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Abstract

The main difficulty in implementing a Tsunami Early Warning System (TEWS) in the Mediterranean Sea arises from the proximity
of the tsunami sources to the coasts at risk. Between few minutes and few tens of minutes are available for a timely warning of
a possible approaching tsunami. To date, the only TEWS already operating in the Mediterranean Sea is that run by the Italian
Department for Civil Protection at the Island of Stromboli, located north of Sicily in the south of the Tyrrhenian Sea. An active
volcano is located on the island. The landslides that often detach from the “Sciara del Fuoco” following eruptive activity may result
in the generation of tsunamis that propagate around the island and toward the coasts of Italy. The implemented TEWS is therefore
aimed at mitigating the risk of landslide generated tsunamis.

The present paper illustrates some of the experimental activities carried out during the last decade aimed at improving the TEWS
of Stromboli island. A series of experiments was carried out with the main aim of gaining insight on landslide generated tsunamis.
In general, the experimental results were intended to be useful for the definition of forecasting formulae, for the validation of math-
ematical models, for the improvement of the knowledge on involved phenomena and for the optimization of detection algorithm.
In particular, the physical investigations aimed at improving the TEWS of the Stromboli are detailed.
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1. Introduction

The actions to be taken in order to mitigate the effect of natural phenomena can be listed referring to the interval
between the time they are actually taken and the time of the natural phenomenon occurrence. In this respect, these
actions can be identified as:
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e preventive actions, i.e that are taken previously to the natural phenomenon occurrence;

e almost simultaneous actions, i.e. those taken at the natural phenomenon occurrence on the basis of the warning
given by an effective Early Warning Systems (EWS);

o following actions, or actions taken after the occurrence of the natural phenomenon, i.e. aid actions.

In Italy, the national agency responsible for natural disaster mitigation is the Department for Civil Protection (DPC)
run by the Presidency of the Italian Council of Ministers. The DPC is leaded by the Head of the Department who acts
under the direct responsibility of the President of the Council of Ministers. It is responsible of providing the territorial
local authorities with guidelines that - depending on the considered natural phenomenon - should be followed in order
to take actions in advance and after the occurrence of the possible events. Furthermore, DPC is directly in charge
of the actions to be taken at the time of event occurrence and, in particular, of the implementation of effective Early
Warning Systems.

As far as the tsunamis are concerned, general guidelines referring to the actions to be taken in advance and after
the time of occurrence of the phenomenon does not exist yet in Italy. Nevertheless the Italian DPC developed a
highly effective rescue-organization system (i.e following actions) capable of facing also tsunami events. This system
is commonly considered, for its organization, for its emergency and rescue equipment, and for its highly qualified
staff, one of the best in the world. The main difficulty in implementing a Tsunami Early Warning System (TEWS) in
the Mediterranean Sea arises from the proximity of the tsunami sources to the coasts at risk. Between few minutes
and few tens of minutes are in fact available for a timely warning of a possible approaching tsunami. A further
difficulty is of political nature. Indeed it is necessary the cooperation between the 16 countries that gives onto the
Mediterranean Sea, as only seven of them belong to the European Community. In order to address issues related to the
tsunami waves in Mediterranean sea, in 2005 the Intergovernmental Oceanographic Commission of UNESCO (I0C-
UNESCO) received a mandate from the international community to coordinate the establishment of a Tsunami Early
Warning and Mitigation System in the North-East Atlantic, the Mediterranean and connected seas (ICG/NEAMTW).

At present, the only TEWS already operating in the Mediterranean Sea is that run by DPC at the Island of Stromboli,
located north of Sicily in the south of the Tyrrhenian Sea. An active volcano is located on the island. A significant
geological feature of the volcano is the ’Sciara del Fuoco’ (Stream of fire), a big horseshoe-shaped depression on
the northwestern flank of the volcanic cone. The landslides that often detach from the ’Sciara del Fuoco’ following
eruptive activity may result in the generation of tsunamis that propagate around the island and toward the coasts of
Italy. The implemented TEWS is therefore aimed at mitigating the risk of landslide generated tsunamis. Several
Italian researchers work in the field of tsunamis, studying the mechanics of either generation or propagation, or the
possible means of detection. These researchers work within either Universities or National Research Agencies such
as the National Agency for Geophysics and Volcanology that is in particular responsible for the Italian Seismographic
Network.

