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Abstract. Tsunamigenic fast movements of the seabed
generate pressure waves in weakly compressible seawater,
namely hydro-acoustic waves, which travel at the sound
celerity in water (about 1500 ms—1). These waves travel
much faster than the counterpart long free-surface gravity
waves and contain significant information on the source.
Measurement of hydro-acoustic waves can therefore antici-
pate the tsunami arrival and significantly improve the capa-
bility of tsunami early warning systems. In this paper a novel
numerical model for reproduction of hydro-acoustic waves
is applied to analyze the generation and propagation in real
bathymetry of these pressure perturbations for two historical
catastrophic earthquake scenarios in Mediterranean Sea. The
model is based on the solution of a depth-integrated equation,
and therefore results are computationally efficient in recon-
structing the hydro-acoustic waves propagation scenarios.

1 Introduction

Submarine earthquakes are the major cause of generation
of tsunami. A correct modeling of the wave field gener-
ated by seabed movement is mandatory to understand the
physics of the tsunami and its propagation. Most of the
hydraulic tsunami models make use of the water incom-
pressibility hypothesis. Nevertheless a sudden movement of
the seabed, triggered by underwater earthquake, compresses
the water column and generates pressure waves (hydro-
acoustic waves) that propagate in the sea at the celerity of
sound in water. The present analysis involves only the first-

order effects of compressibility on the generation of sur-
face (tsunami) and hydro-acoustic waves, and does not con-
sider the secondary wave-to-wave interaction (e.g., pseudo-
Rayleigh and acoustic-gravity waves considered in the work
of Ardhuin and Herbers, 2013).

Since the hydro-acoustic waves travel much faster than the
surface waves, their real-time recording allows the antici-
pation of the tsunami arrival. Moreover, the hydro-acoustic
wave signals contain significant information on the tsunami-
genic source (Cecioni et al., 2014; Chierici et al., 2010).
Therefore the detection and the complete modeling of hydro-
acoustic waves (speed around 1500 ms~1), together with
measurements of seismic waves (speed around 5000 ms—1),
could in principle dramatically improve the effectiveness of
tsunami early warning systems.

Earlier studies on tsunami evolution in weakly compress-
ible water have been carried out by Miyoshi (1954), Sells
(1965) and Yamamoto (1982). Later, analytical studies have
solved the potential fluid problem in weakly compressible
water, with fast-rising motion of the seabed (Nosov, 1999;
Stiassnie, 2010; Chierici et al., 2010). The analytical mod-
els, although extremely useful to investigate the features of
hydro-acoustic wave generation and propagation processes,
are not suited for reproduction of such phenomena at real-
geographical scale. The numerical solution of the 3-D prob-
lem (Nosov and Kolesov, 2007; Bolshakova et al., 2011) is
straightforward to obtain but requires unacceptable compu-
tational time when applied to large areas. A depth-integrated
equation has therefore been proposed by Sammarco et al.
(2013), which reproduces the mechanics of propagation of
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low-frequency hydro-acoustic waves due to a sudden bottom
displacement associated with earthquakes. The wave simu-
lation by means of this equation overcomes the computa-
tional difficulties of three-dimensional models and retains
all the physical features of the phenomena. The model has
been applied by Abdolali et al. (2015a) to reproduce the wave
field generated by the 2012 Haida Gwaii tsunamigenic earth-
quake, and model results are compared with in situ wave
measurements.

In this paper the results and the physical implications
of a large geographical scale application of the numerical
model based on the depth-integrated equation of Sammarco
et al. (2013) are illustrated. The model is applied to simu-
late the hydro-acoustic wave propagation generated by two
main tsunamigenic destructive historical earthquakes that oc-
curred in the Mediterranean Sea: the AD 365 Crete event
and the 1693 Sicily event. The depth-integrated model has
been validated through comparison with the solution of the
full three-dimensional weakly compressible wave problem in
real bathymetry, along vertical sections of the sea. The com-
parison allowed some computational parameters to be set up
in order to optimize the depth-integrated model.

The simulation of hydro-acoustic wave propagation in real
bathymetry enables the investigation of the correlation be-
tween the hydro-acoustic waves and the generation mech-
anism, the source location, the bottom topography and the
depth of the pressure recording point. The model is based
on the hypothesis of rigid seabed; however, it is worth cit-
ing Eyov et al. (2013), who study the effects of replacing
the rigid-bottom assumption by an elastic half-space solid
medium on the properties of the acoustic-gravity waves.
Chierici et al. (2010) investigated on the effect of a porous
seabed, and more recently Abdolali et al. (2014) and Ab-
dolali et al. (2015b) presented a depth-integrated equation
to simulate gravity and hydro-acoustic waves over a viscous
compressible sedimentary layer underlying seawater.

