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Abstract. We present a template that helps in the classification of gravitational mass motions (snow avalanches, lahars, and
debris flows) by simply overlaying it graphically with the corresponding spectrogram of the generated seismic signal at the
same scale. The template is created with different values of a parameter B’ that allows us to analytically reproduce the
exponential form of the increase in amplitude of high frequencies in time of the SON (Signal Onset) section of the
spectrogram when the mass movement descends a slope and approach a seismic sensor. This increasing shape is a
consequence of the appearance of energy at high frequencies as the gravitational mass approaches the seismic sensor. We
present a methodology that includes a link between the propagation properties of seismic waves and the results of the
application of an image processing using the Hough transform to demonstrate that this shape is related to the speed of the
avalanche and the characteristics of the terrain. Seismic data generated by lahars, debris flows, and avalanches are used for
the study. Depending on the type of event, differences are obtained in the order of magnitude of the values of g’. The mean
value of B’ for lahars is around 0.003 s, that for debris flows is an order of magnitude greater (0.017 s) and an order of
magnitude less than that for avalanches (0.12 s*). Furthermore, differences in 8’ are observed within each type of event.

Once the appropriated value of 8’ has been determined, the characteristics of the mass movement must be set according to
expert judgement. This must be done for each site and for each type of gravitational mass movement. The application of the

templates to the data of lahars and an avalanche recorded in two different places of its trajectory is presented as an example.

1 Introduction

The control and knowledge of the behavior of earth surface gravitational mass movements is crucial to reduce their
associated risks. The monitoring of these events helps in the knowledge of hazardous areas basically in twofold: number of
events and areas of occurrence, inputs necessary for hazard assessment, land use planning. Additionally, an understanding of
the characteristics of the mass movement descending a slope enables us to obtain a better control through models and thus,

gain further insight into its evolution. The use of seismic signals generated by mass movements is an emerging field as a
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method to control these phenomena. This is a non-invasive method that supplies information on the evolution of the
phenomena and helps to detect them.

Seismic signals are generated by the friction of the moving mass on the ground, changes in the slope, and by impacts against
obstacles (e.g., Dahlen, 1993; Surifiach et al., 2000; Surifiach et al., 2001; Brodsky et al., 2003; Huang et al., 2007;
Vilajosana et al., 2007a; Vilajosana et al., 2008; Allstad, 2013). Considering their origin, high frequency seismic signals (f
>1Hz) have been used in the lasts decades to model or to characterize the dynamics of the gravitational mass movements
(rock falls, landslides, lahars, rock avalanches, submarine slumps,) (e.g. Caplan-Auerbach and Huggel, 2007; Deparis et al.,
2008; Zobin et al., 2009; Schneider et al., 2010; Favreau et al., 2010; Lacroix et al., 2012; Allstad, 2013; Dammeier et al.,
2015; Hibert et al., 2011, 2015; Lin et al., 2010; Dietze et al., 2017; and Sal6 et al., 2018). However, one of the problems
encountered in these studies to take into account is the dependence of the results on the seismic characteristics of the ground
involved (Hibert, et al., 2017). These characteristics affect, inter alia, the calculation of the energy dissipated by the mass
movements, which has a repercussion when classifying their size (Surifiach et al., 2018). Kuehnert et al., (2020) studied
using SEM simulations the influence of the curvature of the topography in the seismic wave field (wave form and energy
amplification) in a specific case at the Dolomieu crater in Piton de la Fournaise Volcano.

Seismic signals have also been employed to localize mass movement events using seismic regional broadband networks as
well as local networks installed temporarily. Signal arrival times using array localization methods (beam forming) (e.g.,
Lacroix and Helmstetter, 2011; Hibert et al., 2017), classic earthquake localization methods, and travel time seismic profiles
approaches (e.g., van Herwijnen and Schweizer (2011a and 2011b); Manconi et al., 2016; Moore et al., 2017; Spillmann et
al., 2007; Zimmer et al., 2012 and Zimmer and Sitar, 2015) have been used to localize these events. In Allstadt et al., (2018)
a revision of the state of the art of the use concerning seismic signals related to mass movements associated to volcanoes can
be found. Part of the issues presented can be extrapolated to other mass movements. Recently, ASL (spectral amplitude)
methods have also been used to localize snow avalanches (Pérez-Guillén et al., 2019) and one landslide in Japan (Doi and
Maeda, 2020). In all these studies, basically, the time series and the signals of more than one sensor were used.

As regards debris flows, was Arattano (1999) who firstly used seismic detectors to monitor debris flows. Later, seismic
signals have also been used to analyze debris flow using algorithms based on duration/intensity threshold (e.g., Arattano and
Marchi, 2005; Abancé et al., 2014; Schimmel & Hubl, 2015). More recently, Coviello et al., (2019) using a linear array of
geophones installed along a channel developed an algorithm based on the signal intensity STA / LTA ratio (from short to
long term), to obtain information on the discharge of the flow and, therefore, the estimation of the magnitude and duration of
the event, useful to warning purposes. Moreover, hyperconcentrated flows properties were inferred from the peaks of
frequency and the amplitudes of the signals recorded by a geophone installed outside the channel (Coviello et al., 2018).

The use of the signal frequency content is not as widespread as that of the time series amplitude. In addition of the use of the
time series (seismograms), their spectrum (i.e., PSD) is also used. In the spectrum is represented the all the frequency content
of a portion of a signal or the entire signal. The frequency content of the signals has been included in the process of

classification of events using HHM (Hidden Markov Models) using more than one sensor (e.g., Dammeier et al., 2015 and
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Dammeier et al., 2016). The information on the evolution of the frequency in time is lost in the spectrum. Spectrograms or
running spectrum (also sonograms) constitute another representation of the signal in the frequency-time domain to study the
characteristics of the seismic signals considering their frequency content evolution. This is a visual representation of the
matrices of the amplitude values of the spectra of a temporal signal calculated in consecutive time windows. For the sake of
brevity, the word “spectrogram” will replace the sentence “spectrogram of the seismic signals generated by a mass
movement”, hereafter.

In most of the studies the spectrograms have been used as complementary information of the time signals, basically to
discern among different processes that generate a seismic wave field (earthquakes, helicopters, planes, gravitational mass
movements, etc....). Cole et al., 2009 and Kostantinous et al., 2021 (lahars), van Herwijnen and Schweizer, 2011a (snow
avalanches), Burtin et al., 2016 (torrential and fluvial processes), Walter et al., 2017 (debris flows) and Feng et al., 2017 or
Doi and Maeda, 2020 (landslides) are some examples.

Different algorithms calculate the spectrograms. Moreover, several computer libraries include the algorithm for the
spectrogram function in different programming languages (e.g., Matlab®, Python etc.). The spectrograms we used were
calculated by algorithms developed by our group. This allows greater control of the parameters and values obtained and their
representation.