The present paper aims at reporting an overview of some experimental research activities useful to improve the
TEWS of Stromboli island. Indeed, the events occurred on December 30, 2002 at Stromboli island motivated a series
of three-dimensional experimental works aimed at reproducing the wave generation by semi-elliptical landslides at
straight coast and conical islands. Firstly, a series of experiments was carried out in a three-dimensional wave tank
where a plane beach was placed. Along the beach a semi-elliptical solid landslide model were left to slide along
the incline by generating impulse waves. Both partially submerged and subaerial landslide were reproduced. The
experimental results were used as starting point for a further three-dimensional experimental investigation aimed at
reproducing impulse waves propagation around a conical island placed at the centre of a large wave tank (50 m
long, 30 m wide, 3 m high). The induced run-up along the coast was measured by means of special gauges directly
embedded into the island flanks. Only subaerial landslides were reproduced and the role of undisturbed shoreline
radius was investigated. The same experimental layout was used in order to collect not only the induced wave runup,
but also the free surface elevation related to the wave pattern propagating around the island.

2. Physical modeling of landslide generated waves

In the present work subaerial landslides are considered; thus, we focus mainly on this kind of generation mech-
anisms. When a subaerial landslide hits the water boundary and, consequently, enters the water, the sliding mass
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interacts with the water body and transfers its energy to it; a tsunami is then triggered. The generated impulse waves
both radiate seaward and propagate alongshore. In such a case trapped waves can take place and propagate along
the coast by inducing large wave run-up, observed in some real cases (Ursell, 1952, Liu and Yeh, 1996, Liu et al.,
1998, Johnson, 2007, Di Risio et al., 2009a). A clear, although qualitative, description of the generation physics has
been provided by Liu et al. (2005), Di Risio et al. (2009a) and Di Risio et al. (2011). The latter authors stated that
“When landslide enters the water body, it pushes ahead the fluid and a leading positive seaward radiating wave is
generated. Once the landslide becomes totally submerged, the water is initially depressed by generating a trailing
wave through. Strong alongshore free surface gradients occur in the generation area resulting in converging flows
that collide and rebound along the centreline of the landslide. The rebound is the responsible of a large positive wave
radiating offshore”.

Several researches have been carried out aiming at shedding light on the features of the landslide-generated waves
(e.g. Kamphuis and Bowering, 1970, Walder et al., 2003, Panizzo et al., 2005a, Di Risio and Sammarco, 2008).
However, it has to be mentioned that most of the works cited so far mainly aim at studying the features of the waves
that, leaving the generation area, radiate seaward. Indeed, aiming at implementing a Tsunami Early Warning System
(TEWS) in the Mediterranean Sea, it can be more interesting to look at those waves that propagate alongshore for
long distances, inundating the coasts. The physics of the wave propagation alongshore is dominated by complex
phenomena (i.e., refraction, diffraction, reflection, etc.); in a qualitative way it is possible to state that the wave
propagation alongshore is intimately related to the so-called “tsunamis trapping mechanisms”. The first studies on
the tsunamis propagation alongshore have been carried out in the last decades. Many authoritative experimental,
numerical and analytical studies have been addressed the propagation of the landslide-generated waves both along
straight coasts (e.g. Yeh, 1985, Chang, 1995, Liu and Yeh, 1996, Liu et al., 1998, Lynett and Liu, 2005, Sammarco
and Renzi, 2008, Di Risio et al., 2009a, Renzi and Sammarco, 2012, Seo and Liu, 2013) and around circular islands
(e.g. Yeh et al., 1994, Tinti and Vannini, 1994, 1995, Cho and Liu, 1999, Liu et al., 2005, Di Risio et al., 2009b, Renzi
and Sammarco, 2010). It is demonstrated that edge waves (i.e., trapped waves) dominate the wave propagation along
the shore, when a straight beach is considered. More complex is the physics of the wave propagation alongshore as
far as a circular island is concerned, as pointed out by Renzi and Sammarco (2010). The latter authors demonstrated
that in a polar-symmetric topography a perfect wave trapping is not possible.