In the portion of the Mediterranean Sea considered in
the present research, two deep-sea observatories are located
off-shore of the eastern Sicilian coast. These observatories,
described later in more details, are equipped, among oth-
ers instruments, with low-frequency and large-bandwidth hy-
drophones. Therefore the numerically reproduced scenarios
provide indications on the attended hydro-acoustic signals in
the case of submarine earthquake occurrence.

The paper is structured as follows: the next section deals
with the description of the numerical model; Sect. 3 describes
the large-scale numerical simulations of the two selected his-
torical tsunamis; in Sect. 4 discussions and conclusions are
given.

2 Description of the numerical model

Consider the problem of wave propagation in weakly com-
pressible inviscid fluid, where waves are generated by a
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seabed motion. In the framework of linearized theory the
governing equation and boundary conditions for the fluid po-
tential ®(x, y, z,t) are

&y —c2V2D — 2D, =0
q)lt+g(DZ=0 at
O, +Vh-Vd+h, =0  at

z=0 , (D
Z:_h(xvy?t)

where V and V2 are respectively the gradient and the Lapla-
cian in the horizontal plane x,y, while subscript with the
independent variables denotes partial derivatives, cs is the
celerity of sound in water, and g is the gravity acceleration.
h is the water depth, given by the rest bottom topography
hy (x, y) net of the earthquake bottom motion ¢ (x, y, t):

h(xvyvt):hb(xvy)_g-(xvyﬂt)' (2)

From Eq. (2) Ay, the water depth time variation, is zero ev-
erywhere except on the earthquake zone,

h,=—§t=—i—°[H(t>—H<t—r)], )

where H is the Heaviside step function, ¢o (x, y) is the resid-
ual displacement, 7 is the duration of the seabed motion and
the seabed velocity is assumed constant, as ¢p/t.

The solution of Eq. (1) is given by an infinite sum of nat-
ural modes, n =0, 1, ... (Eyov et al., 2013). The first mode
(n = 0) represents the gravity surface wave, i.e., the tsunami;
the other modes (n > 1), namely the hydro-acoustic modes,
are responsible for elastic oscillations of the water body. The
hydro-acoustic waves are characterized by a set of natural
frequencies, namely cutoff frequencies:

) _ (2n — 1)cs

! 4h

(4)
where n > 1 is the indicator of the hydro-acoustic mode.
Evanescent and progressive waves are associated respec-
tively with lower and higher frequencies than the cutoff ones
(Eq. 4).

Sammarco et al. (2013) via a proper application of the av-
eraging technique to the problem (Eg. 1), in the hypothesis
of constant ¢s and mild sloped seabed (Vi « kh), found a
depth-integrated equation, which in hyperbolic form reads

c, 1 @? 2
Iﬂn,, (_2+_)_V(C11VWn)+(__,3n Cn)'(pn :htDn» (5)
¢ & 8
where ¥ (x, v, t) is the fluid velocity potential at the undis-
turbed free surface. Equation (5) has been named a mild-
slope equation in weakly compressible fluid (MSEWC).
The subscript n indicates that Eq. (5) is valid for the
generic nth mode (hydro-acoustic and gravity). Superimpo-
sition of the solutions of Eq. (5) for each mode will lead
to complete modeling of the fluid potential, ® (x, y,z,t) =
>l o¥n (x,y,1) fu (z), generated by a fast seabed motion,
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Table 1. Magnitude My, and seismic moment Mg for the two sce-
narios as determined by Tonini et al. (2011).

Scenario My Mg (Nm)
AD365 85 6.3210%1
1693 7.2 7.07101°

where the f,’s are the classic eigenfunctions of the constant
depth homogeneous problem, which is valid for mild-sloped
seabed

_ Cosh By (h+2)]
(@) = Teosh (B (6)
In Eq. (5) B8,,’s are the roots of the dispersion relation
g, = | n=0 Bi=po @ =sgpotanh (foh) @
" | n=1 B,=iB, w?=—gPB,tan (Buh)’
while the terms C, (x, y) and D,, (x, y) are given by
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More details on the wave derivation can be found in Sam-
marco et al. (2013). Note that for incompressible fluid, i.e.,
in the limit ¢ — oo, Eq. (5) reduces to the classical MSE
(Berkhoff, 1972) extended to allow for bottom motion (Ce-
cioni and Bellotti, 2010b, a). In the time domain the MSEWC
reproduces the fluid potential characteristic of a narrow-
frequency-banded wave spectrum, around the value of a car-
rier frequency, which determines the variables 8,,, C, and
D,,. For each narrow frequency band of the wave spectrum,
Eq. (5) is solved and then the results are superimposed.

