for powder-snow avalanches.

An explanation of the observed signatures in the frequency domain characterizing
each avalanche region can be derived from the different type of interaction of
the avalanche with the snow cover/terrain. By comparison with impact pressure

measurements recorded at VdIS (Sovilla et al., 2008b), wet-snow avalanches and
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slower parts of powder-snow avalanches are characterized by a fairly stationary
base pressure with rapid fluctuations. The origin of the high frequency content
of the seismic signals generated could be attributed to these rapid fluctuations
recorded in the bottom of the avalanche. By contrast, the fast moving core of
powder-snow avalanches is characterized by slow fluctuations of pressure that could

thus generate low frequency signals.

7.2.2 Inferring avalanche properties from the seismic pa-

rameterization

A set of seismic indices connected to the type of flow and the size of snow
avalanches is defined in this work. I also derive several novel relationships be-

tween them in order to deduce avalanche size.

The avalanche flow type can be inferred from the frequency parameters, P;_,,
defined by Eq. 4.7. These parameters are defined for first time in this study in
order to quantify the observed frequency domain signatures. Data recorded in the
station situated in the track zone of the snow avalanche (Figure 2.1), station B,
show that powder-snow avalanches satisfy P;_,, > 1 for n = 2, ..,4, and wet-snow
avalanches P;_,, < 1 for n = 2,..,4. Data recorded in the station situated in the
run-out zone of avalanches (Figure 2.1), station B for small avalanches or C for
medium and large avalanches, show that P,_,, > 1 for n = 3, .., 4 for powder-snow
avalanches and P;_,, < 1 for n = 2,..,4 for wet-snow avalanches (Figure 6.8). The
differences between the recordings from the track and the run-out zone for powder-
snow avalanches may be justified by changes in the flow behaviour of the avalanches
when they decelerate in the run-out zone (Sovilla et al., 2008b). These parameters
are also useful to detect changes in the avalanche typology. Transitional avalanches
present Py, > 1 for n = 2,..,4, values that are equal to those of powder-snow
avalanches in the upper part of the path where the snow is still dry, and P,_,, < 1
for n = 2, ..,4 in the lower part of the path, equal to values of wet-snow avalanches
(Figure 6.8). In both cases (powder and transitional avalanches), the frequency
spectra of the avalanches change from the track zone (low-frequency spectra) to

the run-out zone (high-frequency spectra) due to changes in the flow regime.

In order to estimate avalanche size, I derived different relationships from the anal-

ysis of the data. The first, Eq. 6.1, relates avalanche run-out distance (size) with



Chapter 7. Discussion 152

the seismic signal duration (7). This simple approach shows that the duration
strongly depends on the type of flow regime (i.e. on the velocity of propagation)
more than on the size of the avalanche (Figure 6.9). Wet/transitional avalanches
have much longer durations than powder-snow avalanches; as expected. Further-
more, the defined duration of the seismic signal generated by an avalanche can be
used as a good approximation of the real duration of the avalanche motion. To an
accurate estimation of the duration, the seismic signals recorded at the different
stations have been compared. In this regard, I used the closest station to the
avalanche initiation (B) and end parts (B or C) to determine the whole duration.
The durations obtained at sites far from the avalanche path (e.g. at D) are usually
shorter due to a weaker signal-to-noise ratio. This could imply an underestima-
tion of avalanche size. Hence, several stations located along the avalanche path
are necessary for a better determination of the avalanche properties such as flow

type, changes in the flow regime, and avalanche duration.

To quantify the intensity of the seismic signals, and thus also connect to the
avalanche size, I defined the indices: PGV E and I. These parameters were
adapted in this study from the parameters defined in the field of earthquake en-
gineering. To calculate them, the three components of the ground motion are
considered to account for all the recorded energy. Previous analysis of avalanche
seismic signals has roughly related the avalanche size with the maximum ampli-
tudes of the signals generated (Biescas, 2003; Kogelnig et al., 2011b). Maximum
values of the velocity time series, PGV values, are often used as a seismic quantifi-
cation parameter in earthquake engineering. In this work, however, I considered
it more appropriate to use instead the PGV E values, i.e. the PGV of the total
envelope, because the punctual peaks are smoothed in the envelope time series
and thus it is a more representative parameter of the intensity of the signal. My
results shows that both quantification indices (PGV E and I) can also be used
to estimate avalanche size when the snow cover interface is not too thick. For
large snow cover thicknesses, a correction factor proportional to the absorption of

seismic energy by the snow cover should be included in the relationships obtained.

Additionally, I obtained a set of threshold values of PGV E and I for detection or
not of avalanches (grey areas in Figures 6.10c-d), and for avalanches that flowed
over the station or not (blue areas in Figures 6.10c-d). All the avalanches analysed
in this work were detected by the station B, located in the upper part of the

avalanche path; whereas the snow avalanches with run-out distances of 900 m, that
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slid over a mean bed surface level of about 4 m, were not detected at a minimum
distance of avalanche sensor of about 300 m. However, the smallest avalanche
recorded with a run-out distance of 600 m was detected at a minimum avalanche-
sensor distance of about 600 m, because it flowed over a lower bed surface level
of about 3 m. This result reflects the importance of considering the snow cover
energy absorption in order to establish an accurate limit for avalanche detection
with a seismic array of sensors. I also obtained limit thresholds of the values of
PGV E and I for avalanches flowing over the location of a seismic station, such as
B or C (see Section 6.5). These thresholds, however, are not valid for station D

where the local seismic site effects are more important.