Our analysis of hundreds of spectrograms seismic signals generated by different snow avalanches indicated a connection
between the type and evolution of the snow avalanches and the shape of the spectrograms (Biescas et al., 2003; Biescas,
2004; Vilajosana et al., 2007a; Vilajosana, 2008; Vilajosana et al., 2008 and Pérez-Guillén et al., 2016). Recently, we
presented a method to estimate the evolution of an avalanche along a path at Vallée de la Sionne (VdLS) experimental site
based on the spectrograms of the generated seismic signals recorded in sensors, each one placed at a different location along
the path (Surifiach et al., 2020). Particularly, we used the initial section of the spectrograms corresponding to avalanches that
approach a sensor. This section is named SON (Signal Onset) whereas the section corresponding when the avalanche passes
over o near the sensor is named SBO (Signal Body) as defined by Roig-Lafon (2021) and references therein.

We focus our attention on the spectrogram SON section, where the increase in the amplitudes of the high-frequency content
over time presents a slope that increases exponentially as the avalanche approaches the seismic sensor, when the amplitudes
are displayed on a logarithmic scale (e.g., Fig. 1b). This increasing of amplitudes according to the frequency is due to the
effect of the attenuation of the seismic waves in a medium because the anelastic/intrinsic attenuation and the geometrical
spreading (e.g., Aki and Richards, 1980; Lay and Wallace, 1995), and to the fact that the avalanche approaches the sensor.
This increase has already been observed by Lepréttre et al., (1996) and Kishimura and Izumi (1997). Biescas et al., (2003)

highlighted this increase in amplitudes in the avalanche spectrograms for the first time.



95

100

105

110

115

https://doi.org/10.5194/esurf-2022-10 Earth Surface
Preprint. Discussion started: 4 May 2022 Dynamics
(© Author(s) 2022. CC BY 4.0 License.

Discussions

5 . : .
‘ ' x101®  t=10s
20 40
Hz
. . )
(© j ( )x10-9 f=9.3 Hz f=9.3Hz
L "
7] o 10
4 )
% E 12
E2 e
& o 14
0 o
0 10 20 30 40 0 10 20 30 40
Time (s) Time (s)

Time (s)

Figure 1. a) time series (seismogram) recorded from a mass movement. Two representations of the frequency content of the time
series: b) Spectrogram of the time series. The amplitude values ((m s1)?s) are in logio escale. c) Image representation in the
waterfall form of the amplitudes. SON and SOB sections are indicated. Time (s) in horizontal axes. d) Amplitude frequencies
transect for t = 10 s indicated as d) in b) and c). e) Amplitude (m s™)? s frequencies transect for f= 9.3 s indicated as €) in b) and c)

and f) Amplitude (m s)s frequency transect for f= 9.3 s in logarithmic scale indicated as e) in b) and c).

This increase in amplitudes with increasing frequency is also present in other spectrograms of moving seismic energy
sources that approach a sensor such as vehicles (e.g., Almendros et al., 2002; Anderson et al., 2004; Ketcham et al., 2005;
Moran and Greenfield, 2008) and trains (Fuchs et al., 2018; Lavoué et al., 2021). Natural phenomena as volcanoes and other
gravitational mass movements (e.g., Allstadt et al., 2018) and meteotsunamis (Okal, 2021) also show this behavior.
However, in all these cases the information used from the spectrograms was minor, only considered as complementary visual
information.

In earlier studies that used the information contained in the spectrograms we have found similarities in the characteristics of
the spectrograms generated by the snow avalanches and those associated with other gravitational mass movements,
(landslides: Surifiach et al., 2005; debris flows: Kogelnig et al., 2014; lahars: Vazquez et al., 2016).

The method presented allows us to obtain quantitative information from the spectrograms of the SON section seismic signals
generated by gravitational mass movements descending a slope and approaching a seismic sensor. This quantification allows
us to obtain two parameters that can analytically reproduce the increasing shape of amplitude according to the frequency of
the SON section. Because this shape is related to the avalanche speed and to the characteristics of the terrain, the two
parameters allow us “to classify” the mass movement. Note that this crescent shape is not affected by the size of the

avalanche, as this affects all frequencies simultaneously.



120

125

130

135

140

145

https://doi.org/10.5194/esurf-2022-10
Preprint. Discussion started: 4 May 2022
(© Author(s) 2022. CC BY 4.0 License.

To obtain these parameters we regarded the spectrogram as an image, and by applying image processing, we obtain
parameters that define the increasing shape of the spectrogram. To this end, the spectrograms were prepared for the
application of the Hough Transform (HT). The HT is regarded as a discretization of the Radon transform (Hough, 1962),
defined as an integral over a line. It is applied as a generalization to detect arbitrary non-regular forms of objects. The shapes
can be delineated either by a set of known functions (circles, ellipses, curve segments, hyperbolas) or by means of templates,
previously designed, that consider the shape of the object (van Ginkel et al., 2004). In particular, when the border to detect is
a straight line, its application has proved been very useful in many fields, for instance to a) detect geological faults from
seismic sections (AlBinHassan and Marfurt, 2003), b) enhance geological structures from two-dimensional image-profiles
constructed from ground-penetrating radar (Rivera-Rios and Flores-Marquez, 2012), and c) develop face recognition
software (Varun et al., 2015). To obtain quantitative information from the SON section of the spectrograms, several codes
and computer functions were developed in Matlab® code. This method consists of several steps that include numerical
calculations developed specifically for this work, including the algorithm to calculate the spectrogram.

The paper is divided in eight sections: after this introduction a description of the data used with a briefly explanation of the
post-acquisition treatment of the recorded signals constitutes Sect. 2. In Sect. 3 the methodology is presented. This section
includes the differences between a spectrogram and a spectrum of a signal and the interpretation of the shape of the
spectrogram in terms of the SON section. Sect. 4 is devoted to the fundamental methodology of the spectrogram treatment.
In Sect. 5, the results of the application of the method to different signals generated by different gravitational mass
movements (lahars, debris flows, and snow avalanches of two different sites) are presented. Sect. 6 is devoted to the

discussion. In Sect. 7, a template created with the two parameters useful for classifying the events is presented and applied to

different examples. The conclusions constitute Sect. 8.

2 Characteristics of the data used

This study utilizes data obtained in different experimental sites and of different gravitational mass movement. a) snow
avalanches recorded at the VdIS test site (SLF, Switzerland) and Ryggfonn experimental site (NGI, Norway), b) lahars
recorded at the Colima Volcano, (CUEIV and UNAM, México), and c¢) debris flow recorded at Lattenbach catchment
(BOKU, Austria). In this study different seismic recording stations were used to obtain the seismic data, depending on the
case. Given that data depend on the characteristics of the recording stations (site and sensor), data acquisition system
parameters and post-acquisition treatment, a control of the data used is important because this conditions the results and their
interpretation. Data of snow avalanches were obtained in stations consisting of a three-component seismometer Mark L-4C-
3D (Mark Products) of eigenfrequency 1 Hz and a data acquisition system Reftek—130 (Trimble). The characteristics of the
recording stations at VdIS test site are indicated in Sovilla et al., (2013) and Pérez-Guillén et al., (2016). In the present
contribution we considered the data obtained only in cavern B placed at 985 m distance from the crown (CB1) (see Fig. 10).