In the followings sections the main results of two series of experiments are discussed. The mentioned experimental
campaigns aimed at shedding light on the features of the landslide-generated tsunamis that occur at a straight coast
and at a conical island respectively. A brief description of the experimental setup and of the main research findings is
provided accordingly.

2.1. Straight coasts

In this section the features of the landslide-generated tsunamis that occur at a straight coast are presented. A more
complete description of the experimental finding can be found in Di Risio et al. (2009a). Di Risio et al. (2009a) carried
out a series of experiments in a three-dimensional wave tank aiming at reproducing landslide-generated tsunamis at
a straight beach. The experiments have been carried out at the Environmental and Maritime Hydraulic Laboratory
(LIAM) of the University of L’ Aquila (Italy) in a three-dimensional wave tank (10.8 m long and 5.5 m wide). The
maximum water depth is of 0.80 m. The physical model is shown in Figure 1 (left). Along two of the four tank
sides an overspill has been deployed in order to reduce the reflection of the waves and to fix the maximum water
level. A sloping beach has been placed along the long side of the tank. The steepness of the slope is 1/3 (1 vertical, 3
horizontal). The beach is built in PVC sheets, and it is sustained by a steel frame. The cross-shore section is made of
a sloping part and of a constant-depth part 2.15 m long. It is worth to mention that the experimental layout is similar
to that simulated numerically by Lynett and Liu (2005), although the beach was steeper in the experimental layout.
The landslide model is a rigid body and is shaped as a half of an ellipsoid. In a reference frame with the origin placed
at the centre of the ellipsoid, the landslide models are described by the following equation:

)@ +y b+ =1 (1)
where x is the coordinate directed along the incline, y the coordinate parallel to the undisturbed shoreline and z is

the orthogonal distance from beach flank. The axis a (orthogonal to the undisturbed shoreline) is equal to 0.40 m
(landslide length 2a = 0.80 m), the axis b (parallel to the undisturbed shoreline) is equal to 0.20 m (landslide width
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Fig. 1. Picture of the straight coast physical model (left) and of the conical island (right).

2a = 0.40 m), the axis ¢ (orthogonal to the island flank) is equal to 0.05 m (landslide thickness). The density of the
landslide models was kept constant to 1.83 kg/m?® for a total mass of about 15.4 kg. The using of solid (i.e. not
granular) aims at observing the worst scenario (e.g. Di Risio et al., 2011). In order measure the displacement of
the landslide model an accelerometer has been placed inside the model itself. As the focus of the work of Di Risio
et al. (2009a) was mostly on the runup along the coast, special wave gauges have been built by employing two steel
bars (square section of 4 mm X 4 mm) directly embedded into the PVC of the slope to measure the instantaneous
movements of the shoreline

The experimental study has been carried out by reproducing both subaerial and partially submerged landslides.
Furthermore the experiments aimed at evaluate the influence of the dropping height £ in terms of the generated
waves. It is worth to highlight that the experimental layout allowed to observe the near field wave pattern, by using
a high resolution image analysis, and the propagation alongshore of the leading wave before the sidewalls reflection
contaminated the induced waves, by using the run-up measurements.

The analysis of the near field pointed out that for partially submerged landslides the shoreline appears V-shaped.
For subaerial landslides the body pushes strongly away the water resulting in a deep U-shaped shoreline. All the
waves recorded in the experiments performed by Di Risio et al. (2009a) always had first a crest and then a trough. As
the waves propagate away from the generation area the crest tends to become smaller than the trough and the period
of the waves increases.

As far as the maximum runup is concerned, it appeared that in the far field it was almost always induced by the
second or by the third wave. Furthermore, it is demonstrated that only very close to the generation area the first wave
is responsible of the maximum runup. On the contrary the minimum rundown is almost always given by the trough
of the first wave. Moreover, by estimating the celerity of the first wave it appeared that the celerity grows as the wave
propagates along the coast. Furthermore the celerity at which the crest propagates is larger than that of the trough,
consistently with the observed increase of the period.