The range of values in Table 6.4 can be used as a reference for VdIS for future
avalanche size classification using seismic signals. However, I should point out that
these values cannot be directly extrapolated to other sites. The range of values
is unique for each site and depends on the avalanche type, size, distance from
the avalanche to the seismic sensor, snow cover thickness at the site and local site
effects. In the small VdIS area, these ranges vary strongly from one site to another

due to local effects, as reflected in the Table 6.4 values.

7.2.3 Quantification of the effects of the snow cover on

avalanche seismic signals

In order to quantify the absorption of seismic energy due to the snow cover inter-
face, I compared snow avalanches of the same type and size sliding over different
snow cover depths. Earlier experiments of detonations within the snow showed
that the snow cover is a high absorption medium of the waves generated by the
explosions (Gubler, 1977; Albert and Hole, 2001; Simioni et al., 2015). Those re-
sults cannot be directly extrapolated to the avalanche seismic signals, because of
the different nature of the sources. Unlike explosions, snow avalanches are multi-
ple and moving sources of seismic waves. The passing of an avalanche over snow
cover is characterized by different erosion processes such as ploughing, impact ero-
sion or abrasion, which produce a densification of the snow cover. Snow cover is
thus partly compacted by the pass of the avalanche and partly loosened due to
the entrainment of snow (Gauer and Issler, 2004). Both effects may reduce the

absorption of the seismic energy due to a reduction of snow cover depth and a
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densification of the subjacent layers. Recent models of seismic waves propagat-
ing into the snow have shown that the attenuation is lower for high-density and
low-porosity snow layers (Sidler, 2015). Thus, a reduction of the seismic energy
absorption may be resulted from the compactation of the layers subjacent to the
avalanche bed surface. Our estimations show that the factor of absorbtion of the
avalanche intensity, Fg, increases exponentially (oc %%4H) with the thickness of

the snow cover interface (Figure 6.12).

It is also known that high-frequency seismic waves are also attenuated faster within
the snow than low-frequency waves, as in other types of material. However, similar
attenuation factors are expected for seismic waves characterized by frequencies
below 100 Hz propagating within high-density layers, according to Sidler (2015).
In addition, no large differences are expected between the attenuation factors of
the low- and high-frequency waves due to the short distances travelled by the
waves from the bed surface to the ground (maximum snow cover thicknesses of 5.5
metres; Table 6.1). As analogy, the attenuation factor of seismic waves propagating
through the ground shows similar values for waves of low- or high-frequency for
distances below 100 m (Figure 3.3). The differences in the values of the attenuation
factor for low- and high-frequency waves are remarkable at long distances (>
500 m). For instance, powder-snow avalanches sliding directly over the ground
(e.g. avalanche #16 in Figure 4.16) generated the same low frequency content
(Figure 4.14) as snow avalanches sliding over a snow cover depth of about 2 m
(e.g. avalanche #504 in Figure 6.1). Wet-snow avalanches (e.g. the avalanches
#3018 and #3020) that slid over a large snow cover thickness (Figures 4.17 and
6.2) generated seismic energy characterized by a high-frequency spectrum (section
SOV of Figure 4.15 and Figure 6.3d and e).
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Conclusions

8.1 Conclusions

In this thesis, I present novel applications of the seismic methods for avalanche re-
search. These methods can be applied to implement current avalanche monitoring
systems and further develop avalanche warning systems. First, seismic methods
(such as time-frequency analysis of the evolution of the avalanche flow, quantifi-
cation of the earthquake ground motion and Newmark’s method) are successfully
applied to study snow avalanche formation; in particular, to detect and study the
possibility of avalanches triggered by earthquakes. Furthermore, I show the feasi-
bility of using seismic methods (such as parameterization of the signals in the time
and frequency domains) to characterize avalanche dynamics and to infer inherent
properties of the flow without any other type of measurements. A catalogue of
33 snow avalanches analysed mainly using seismic measurements at different VdIS
locations is presented. All the data are compared in each case with other avail-
able and proper measurements such us infrasound data, two different types of
radar data and weather data. All the results obtained by the seismic methods are
in agreement with the results from other acquiring techniques, entrenching and

validating the findings of this thesis.