The characteristics of the recording stations at the Ryggfonn experimental site, similar to those of VdIS, are indicated in
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Vilajosana et al., (2007a) and Vilajosana et al., (2007b). In this case we considered the data recorded at station in the track,
placed approx. at 1450 m from the crown (see Fig. 12, TR). The recording station characteristics for the lahars of the Colima
Volcano, México (see Fig. 6) are described in Capra et al., (2018) and references therein. Data were recorded in a Guralp
CMG-6TD broadband seismometer (0.03-100 Hz of frequency range), installed ~100 m away the main channel of the
Montegrande ravine at ~2100 m.a.s.l. The complete characteristics of the recording station of the debris flow placed at
Lattenbach catchment (Austria) are indicated in Kogelnig et al., (2014) (see Fig. 8). The geophone was a SM4 with a
frequency range of 10-180 Hz and a sensitivity of 28.8 VV/m/s placed on land beside the channel of the flux at a very short
distance (<10 m). In addition to the seismic signals generated by the debris flow, infrasound data were also obtained with a
nearby microphone ‘Gefell WME 960H’ with a 0.5 Hz—20 kHz frequency range and 50 mV Pa?. The two types of
measurements were obtained time synchronized with the aim to compare the suitability and sensitivity of the two types of
instruments for monitoring purposes. All seismic and infrasound data, collected at 100/200 s.p.s. (50/100) Hz Nyquist
frequency, were transformed into ground velocity (m s*) or pressure (Pa), respectively using the conversion factors indicated
by the manufacturers. In all the cases studied, the flux of mass (snow, lahar, debris) passed over or laterally very close the

seismic sensors that were installed oriented orthogonal to the vertical direction and in the N-S and E-W directions.

2.1 Post-acquisition treatment of the seismic signal

All seismic signals were band-pass filtered [1-40] Hz with a 4th- order Butterworth filter. Avalanche seismic data were
analyzed considering only one seismogram named final seismogram (FS). To construct this single vector seismogram from
the 3 seismic components (Z, N-S, E-W), that maintains all the seismograms characteristics, the vector properties in the 3D
space were considered. Only the vector amplitude was considered in the spectrogram. The construction process is explained
in Surifiach et al., (2020). The seismograms of vertical component were used for lahars and debris flows. As mentioned, only
the SON section of the spectrogram was considered in the study. In the calculation, the short-time FFT with a Hanning
window (length 0.64 s/1.28 s) and 50% of overlap (0.32 s/0.64 s) was used according to the sample rate. The length and
overlap of the time windows for the spectrograms were fixed according to the time series characteristics. The resolution in

frequencies is 0.0156 Hz/0.0078 Hz and the resolution in time is 0.32 s/0.64 s, according to the sample rate.

3 Spectrogram vs spectrum

Bellow some points regarding the characteristics of the spectrogram vs. spectrum because their understanding is fundamental
for our purpose. The evolution in time of the frequency content of a time series usually is represented by the spectrogram. It
is, in fact, a matrix constructed with the values of the spectra of the seismogram divided into different consecutive time
windows, generally superimposed. It can be conceived as a 3D visual representation of the matrix and can be understood as a
function of the frequency content (amplitude of the PSD’s) over time. In this study we use the matrix of the values of the
PSD amplitudes (A (f, t)) obtained from the seismogram. Spectrograms are commonly used in different fields (noise, sound

(sonograms)....). The spectrum of a time series yields information of the distribution/content of frequencies in the signal, as a

6
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whole, whereas in the spectrograms, this frequency content is presented distributed over time. A logarithmic scale for the
amplitudes is used to facilitate the representation because of the wide range of amplitude values obtained along a whole
signal. Although the image of the spectrogram provides information on the evolution of the frequency content in time, when
considered the values of the matrix, a more detailed information is obtained. Another useful representation of the matrix of
the amplitudes of the PSD’s is in a 3D (amplitude, frequency, time) plot (waterfall mode). Figure 1 shows, as an example,
the two already mentioned representations of the evolution of the frequency content of a SON section time series
(seismogram) (a), the spectrogram (b) and the waterfall (c). Moreover, details of PSD transect along frequency for specific

time (10 s) (d), and for a specific frequency (9.3 Hz) along time in two different scales (e and f) are presented.

3.1 Interpretation of the shape of the SON section spectrogram.

A seismological description of the attenuation of the seismic waves with distance can be obtained in academic texts as those
of Aki and Richard (1980), or Udias (1999, pages 253-263). More recently, Burtin et al., (2016) presented a simplified
version of the content for a non-specialist audience. The purpose of the present section is to show the relationship between
the parameters that allow generate a synthetic spectrogram through analytical equations and a spectrogram obtained from an

observed seismogram and establish the dependencies between the variables involved.

As stated above, one distinctive feature of the SON section depicted in the spectrograms, corresponding to a gravitational
mass movement approaching a sensor, is the increasing with time of the amplitude of the high frequencies in a pseudo-
exponential shape. We assume that this increase is due to the properties of wave propagation in a medium, mainly the effect
of the attenuation (anelastic/intrinsic and geometrical spreading (e.g., Lay and Wallace, 1995; Udias, 1999) of the seismic
waves, and possible mass increasing by entrainment as it approaches the sensor (this is the case of snow avalanches). This
increasing pattern could be attributed to the Doppler effect. However, the quantification undertaken by Biescas (2004)
rejected this because of the difference of two orders of magnitude between the speed of the avalanche (~101 m s?) and that
of the waves traveling across the ground (~103 m s?). This can also be valid in the case of debris and lahars given the
similar order of magnitude of their velocity values (~101 m s) with respect to those of seismic waves (e.g., Rickenmann,
1999; Vazquez et al., 2016).

To reproduce the mentioned shape of a spectrogram, and test our assumption, a synthetic spectrogram was created using the
analytical Eq. (1) of the decay of the seismic amplitude with distance [e.g., Aki and Richards, 1980]. This equation estimates
the wave amplitude A (t, f) at a point at a distance r’ from a fixed-point source (r’=0) (Fig. 2) with a signal amplitude AS (fs,
ts), function of given ts (time) and fs (frequency). This amplitude A (t, f) is a function of t (time) and f (frequency). In Eq. (1)

the geometrical spreading and intrinsic attenuation are considered affecting at the frequency content, f.

AS(fs ts) - !
N ®
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This is a decreasing function as distance 1’ increases from the source. Amplitude AS (fs, ts) is, in fact, the amplitude that a
hypothetical sensor would measure at r” = 0. AS (fs, ts) can be considered to last a time interval. In our case, surface waves
generated by the mass movement were considered in Eq. (1) following the studies on snow avalanches by Vilajosana et al.,
(2007b). This equation is obtained considering the energy flux of the seismic wave through a cylindrical surface of height h
and radius r’. The exponential term corresponds to the intrinsic attenuation where

_ s
“f) =2 @)

and h=k c(f)/f. Factor k is associated with the skin depth (Rukhadze and Shokri, 1997; Festa et al., 2005). Q(f) is the ground

quality factor and c(f) the phase velocity of the surface waves.

r':O [

r=R ! o
~ T~

Figure 2. Scheme of the double distance coordinates system. Origin situated at the sensor (r = 0), and origin at the source r’=0,

being r(t) the distance of the source to the sensor and R=|r(t)| + |r’(t)].