2.2. Conical islands

In this section the features of the landslide-generated tsunamis that occur at a conical island are presented and
discussed. It has to be mentioned that an exhaustive description can be found in the works of Di Risio et al. (2009b)
and Molfetta et al. (2010). The experiments have been carried out in a large wave tank (50 m long, 30 m wide, 3
m deep) at the Research and Experimentation Laboratory for Coastal Defense of Polytechnic of Bari (LIC, Italy).
The physical model consists of a truncated conical island with base diameter equal to 8.90 m and maximum height
equal to 1.20 m made up of PVC sheets (thickness 0.01 m) sustained by a rigid steel frame (see Figure 1, right).
The island is placed at the centre of the tank in order to obtain an appropriate distance from the tank walls; indeed,
the walls when are reached by radiating waves induce spurious reflected waves that contaminate the experimental
domain. The water depth was kept constant to 0.80 m. The slope (@) of the island flanks is of cota = 3 (i.e. 1 vertical,
3 horizontal) to reproduce the typical slope of volcanic islands where landslides are likely to occur (i.e. Stromboli
Island, Southern Tyrrhenian Sea, Italy, Tinti et al. (2005)). One of the island flanks reproduces a slide that allows
landslide model to slide along the island and to enter the water; thus tsunamis can be triggered. Notwithstanding the
physical model reproduces a geometry as general as possible, it is interesting to highlight that the conical island could
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Fig. 2. Superposition of all the run-up time series (LS2).

be a schematized (and idealized) reproduction of the Stromboli Island, if a Froude law scale 1:1000 is considered.
Accordingly the slide along the island flanks can be seen as a reproduction of the Sciara del Fuoco.

During the experiments two different landslide models have been used. These models are rigid bodies and they are
shaped as a half of an ellipsoid similar to that used during the straight coast experiments. The first one (hereinafter
referred to as LS1) is characterized by a thickness of 0.05 m (¢=0.05 m). The LS1 volume is then equal to V = 0.0084
m?. It is worth to highlight that LS1 is the same landslide body used during the straight coast experiments detailed in
the previous section. The thickness of the second landslide model (hereinafter referred to as LS2) is 0.10 m (¢=0.10
m) and the volume V = 0.0168 m>. The density of the landslide models was kept constant to 1.83 kg/m? for a total
mass of about 15.4 kg and 31.7 kg for LS1 and LS2 respectively.

The experiments aim at measuring the waves generated by the landslide model that slides down the island flank.
A high-resolution camera was placed on a steel frame placed just outside of the wave tank, directly in front of the
generation area. The digital images collected by means of the video-camera have been used to reconstruct the landslide
motion. Given that the measurements aim at forming a benchmark to validate theoretical model, a large number of
instruments have been used to measure the free surface elevation (we refer to the work of Romano (2013) for further
details). In order to measure the free surface elevation time series around the conical island wave gauges (hereinafter
referred to as WG), ultrasonic water level sensors (hereinafter referred to as US) and run-up gauges (hereinafter
referred to as RG) were employed.

Some of the instruments were kept fixed in space (to check the repeatability of the experiments), some others were
placed on a steel frame that can rotate around the island centre spanning a half of the island (to measure the whole
wave pattern around the island). This “movable” system allows to collect the free surface time series along cross-shore
sections, starting from the axis along which the landslide moves (68 =0°) up to the rear side of the island (6 =180°).
For each test, the landslide is placed at starting position and the movable steel frame moved to the correct angular
position, then the acquisition process begins, the landslide model is released and the tsunami is generated. Typically
the acquisition process is stopped about 50 s after the release of the landslide, when the waves reflected at the side
walls had completely contaminated the wave field. The procedure was repeated for each position of the movable
frame, from 6 =0° up to 6 =180° every 5°, for a total of 37 landslide releases.
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t=3.5s t=4.5s t=15.5s
t=6.5s t="75s t=8.5s

Fig. 3. Free surface elevation around the island at several time steps from the landslide release (LS1). Note: in order to magnify the features of the
wave propagation, different color scales have been used for each panel.