In the field of avalanche formation research, our avalanche seismic monitoring sys-
tem (consisting of four seismic sensors and an infrasound sensor) is applied, for
first time, to detect and evaluate a snow avalanche possibly triggered by an earth-
quake. The joint analysis of seismic and infrasound data enable us to characterize

the whole event, determining the trigger time interval and locating the avalanche
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path. This analysis is in agreement with the observations obtained from the GEO-
DAR radar installed at the site. Additionally, earthquake seismic recordings are
used to quantify energy parameters and changes in the elastic stress field within
the snowpack due to the earthquake vibrations. The study is complemented by
nivo-meteorological data and snowpack stability evaluations. I showed that in a
snowpack close to instability, the consequences of a minor magnitude earthquake
can be favourable to trigger a snow avalanche. The methodology presented can
be used to quantify the effects of an earthquake on avalanche starting zones, to
determine whether an avalanche may be triggered or not, and to characterize the
avalanche path and size. Thus, this methodology can be applied to assess similar

future events.

In the field of avalanche dynamics research, this PhD study provides deeper knowl-
edge of the sources of the seismic signals generated by the different parts of an
avalanche, connected with avalanche flow regimes. Thereby the results enable us
to infer the avalanche flow regimes by means of the analysis of the signatures of the
seismic signals. The interaction of the energetic turbulent part of powder-snow
avalanches with the snow cover/terrain mainly generates low-frequency seismic
waves through impacts with the sliding surface; whereas the basal friction between
the dense part of the avalanches and the snow cover /terrain mainly generates high-
frequency seismic waves. The deposition of the mass along the avalanche path
generates characteristic high amplitude peaks in the seismograms of both types of
snow avalanches. Therefore, impact erosion, basal friction and mass deposition are

the three main mechanisms of generation of the seismic waves of snow avalanches.

The parameterization of snow avalanche seismic signals in a set of seismic indices
defined in this thesis allows avalanche characteristics such as the type of flow and
avalanche size to be inferred. The frequency parameters quantify the distribution
of seismic energy across the spectra and can be used to deduce the main type of
avalanche flowing over a seismic location. In this regard, changes in the flow regime
characteristics of transitional avalanches or those occurring in the stopping phase
of snow avalanches are also detectable if several sensors are installed along the
avalanche path. Hence, as demonstrated, at least two seismic sensors located at
strategic sites along the avalanche path are adequate to characterize the avalanche
flow and detect possible flow regime changes. An estimation of the size of snow
avalanches flowing over a specific avalanche path is feasible using the relationships

between the set of seismic indices presented in this thesis.
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8.2 Outlook

Snow avalanches induced by earthquakes have rarely been studied to date due to
the scarcity of documented cases. In addition, all the earlier events correspond
to strong ground motions which produced high stresses within the snowpack and
thus led the possibility of triggering snow avalanches. The dataset presented in
this study is unique and not directly comparable with the previous documented
cases due to its small magnitude. New reported cases of earthquake-triggered
snow avalanches are needed in order to establish a proper limit of the earthquake
magnitude to trigger snow avalanches in nearby areas. Additionally, this limit
should be calibrated with different snowpack stability conditions. As the snow
cover properties vary strongly in space and time in mountain areas (Schweizer
et al., 2008), snow cover modelling could be a solution for cross correlation between
the snow cover properties and earthquake occurrences close to mountain areas.
For instance, the one-dimensional model SNOWPACK (Lehning and Fierz, 2008)
used in this work for a specific location, or the three dimensional model Alpine
3-D (Lehning et al., 2006), could be applied for this purpose.

The array of sensors located at VdIS is very suitable to detect these events. How-
ever, on average, ten earthquakes of magnitude 2.5 or higher are expected each year
in Switzerland; whereas a destructive earthquake with magnitude of 6 or higher is
expected each 50 to 150 years (source: SED). This low probability of occurrence
of stronger ground motions may significantly reduce the detection of future events
in this area. The temporal coincidence of an earthquake with enough magnitude,
the proper epicentral distance to the avalanche starting zone and the snowpack
stability prone to avalanche release are the three major factors to determine future

probability events.

Even though this PhD study was intended for research purposes, the results have
provided suitable indications for further implementations of seismic monitoring
systems of snow avalanches. The features of the seismic signals are parameterized
in the set of seismic indices presented here. The calculation of these indices in-
volves an easy computation, making it simple and feasible to include in detection
algorithms. Hence, an algorithm developed in the future would be trained to au-
tomatically infer avalanche properties and classify them. To that end, additional
data would complete this dataset to be further divided into training, testing and

validation datasets. In addition, the range of thresholds of PGV E and I obtained
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to determine whether an avalanche flowed over a specific location or not could be
also very useful in real-time monitoring systems. In this regard, knowledge of an
avalanche flowing directly over a specific location or not can be used to close or
re-open a traffic route, mountain path or other location of interest. We should
be conscious that the values obtained in this thesis are unique for the locations
studied at VdIS. The methods, however, can be applied at other locations. Earlier
works demonstrated the reproducibility of the avalanche seismic characteristics
in other sites such as the Pyrenees in Spain (Surinach et al., 2000, 2001) and
Ryggfonn test site in Norway (Vilajosana, 2008).

A collaboration between the snow avalanche group of the UB and a Japanese
avalanche research group is envisaged. This collaboration opens up the possibility
of applying the results of this thesis at other experimental sites, providing new
insights into the field. Japan is also an ideal field test site to record new events of
avalanches induced seismically and thus deepen our understanding of this trigger-

ing mechanism.
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