Note that in Eq. (1) we are considering the time domain and not the frequency domain. This expression has been already
used by other authors for purposes of localization using the amplitude of the seismic signals (e.g., Jolly et al., 2002; Kumagai
et al., 2013; Pérez-Guillen, 2019).

Figure 3 shows, as an example, a detail of the effect of the attenuation (geometrical spreading and intrinsic attenuation) with
distance to the source on the amplitude and frequency content of a time series using synthetic seismograms. The theoretical

time series (Fig. 3a) is created by the function:
S(t) = ¥8n;.cos(2mf;t) + BR(t) 3)

With n; = [5,10, 25, 30, 15, -15, 20, 30] units (u) and fi=[1, 7,10,12,15, 20, 30, 40] Hz. BR(t) is an aleatory signal of 150 u of
maximum amplitude (not displayed). In Fig. 3 b de PSD of the theoretical function is shown. In figures 3c, e and g the time
series and the corresponding PSD (Figs. 3d, f and h) are presented for different distances from the source: [500, 2000, 3000]
m. The intrinsic attenuation factor Q (f) = 2.8 f 0.57 and the phase wave velocity c(f) = 8.9 f + 722 in m s are considered as

functions depending on frequency.
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The terrain values used, Q(f) and c(f), correspond to those obtained in Vilajosana et al., (2007a) from one experiment carried
out at the Ryggfonn site. Note that in Fig. 3 higher frequencies are attenuated with distance, and that at 3000 m only 1 Hz is

observed in the time series (in this representation (2z h)2 of Eq. (1) is assumed to be 1).
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Figure 3. a) Synthetic time series generated by given frequencies (see text) calculated at different distances (r) from the source and
b) their corresponding power spectral density (PSD). The power spectral density clearly shows the pics of specific frequencies.

Amplitude scale in units.

Since our attention is focused on the signals recorded at the sensor, Eq. (1) can also be read as the variation of the amplitude
at the sensor as the source approaches it. We can then consider the source approaching the sensor according to r(t) (Fig. 2).
This implies a change of coordinates system, being r(t) the distance of the source to the sensor (i.e., r = 0 at the sensor) and
since R= [r(t)] + [r’(t)], r’(t) can be expressed as |r’(t)] = R — |r(t)|. Note that as the point source approaches the sensor, r
becomes 0 and r’= R. Moreover, r increases in time because -R < r < 0 and the Eq. (1) becomes the increasing function (Eq.

(4)). Note that in this interval the exponential has its maximum at r = 0.

AS(fs, ts)

= MUsts)  s-a(HR ga(NHr()
Af) = @nh R-lrOM2 € € 4)
Assuming vim(t) the mass speed r(t) can be expressed as r(t) = vim(t) t and Eq. (4) can be expressed as
ALf)=KENelt, (5)

where
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In these expressions we use B' instead of B'(t, f) for simplicity.

Equation (5), represents the variation of the amplitude in time and frequency, and is an increasing function in time, t. This
increase depends on K'(t, f) which depends on the decreasing function on time r(t)¥?, and on the exponential function of t
modulated by B’ which depends on the ground characteristics that are frequency dependent. The factor e~ (R s 3 constant

value of r and of t.

Realistically speaking, we would have to consider a source point at each r (t). However, in a first approximation, we only
consider only one moving source point. Because of vi(t) << c(f), the travel time of the seismic waves can be assumed to be
instantaneous. The final seismic energy recorded in the sensor would be the sum of all the contributions. However, owing to
the seismic wave attenuation characteristics, the contributions to the sum of the farther sources would be smaller, than those

nearer the sensor.

50 Synthetic
’gl o ©
40 S
i -10
- 30F
- 20 > N
[ -20
10
: . X i 25
0 10 20 30 40 50
Time (s)

Figure 4. SON section synthetic spectrogram generated by Eq. (5). See text for the parameters used. Colors: amplitude in log10

scale.

The preceding relates the variation of the amplitude of the waves (seismograms) with the time (or distance). Since the square
of the amplitude and the frequency content of a time series is preserved in its PSD, the amplitude variation of the signal over

time can be detected in the spectrograms.

10



275

280

285

290

https://doi.org/10.5194/esurf-2022-10 Earth Surface
Preprint. Discussion started: 4 May 2022 Dynamics
(© Author(s) 2022. CC BY 4.0 License.

Discussions

Figure 4 shows, as an example, a synthetic spectrogram of a theoretical SON section using Eq. (5). In this case, a unitary
impulse of amplitude (AS(f;, t;) = 1 u) is considered. The terrain values used, Q(f), and c(f), are those indicated above
obtained by Vilajosana et al., (2007a). The velocity of the approaching mass to the sensor is assumed v, = 10 m s and
factor k=0.25. Note the similarity in shape of this synthetic spectrogram with those of the SON sections obtained from the
seismic signals (e.g., Fig. 1b). Therefore, we can consider that Eq. (5) can account for the shape of the SON sections of the
spectrograms. The time increasing shape of the amplitudes of the frequencies in the SON section of the spectrogram is
determined by the dependence on frequency of the exponential coefficient B' (Eq. 7). This is due to a (f) (Eq. 2), and not to r
(t), which is not frequency dependent. The effect of r (t) on the spectrogram is an increase in the amplitude values for each
frequency in the same ratio for each time not which does not affect the increasing shape. This would be the same effect with
an increase in mass. Since a (f) is independent of the time and distance, its role in Eq. (7) is a constant of multiplication over

time.

Table 1. Steps of spectrogram treatment (algorithm)

Spectrogram treatment (ST)

a) Enhancement of the spectrogram SON section
b) Creation of Bounded Matrix (image)
c) Conversion to Binary image

d) Edge detector mask Application

e) Iterative application of Hough transform
(determination of parameters of the line (g, r) and
determination of the slope (a;) and the (b;) y-intercept)

f) Computing the mean values (a, b)
g) Conversion to b and K values

Having established the relationship between a synthetic spectrogram and one generated from a seismogram, we are now

interested in estimating the K’ and B’ values from a spectrogram of measured data.

4 Spectrogram treatment (ST).

The values of K’ and B’ of the SON section of a spectrogram will allow us to obtain information on the physical process of
the mass movement since they are related mathematically to them (Eq. (5-7)). To this end, the spectrogram was analyzed as
an image using the Hough Transform (HT) shape detection algorithm (Hough, 1962). The HT is a technique used to find
shapes in a binary digital image. It allows to find all kind of shapes that can be expressed mathematically, for example lines
or circles. In our case, we use the Linear Hough Transform algorithm that estimates the two parameters (a, b) that define a
straight line in a search domain. Prior to the application of HT, the spectrogram must be prepared in a sequential procedure
(ST) as a suitable image highlighting the contours to be determined (Table 1). To this end, we simulate the effect of the eye

to determine the borders, that is, we determine a threshold limit (ratio) between amplitudes. To detect the borders, we fix an
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amplitude threshold Ath. By imposing this condition on the implicit function (Eq. 5), the function F (t) (Eq. 8) for the

amplitude A" is obtained
F(O) = K (¢, f ) e @D @
This function represents the variation of the frequency in time of a given amplitude value (< A™).