16

Fig. 4. Spatial distribution of crest and trough amplitudes around the island (LS1). Left panels: first wave. Right panels: second wave. Upper
panels: wave crests. Lower panels: wave troughs. Note: colorbars are expressed in mm.
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Fig. 5. Individual wave periods of the first three waves measured by the moving arm and the run-up gauges (LS1, right panels; LS2, left panels).
Note : black points refer to the wave periods of the waves measured by the moving arm, while the solid markers (green and red) refer to the wave
periods of the run-up waves.

Figure 2 shows the superposition of the run-up time series obtained from the LS2. It has to be mentioned that
since a large number of repetitions have been carried out in order to measure the wave propagation around the whole
island by means of movable sensors, then a repeatability analysis has to be performed to ensure that the results are
meaningful. We refer to Romano (2013), in which a statistical repeatability analysis has been carried out, for further
details. The analysis of the runup gauges measurements raises several points of discussions. As highlighted by Di
Risio et al. (2009b), the crest amplitude of the waves first increases with the distance from the generation area and then
decreases. Figure 2 shows that the crest of the first wave of the packet becomes very high close to the landslide area
in which it induces the maximum runup; then the second wave becomes more important, and for a certain distance
it induces the largest inundation. Then the third wave grows and becomes the highest, and so on. This is the typical
behavior of frequency dispersive waves.

Once the experimental repeatability has been quantitatively estimated, by analyzing the data of the fixed gauges
(i.e., RGs), it is possible to use the measurements collected by the movable system. In Figure 3 the free surface
elevation contour plots, evaluated at several time steps since the landslide has been released, are represented. Each
contour plot has been obtained by linearly interpolating the free surface elevation, collected around the island, at a
given time step. It is shown that the spatial resolution of the measurements is high enough to describe in depth the
tsunamis propagation around the island (both alongshore and in deep water area).

Figure 3 clearly shows that in the first phases, after the landslide impact, the waves mainly propagate seaward (i.e.,
radiating waves), while, as the time increases, it seems clear that the tsunami propagates alongshore and inundate the
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island coast. This suggests that tsunamis trapping mechanisms, due to bathymetry, play a fundamental role in the
propagation/inundation phenomena. Furthermore it appears that the high spatial resolution measurements provide an
effective tool for gaining insight on the wave propagation phenomena, and, consequently to form a benchmark.

As far as the free surface elevation time series collected around the island are concerned a more complete picture
of the overall wave field can be depicted. A more detailed description of wave pattern can be addressed by looking
at the spatial distribution of crest and trough amplitudes around the island. Figure 4 shows the spatial distribution of
the wave crest (upper panels) and trough amplitudes (lower panels) of the first (left panels) and second wave (right
panels) obtained by linearly interpolating the experimental data obtained by using LS1. As far as the wave crest and
trough amplitudes of the first wave are concerned (left panels), the highest amplitudes occur in front of the generation
area. Furthermore in Figure 4 it is shown that the energy of the first wave (both wave crest and trough) seems to be
channeled in a direction that is parallel to the one along which the landslide travels, while as the angular distance
9 from the generation area grows the wave crest and trough amplitudes rapidly decrease. By observing the spatial
structure of the second wave (right panels of the Figure 4) other interesting features can be catched. As shown in
Figure 4, the maximum amplitude of the first wave crest occurs close to the impact point, while the trailing first wave
trough amplitude and, in particular, second wave crest and trough amplitudes occur at increasing distance, in front
of the generation area. Actually the first wave crest and trough can be interpreted as a near-field effect of the wave
generation, being the crest generated by the piston-like generation mechanism occurring when the landslide enters the
water and the trough generated by the rebound of water and by the interaction of landslide tail with the free surface.
As the distance from the generation area increases the effects of the generation mechanism becomes less important
and the wave pattern is governed by propagation mechanisms. It is important to stress that only when the propagation
mechanisms become important, the maximum amplitudes occur at the coast as already observed in the case of straight
coast by Lynett and Liu (2005) and Di Risio et al. (2009a). This is due to frequency dispersion which characterizes
the propagation of the seaward radiated waves as well as the propagation of the ones that travel alongshore.