Figures 5a to 5e show the steps carried out to obtain an image showing the outline of the shape. These figures show the
graphical representation of the values, although it is a numerical process. In Fig. 5a the matrix of amplitude values A (t, f) is
presented as a spectrogram, b) The matrix is band-pass filter (in amplitudes) for all the times and complete set of
frequencies. The values were split in two groups according to selected threshold values (A™) to highlight the spectrogram
SON section (Fig. 5b), ¢) The filtered matrix (bounded matrix image) was converted into a binarized (black and white)
image to distinguish the arrivals corresponding to the most energetic frequencies (Fig. 5¢). The method employed to obtain
this binary color image is known as “optimal thresholding”, where white delimits the shape, and black corresponds to the
background (Ridler and Calvard, 1978). d) The binary image was convolved with an edge detector mask (Ridler and
Calvard, 1978) to reinforce the trace of the line of interest to obtain their geometrical parameters (Fig. 5d). ) The HT was
iteratively applied to detect the different straight lines once the final edge detector-binary image is adequately prepared.
Several lines were identified systematically by the HT algorithm to obtain the parameters a;i (slope) and b; (f-intercept) in a
previously imposed coordinate system (t, f) (Fig. 5e). From these parameters, mean values (a, b) and their variance are

obtained. Thus, the final equation for the shape of the spectrogram SON section is
ft) =b+at 9)

(d)
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Figure 5. Images illustrating the steps of spectrogram treatment (ST): a) Original Spectrogram (colors: amplitudes in log1o scale as
in f). b) Bounded matrix image. SON section enhanced with threshold filtered amplitudes. c) Binary image (180 x 1465 pixels) of
b). d) Edge detector-binary image. e) Straight lines obtained by the application of Hough Transform HT to image d) (slope (ai)
and the (bi) y-intercept). f) Original Spectrogram image (a) with the exponential curve with the B’ and K values obtained

superimposed. Horizontal axes are time

A link between b and a (Eq. 9) and the coefficients K'(t, ) and B’(t, f) (Eq. (5)) is necessary. Note that Eq. (8) can be

expressed as a linear equation by taking logarithms,

F&f)=hK(E)+ 0t (10)

The comparison of the linear Eq. (9) and Eq. (10) gives us the y-intercept term of the linear equation b = InK' (¢, f) and the
slope a = B'(t, ). K" and B’* are dependent on time and frequency. Note that a and b are constant, but the mean values of
those were obtained from the different adjustments in time. To assess this situation, an analysis of the dependence of the
coefficients on frequency is first required. Remind that HT discriminates the amplitudes of the frequencies for each time
using a selected threshold value (ratio) to determine the increasing shape of the SON section of the spectrogram with time
(or distance). The dependence on frequency of B'(t, f) (Eq. 7) is due to a(f), and not to r(t) (r(t) = vm(t) t). The time
dependence is due to the mass speed variation in time. The variation in r (t) will produce a similar variation in the amplitudes
for each time. This comparison leads to a B' independent of frequency and time, which we call B. This result is not
inconsistent since the value of the slope, a, is obtained from the average of the different slopes of the fits to the spectrogram
image and it can be assumed as an approximation. The same effect causes K'(t, f) (Eg. 6), whose dependence on f,
depends on the frequency of the source in AS(f;, t;). Note that the amplitude threshold between the frequencies is linked to

K'(t, f) at each time. Therefore, we can assume that K’ is constant, called K, independent of the frequency.
After these considerations an approximation of Eq. (10) is
F(tf) =K+t or

F(t,f)=Ke’t (11)
Where K and f are the parameters that determine the increasing shape of the spectrogram. In Fig. 5f, the curve and margins

calculated with Eq. (11) for a K and a 8 are overlapped on the spectrogram of Fig. 5a, as an example.

5 Application of the ST method to different signals generated by different gravitational mass flows. Results
5.1 Lahars

The lahars of the Colima Volcano were monitored by different instruments installed ~100 m away from of the Montegrande
ravine (Fig. 6). The site and the data acquisition system are described in Vazquez et al., (2016). The data considered here

were the subject of these contribution. In that paper the evolution of the frequency content of the seismic signals was used to
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discern the different seismic sections connected with the different phases of the lahars (front, body, and tail). Spectrograms
and different frequency bands were analyzed to this end. Lahars occurred on 25 June and 15 September 2012, 11 June 2013
and 24 July 2013 are analyzed in this work. The activity of the volcano in the period was the purpose of Ardmbula-Mendoza
et al., (2018). Characteristics of the 15 September 2012 lahar are described in Vazquez et al., (2014). The speeds of the
lahars ranged between 1.3 m s and 3.6 m s? as deduced from video images (Véazquez, 2016). Table 2 shows the lahars

seismic signal durations that were of the order of half an hour. The larger one had a duration of around 5000 s (2013/07/24)

¢Volean de Colima
AN o :

0

“Seismometer
3km
Figure 6. © Google Earth image showing the Colima volcano (México). In yellow, the section of the Montealegre Ravine path where

the lahar seismic signals are originated. The seismometer position is indicated.

Table 2. Information of the signals of the Colima Volcano studied lahars. Event: name of the lahar. Sig. Duration (s): Duration of
the total signal in seconds. SON Duration (s): Duration of the SON section in seconds. SON/SIG: ratio between the values of the

previous columns. K(Hz) and B (s*) with standard error computed values. Last row: averaged values of the different rows.

Sig. SON Duration
Event Duration (s) (s) SON/SIG K(Hz) B+op(sh
20120625 3000 700 0.23 1.000 0.0040+0.0020
20120915 4500 1000 0.22 0.188 0.0035+0.0011
20130611 5000 800 0.16 1.749 0.0024+0.0006
20130724 5000 1500 0.30 0.920 0.0030+0.0003
Average 4375+1639 1000+ 616 0.23+0.01 0.96+1.11 0.003+0.001
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with a SON section of around 1500 s. The SON section is determined just before the SOB section. The SON sections in the
studied lahars correspond to the 16% to 30% of the total duration of the signal (Table 2). Considering the duration of the
SON sections the first signals of the lahars came from approx. 1950-2900 m from the sensor (Fig. 6). We consider that the
transmission of the waves on the ground is instantaneous because of the speed of the seismic waves is three orders of
magnitude higher than the events speed. Table 2 also shows the g and K values obtained using the presented method. Figure
7 shows the seismogram, spectrogram, and bounded matrix image of the first 2000 s of the 20130724 lahar with the curves F

(t) (Eq. (11)) superimposed calculated with the g and K values indicated in Table 2.

x104 lahar 20130724
5

-15

-20

0 500 1000 1500 2000

%1072

115

0 500 1000 1500 2000
Time (s)

Figure 7. From top to bottom: vertical component seismogram, spectrogram and bounded matrix image of the spectrogram of
lahar 20130724. Horizontal axes are time. Spectrogram amplitude in logio in colored scale. Color scale of bounded matrix image
amplitude in (m s1)? s. Superimposed the exponential curves with the corresponding K and g values (Eqg. 5) and the error margins
(Table 2).

5.2 Debris flows

The data were obtained in the Lattenbach Torrent in the west Tyrol (Fig. 8). This torrent was monitored by different
instruments. In Kogelnig et al., (2014) a description of the Lattenbach site and studied debris flow is presented. The

maximum flow velocity of the studied event was 7 m s (e.g., Kogelnig et al., 2014).

In Fig. 9 the time series, spectrogram, and bounded matrix image of the SON section of the geophone (right) and infrasound
(left) signals of the debris flow are shown. Because the seismic data were recorded in a 10 Hz vertical geophone,
unfortunately, no frequency below this value was obtained. However, the infrasound data contains the lower frequency

content that allows us to detect better the increasing shape of the SON sections. In Table 3 the duration of the signals

15
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recorded by the geophone and infrasound sensor are shown. The duration of the infrasound signals was of the order of an
hour and the SON section corresponds to the 7% of the total duration. The corresponding values for the seismic data are not

considered because of its inadequate quality.

390 Table 3 also indicates the values of g and K obtained from both type of data. The infrasound values were used to calculate
the curves plotted on the spectrograms and bounded matrix image (Fig. 9). Note that the curves are also valid for the seismic
data. This result confirms the existence of a coupling between infrasound and seismic data (Ichihara et al., 2012; Surifiach et

al., 2018; Marchetti et al., 2020). The comparison between the time series and the spectrograms of the signals from both

‘ ; » .
K A B i Y

Google Earth

395 Figure 8. © Google Earth image showing the Lattenbach Debris Flow catchment (Austria). In white, distance from where the debris

flow seismic signals are originated; geophone and infrasound sensors location are indicated by a triangle.

sensors (speed of the ground and variations in pressure) were carried out in Kogelnig et al., (2014) indicating an early
detection of the infrasound with respect to the seismic. However, considering our previous comparison of the SON section of

400 the spectrograms, this result could be a consequence of the cutoff of the low frequencies of the geophone, because of the
high sensor eigenvalue. The duration of the SON section indicates that the first signals of the debris flow came from approx.
1400 m from the sensor (Fig. 9). To obtain this value we considered that the speed of transmission of the infrasound in the
air (approx. 340 m s-1), although it is not instantaneous, is three orders of magnitude higher than the events speed. This
value agrees with the topographic features of the area.

405
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Figure 9. From top to bottom: vertical component seismogram, spectrogram, and bounded matrix image of the spectrogram of the
infrasound (left) and seismic (right) data of the 01/09/2008 debris flow at Lattenbach catchment (Austria). Horizontal axes are
time (s). Spectrogram amplitude in log1o in color scale. Color scale of bounded matrix image amplitude in (m s)? s for seismic data
and in Pa? s for infrasound data. Superimposed the exponential curves with the corresponding K and B values (Eg. 5) and the

error margins (Table 3).

Table 3. Information of the seismic and infrasound signals of the Lattenbach debris flows. Signals: type of measurement. Sig.
Duration (s): Duration of the total signal in seconds. SON Duration (s): Duration of the SON section in seconds. SON/SIG: ratio

between the values of the previous columns. K(Hz) and B (s*) with standard error: computed values.

Sig. SON
Duration  Duration
Signals (s) (s) SON/SIG  K(Hz) B+op(s?)
seismic 2000 78 0.04 1.01 0.01+0.01
Infrasound 3000 200 0.07 0.04 0.017+ 0.005

5.3 Snow avalanches (VdLS and Ryggfonn)

Two sites are considered for this type of mass movement, the Vallée de la Sionne (VdLS) (Fig. 10) and the Ryggfonn (Fig.
12) experimental sites. Previously, in Surifiach et al., (2020) the g and K parameters of the SON sections of different type

and size avalanches, recorded at two different sites (B and C) at VVdLS were analyzed (Fig. 10). As a conclusion we obtained
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that the avalanches can be grouped by similar g and K values according to their type: POW (powder snow), TRANS
(transitional) and/or WET (wet snow). The description of each type of avalanches can be obtained in e.g., Pérez-Guillén et
al., (2016) and references therein. Moreover, an evolution of the curves was observed associated to the evolution of the
avalanche along their path. Here, for the purposes of this paper only one avalanche of each type (TRANS, POW and WET,
Table 4) recorded at site B are considered (Fig. 10). The avalanches front speeds at B that correspond to the SON section
signals deduced from GEODAR measurements (Ash et al., 2010; Kohler, McElwaine et al., 2016; McElwaine, Kohler et al.,
2017) were 38+ 4 m s-1 for avalanche TRANS, 31 = 3 m s for POW and 26 + 3 m s for WET avalanche (Surifiach et al.,
2020). Table 4 shows the durations of the avalanche signals and the S and K values obtained in Surifiach et al., (2020). The
durations of the signals do not exceed 3 minutes and the SON sections range between 14% and 50% of the total duration of
the signals. Figure 11 shows as an example, the time series, spectrogram, and bounded matrix image of POW avalanche with
the corresponding calculated curves with the values of Table 4. Considering the duration of the SON sections and the speed
of the avalanche front, the first signals of the avalanche came from approx. 950 m (TRANS), 930 m (POW) and 780 m
(WET) from the sensor. To obtain this result we consider that the transmission of the waves on the ground is instantaneous
because of the speed of the seismic waves is two orders of magnitude higher than the avalanches speed. These results are
compatible with the 1200 m of distance from CB1 to B (Fig. 10). Note that the first signals of the wet avalanche start to be

et

Sensor. Mark L4308 |

Figure 10. Locations B and C of the sensor at the VdLS test experimental site (Valais, Switzerland). CB1 and Pra avalanche
release areas. Line and arrow: avalanche descending along path. inset: seismic station (Mark L-4C-3D sensor and Reftek—-130 data
acquisition system. Approximate distances: path length: 2600 m, Dh: 1205 m, CB1- B: 985 m,

18
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%10 POW

Time (s)

Figure 11. From top to bottom: FS seismogram, spectrogram, and bounded matrix image of the spectrogram of a Powder snow
avalanche recorded in B at VdLS experimental site (SLF, Switzerland). Horizontal axis is time. Spectrogram amplitude in logio in
445  color scale. Color scale of bounded matrix image amplitude in (m s)? s. Superimposed the exponential curves with the

corresponding K and B values (Eq. 5) and the error margins (Table 4).