Finally it is interesting to consider the features of the wave period. As far as the individual first three waves of the
generated train are concerned, Figure 5 shows the wave periods of the waves measured by means of both the moving
arm and the run-up gauges, as a function of the dimensionless variable s’, defined as follows

§ = 2= @)

where ry = 2.05 m is the radial distance that identifies the undisturbed shoreline, 1 is the angular position around the
island and b = 0.40 m is the landslide width. The black points refer to the wave periods of the waves measured by the
moving arm, while the solid markers (green and red) refer to the wave periods of the run-up waves. It is almost clear
that the first wave period, even if rather dispersed, increases as the distance from generation area grows. The periods
of the trailing waves exhibit lower dispersion and it is possible to observe clear differences between radiating waves
period and the period of the waves that propagate along the coast of the island, with the former lower than the latter.
It can be argued that two different wave system occurs and each of them obeys to their own dispersion relation.

3. Improvement of TEWSs

The main Tsunami Early Warning Systems (TEWSs) component rely on seismic monitoring or ground-movement
monitoring network of probable tsunami sources in order to perform a fast detection of possible tsunamigenic sources.
Indeed, it has to be stressed that, even if great efforts have been undertaken in developing new technologies (e.g.
Hamlington et al., 2011, Chierici et al., 2010, Sammarco et al., 2013), at present only direct detection in sea-level
measurements can confirm its actual generation and propagation (e.g. Bellotti et al., 2009, Bressan and Tinti, 2011,
2012).

Experimental findings briefly detailed in the previous sections have been used in order to improve Tsunami Early
Warning Systems and to optimize them on the light of the generation and propagation mechanisms. In particular, the
optimization of the TEWS rely on the correct layout of the sea-level monitoring network (i.e. the preventive actions as
defined in section 1). Furthermore the experimental results may be precious to identify the areas prone to be inundated
(i.e. almost simultaneous actions as defined in section 1) and the safe distance from the coast where collection points
have to be located (i.e. following actions as defined in section 1).
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Radiating waves propagate faster than the edge-waves like traveling along the coast (i.e. short alarm delay), but
they may me hardly detectable by standard pressure sensors as they propagate as almost deep water waves. If coastal
sensors are considered the available time to spread alarm may be low. Then, experimental results suggest that both off-
and near-shore sensors should be deployed in order to make the TEWS more effective (Bellotti et al., 2009). Moreover,
the experimental results were selected as benchmark data-sets for the validation of mathematical models useful within
the framework of a TEWS in both the real time and design stage. Indeed, Cecioni et al. (2011) proposed an inversion
procedure (validated against experimental data) based on the numerical solution of the linearized mild-slope equation
(Bellotti et al., 2008, Cecioni and Bellotti, 2010b,a) suitable for the real-time forecasting of the landslide tsunami
induced inundation based on the use of partial (i.e. real-time) free surface time series. This is the case, other than
the direct detection of tsunami occurrence, for which the availability of suitable time series are needed, i.e. tsunami
detection algorithms have to implemented in the software of the sensors (e.g. Beltrami, 2008, 2011, Beltrami and Di
Risio, 2011, Bressan and Tinti, 2011, 2012). In order to define the inundation areas, the real-time procedure may be
coupled to a near field modeling. Indeed, Montagna et al. (2011) showed that the commercial code FLOW-3D appears
to be very effective for the reproduction of landslide tsunami generation. The validated numerical results reveal that it
can be considered very accurate, both for the computation of runup (i.e. for the production of inundation maps), both
for the forecast of the offshore-propagating waves. In view of the good accuracy of the results, the model has been
applied to run a set of numerical tests that was not possible to perform in the laboratory, such as for example those
involving fully submerged landslides.

4. Concluding remarks

The present paper reviews some of the experimental activities carried out during the last decade with the aim of
improving the Tsunami Early Warning System in the case of landslide tsunami. A series of experiments carried out
with the main aim of gaining insight on landslide generated tsunamis and to define a series of benchmark data-sets
useful for (i) the validation of mathematical models, (ii) the improvement of the knowledge on involved phenomena
and (iii) the optimization of detection algorithm are described. The main results of the experimental investigations are
reviewed. The use of experimental findings to validate mathematical models and detection algorithm used within the
frame of TEWSs are reported.
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