Table 4. Information of the signals of snow avalanches recorded in B at VdLS experimental site. TRANS: transitional snow
avalanche. POW: Powder snow avalanche. WET: Wet snow avalanche. They correspond to Av4 TRANS- L, Av5 POW-L and Av6
450 WET-M in Surifiach et al., (2020). Sig. Duration (s): Duration of the total signal in seconds. SON Duration (s): Duration of the
SON section in seconds. SON/SIG: ratio between the values of the previous columns. K(Hz) and B (s!) with standard error

computed values. Last row: averaged values of the different rows.

Sig. SON Duration
EVENT  Duration (s) (s) SON/SIG  K(Hz) B=op(s?
TRANS 180 25 0.14 3.10 0.10+0.07
POW 140 30 0.21 1.09 0.14+0.12
WET 60 30 0.50 3.32 0.05+0.02
Average 127+86 28+4 0.28+0.27 2.5+1.7 0.10+0.06

455 recorded at shorter distances than those of the POW and TRANS avalanches. This result agrees with the combination of the

frequency content of the avalanches and the attenuation law of the seismic waves. Whereas the frequencies of wet
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avalanches are in the range of 16 to 26 Hz and with a Cumulative Energy in % (CE (%)) equal to 0.7, the values of

frequency for POW and TRANS are lower and in the range of 1.2 and 5 Hz with a CE (%) of 95.6 and 60, respectively

(Pérez-Guillen et al., 2016). Considering that higher frequencies attenuate with distance more rapidly than lower frequencies,
460 wet avalanche signals will begin to be detected at distances closer to the sensor than other avalanche types.

Al
seismometer

Google Earth

Figure 12. © Google Earth image showing the Ryggfonn experimental site (NGI, Norway). Avalanches path in yellow. In white
approximate distances from where the avalanches seismic signals are originated. Dashed line d/d avalanches. Dotted line: d/m

avalanches. Avalanches origin (SP) and seismometer location in TR are indicated.

465 Four avalanches recorded at Ryggfonn experimental site (Norway, NGI) (Fig. 12) are also included in this study. Two
avalanches of each type (dry-dense (d/d) and dry-mixed (d/m)) are considered (Table 5). These avalanches were used to
determine the avalanche speed and the energy estimation from the seismic signals generated (Vilajosana et al., 2007a and
Vilajosana et al., 2007b). Characteristics of the site can be found in these papers and references therein, and in Gauer and
Kristensen (2016) and references therein. Averaged speeds for the front of the avalanches arriving to the sensor were 10 m s

470 *for d/d avalanches arriving to the sensor were 10 m s for d/d avalanches and 25 m s for d/m avalanches (Vilajosana et al.,
2007b). The duration of the signals is of the order of 2 minutes, the d/d the shorter, and the SON section corresponds to the
37% of the total duration (Table 5). In Table 5 the obtained g and K values are shown. In Fig. 13 the time series,
spectrogram, and bounded matrix image of the SON section of the dry/mixed avalanche 2004059 d/m are presented together
with the corresponding curves. Considering the duration of the SON sections and the speed of the avalanche front, the first

475 signals of the avalanche came from approx. 1000 m distance for d/m and 300 m for d/d avalanches. To obtain this result we
made the same consideration as for the case of the VDLS avalanches. These results agree with the length of the avalanche
path (1608 m) and agree also with the fact that, due to their frequency content and waves attenuation law, avalanche d/d

signals will begin to be recorded at distances closer to the sensor than those of m/d avalanches.
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480 Table 5. Information of the signals of the snow avalanches at Ryggfonn experimental site. Event: name of the event. d/m: dry
mixed avalanche. d/d: dry dense avalanche. Sig. Duration (s): Duration of the total signal in seconds. SON Duration (s): Duration
of the SON section in seconds. SON/SIG: ratio between the values of the previous columns. K(Hz) and B (s) with standard error:

computed values. Last row: average values of the different rows.

Sig. SON
Duration Duration

Event (s) (s) SON/SIG K(Hz) B+op(s?
2004059 d/m 80 40 0.5 0.37 0.91+0.05
2005106 d/d 120 35 0.3 1 0.23+0.11
2007081 d/d 150 30 0.2 0.78 0.14+0.20
2008113 d/m 95 45 0.5 0.04 0.08+0.04
Average 111453 38+11 0.37£0.25  0.55+0.74 0.13+0.12

Figure 14 shows the topographic profiles of the path of the two sites (VdLS and Ryggfonn) for comparison. Note that VdLS
485 distance shot point (SP) to the sensor (B) is 1200 m, shorter than its equivalent distance at Ryggfonn, that is approx. 400 m
longer. The averaged slope values are approximately the same, although the VdLS slope (¢v = 31.5°) is slightly higher than
that of Ryggfonn (¢pr =28.4°) value. The average duration of the avalanche signals of Ryggfonn are 111 + 53 s with a
SONY/SIG 0.37 + 0.25 s, whereas those of the three selected at VdLS are 127 + 86 s and 0.42 + 0.12, respectively. We

consider these values of the same order, although the differences between the values of the different avalanche types are bear
490 in mind.

Topographic profiles

Ryggfonn path
= VdLS path
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Figure 14. Topographic profiles of the path of the VdLS and Ryggfonn sites represented together for comparison. The distance
from SP to sensor VdLS B is about 1200 m and from SP to for Ryggfonn sensor TR is approx. 1500 m. The path slopes near the
sensors are ¢v =31.5° and ¢r = 26.4° for VdLS and Ryggfonn sites, respectively
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6 Discussion

In Table 6 the average values obtained for each type of mass movement are presented. Note that the duration of the
avalanche signals is much shorter (no more than 3 minutes) than that of the lahars and debris flow with a duration of the

Table 6. Summary of the averaged values of the information of the studied signals. EVENTS: Event type. SD+ osp (S): Averaged
duration of the total signal in seconds. SOND= 6sonp (s): Averaged SON section duration in seconds: SON/SIG + o: Averaged ratio

between the values of the previous columns, and the average values of K and B with standard error.

SOND- 6sonD
EVENTS SD +6sp (S) (s) SON/SIG o K+ ok (Hz) BEop(sh)
Lahars 437511639 1000+ 616 0.23+0.01 0.96+1.1 0.003+0.001

Debris (1) 2000 200 0.10 0.039 0.017
Snow av.

(RYGGFONN) 111453 38+11 0.37+0.25 0.55+0.74 0.13+0.12
Snow av.
(VDLS) 127486 28+4 0.28+0.27 2.50+1.74 0.10+0.07

order of hours and half an hour, respectively. Regarding the duration of the SON section that of the avalanches is smaller
than those of the debris and lahars in one and two orders of magnitude, respectively. The SON/SIG ratio, that of the debris
flow is smaller than the others, although we are conscious that we have only data of one event. As regards K and £, we have
shown that, independently of the type of mass movement, it is possible to obtain these two parameters that characterize the
increasing shape of the spectrogram SON section. The increasing, shape connected to a mass movement approaching a
sensor, is described by these parameters according to the type of event (Table 6).

The average S value for lahars, around 0.003 s, is two orders of magnitude lower than that of the avalanches (around 0.1 s°
D). In between, are those of the debris flows, around 0.01 s. The S value, the coefficient of the exponential (Eq. 11), is the
responsible of the increasing shape. The effect of factor K is a shifting along the axes. As regards the average g values for
avalanches, note that independently of the site (VdLS and Ryggfonn) these are similar. Considering the values obtained for

lahars and debris, we can consider this assertion correct.
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Figure 15. a) SON section curves obtained from the average K and B values (Eq. 5) of Table 6 for the different mass movements
studied. b) The same curves with the origin of time at the sensor. c) Inset: detail of the 50 s prior to the avalanche reaching the
sensor indicated in dashed lines in b).

In Fig. 15 the curves obtained with the average parameters of the events studied are presented simultaneously. To a better
interpretation of these results, Fig. 15a shows the same curves but with the time zero corresponding when the mass
movement is over the sensor, that is, time zero corresponding when the SBO section starts. The curves indicate that the
appearance of high frequency seismic energy with time is faster in avalanches than in debris flow, being the slowest in
lahars. In case of mass movement, the interval of time for its detection in a nearby sensor will be longer for lahars than for
other mass movements, of the order of 1200 s in the first and 200 s or 20 s in the others (Fig. 15, Table 6). In other words, in
the case of the occurrence of a lahar there will be more alert time than in the case of a snow avalanche.

We have shown that in the case of a specific gravitational mass movement, the different characteristics of each one of them
are reflected in the shape of spectrogram (S and K parameters). This means that once the spectrograms of a type of event
(snow avalanche, debris flow, or lahar) have been characterized, at a given location, the shape of the spectrogram can serve

as an indicator of the characteristics of the event.
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530 Figure 16. The role of parameter K (Hz). Top: Curves created using the K and B values (Eq. 5) for the snow avalanches at

535

Ryggfonn. Values are indicated as (K, B). a) SA2005106 d/d (1, 0.23), b) SA2007081 d/d (0.78, 0.14), c) SA2004059 d/m (0.37, 091),
d) SA2008113 d/m (0.04, 0.08), Ryggfonn average (0.55, 0.13) (Table 5) and bottom: (*) those created imposing K = 1 Hz. Note that
the shape is the same.

7 The template

These results lead us to introduce a kind of template created with the parameters K and gthat can help us characterize the
type of events. However, to simplify the process, an explanation of the role of these parameters in this template is opportune.

Previously, we had mention that the effect of K is a shifting along the axes. Figure 16-top shows the curves created using the
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Figure 17. Example of use of the template created with different B values (K=1) (Eq. 5). Template superimposed to the avalanche
POW spectrogram (Figure 11). Same scales of the template and spectrogram. Templated shifted along t axis to adjust by eye the

best option. White lines correspond to the curves on Figure 11. Spectrogram amplitude in logio in color scale.

values K and g for snow avalanches at Ryggfonn (Table 5) and Fig. 16-bottom those created imposing K =1 Hz. Note that
the effect of K IS a shift along the time axis. With the effect of K in mind, a template can be created for different values of

B. Figure 17 shows, as an example, a template of curves created with different values of g (K =1 Hz) on the SON section
spectrogram of avalanche POW (Fig. 11) recorded in sensor B at VDLS (Fig. 10). Note that the greater the beta, the stronger
the increase in slope, or in other words, the faster the appearance of energy at high frequencies in the SON section. To obtain
the S value of the observed spectrogram using the template, it is not necessary to develop all the ST process presented above.
Once the template is established with the range of S values according to the type of mass movement and the specific site,
comparison of the spectrogram with the template on the same scale can help classification within each type of mass
movement. Figure 17 shows the comparison of the template with the spectrogram. The curve with a value of #=0.14s? (ina
dotted line) fits the shape of the spectrogram. This is just the value we obtained in the process previously presented. Figure
18 displays the spectrograms of the powder snow avalanche #17-3032 artificially released at VLS. The release was in the
Pra Roua area, placed to the left of CB1 (Fig. 10) and passed over sensors B and C (Roig-Lafon, 2021, page 132). The
S values obtained for the data recorded at B and C using the template are 0.08-0.09 s and 0.14 s (in solid lines),
respectively. Notice that these values are of the same order as those of the other VDLS avalanches. However, note the
difference in the values, because of the evolution of the avalanche, larger in sensor C than in sensor B. Figure 19 shows the
application of the template to the spectrogram of 20120915 lahar at Colima volcano as an example to obtain the

S coefficient. Note that the order of magnitude of the gvalues of the template are different of those of snow avalanches.
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However, the system of adjustment is the same as presented above. The value obtained for gis 0.0035-0.004 s, similar of
that obtained from the ST method (Table 2).
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Figure 18. Determination of the B factor of the FS spectrograms at stations B and C (Fig. 10) of avalanche # 17-3032 artificially
released in VdLS using the template. Spectrogram amplitude in logio in color scale. Solid lines: selected curves for the valid g

value. Top: Sensor B, g = 0.08 —0.09 s. Bottom: Sensor C, B = 0.14 s

8 Conclusions

We presented a methodology to obtain two parameters (K and f) that characterize the time increasing shape of the SON
section of a spectrogram. This increasing shape is a consequence of the appearance of energy of high frequency in time as
the gravitational mass approach the recorder sensor. This methodology includes a link between the seismic waves
propagation properties and the results of the application of an image processing using the Hough transform.

We have obtained the K and S parameters for the SON section seismic signals generated by snow avalanches, lahars, and
debris flows when they are approaching to a sensor. Differences in the order of magnitude of the values are obtained
depending on the event type. The average S value for lahars is around 0.003 s, that of the debris flows are one order of
magnitude higher (0.017 s), and one order of magnitude lower than that of the avalanches (0.12 s?). Furthermore,
differences are observed in K and £ for each type of event.

The parameters K and g allows us to construct curves that simulate the increasing shape of the spectrogram. The parameter
S being the responsible of the increasing shape. We propose to use this fact to create a template with different values of

parameter Sto help in the classification within each type of mass movement.
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The comparison of the spectrogram of an event with the appropriate template allow us to classify it. Note that this must be
done for each site and for each gravitational mass movement. To this end, it is not necessary to reproduce all the ST process
presented here, but only to superimpose graphically the corresponding spectrogram with the appropriate template at the same

scale.

Once the S value determined, the characteristics of the mass movement must be fixed according to the criteria of experts.

1 7
! / / 20 = =3=0.0015
I ! Y,
] i B, ~ -3=0.0016
! ’ P vy 30 = =4=0.002
/ Al |1 B
/ Al - -4=0.003
y
/’ L 1O 40 ——3=0.0035
” + . 4
il —3=0.004
il -50

1500 2000 2500 Time (s)

Figure 19. Determination of the factor £ of the spectrogram of 20120915 lahar at Colima volcano (México) (Figure 6) using the

template. Spectrogram amplitude in logio in color scale. Solid lines: selected curves for the valid £ value = 0.0035-0.004 s™.
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