The numerical model makes use of the finite element
method and solves the hyperbolic equation by means of
a time-marching numerical scheme. The model uses the
generalized-o method, which is a one-step implicit method
for solving the transient problem. The method, first devel-
oped for the second-order equations in structural mechanics
(Chung and Hulbert, 1993; Jansen et al., 2000), increases the
amount of numerical damping present without degrading the
order of accuracy.

3 Mediterranean tsunami scenarios

Two historical tsunami scenarios have been reproduced by
means of the numerical solution of the depth-integrated

www.nat-hazards-earth-syst-sci.net/15/627/2015/

h (m)

Albania

-500

-1000

= A-1500

- 1-2000

= -2500

= A-3000

-3500

-4000

-4500

-5000

Figure 1. Mediterranean Sea bathymetry relative to the numerical
domain.

MSEWC (Eq. 5). The selected tsunami events are those
generated by the AD 365 Crete earthquake and the 1693
Sicily earthquake. We refer to the paper of Tonini et al.
(2011), which estimates the tsunami hazard for the city of
Catania (Sicily, Italy) by means of the Worst-case Credi-
ble Tsunami Scenario Analysis (WCTSA) technique. The
authors have considered several possible earthquake scenar-
ios of the two events of AD 365 and 1693 and performed
a sensitivity analysis on the source size, since the choice of
the source strongly affects the final results in terms of inun-
dation map. The historical tsunami analyzed in the present
study have been selected among the ones proposed by Tonini
et al. (2011), as those generated by the largest reconstructed
submerged earthquakes. Their seismic parameters are re-
ported in Table 1. Figure 1 shows the domain of appli-
cation of the numerical model, which is a portion of the
Mediterranean Sea, and the relative bathymetry. The bound-
aries are the coasts of Italy, Greece and North Africa. Dashed
black lines represent the open sea boundaries, where a con-
dition of waves’ free exit is imposed. For the 1693 Sicily
tsunami scenario the numerical domain is restricted to the
portion of Mediterranean Sea bounded by the thin dashed
line. The data of the Mediterranean Sea bathymetry, repre-
sented in Fig. 1, are taken from ETOPO1, a 1 min bathy-
metric and relief database of the National Geophysical Data
Center (NGDC). In Fig. 1 two points are indicated, namely
CTS and CP, which correspond to the position of two sub-
marine observatories, equipped with hydrophones. The Cata-
nia Test Site (CTS) observatory (37°30.008’ N, 15°23.034' E
northern site, 37°32.861’ N, 15°23.844' E southern site) is lo-
cated around 25 km offshore of the harbor of Catania and
at a water depth of 2km. The Capo Passero (CP) obser-
vatory (36°17’33.57” N, 15°58'53.02" E), is located 100 km
offshore of the Capo Passero village and at 3500 m below the
mean sea level. Both observatories are connected to shore
through a submarine electro-optical cable. The observato-
ries located in the Catania Test Site are dedicated to multi-
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Table 2. Seismic parameters of AD 365 Crete earthquake, as recon-
structed by Tonini et al. (2011), for the north (segment 1) and south
(segment 2).

Seismic parameters Segment1  Segment 2
Length (m) 230 230
Width (m) 90 90
Strike (°) 312 320
Dip (°) 21 21
Rake (°) 90 90
Slip (m) 5 5
Upper edge depth (km) 5 5

disciplinary activities, equipped with low-frequency (0.1 Hz—
1kHz) and large-bandwidth (10 Hz—70kHz) hydrophones,
seismometers, CTDs, magnetometers and current meters.
The Capo Passero submarine observatory has been designed
and constructed by INFN in the framework of the NEMO and
KM3neT-Italia (www.km3net.org) projects. Aboard this ob-
servatory an antenna of large bandwidth hydrophone (10 Hz—
70kHz) has been installed within the activities of the SMO
(Submarine Multidisciplinary Observatory) FIRB research
project, funded by the Italian Ministry for University and Sci-
entific Research (MIUR). SMO aims at collecting real-time
acoustic data for three main scientific areas: astrophysics,
for the neutrino detection, bio-acoustics, for the whale track-
ing, and geophysics for the recording of hydro-acoustic wave
generated by submerged earthquakes. The SMO was in-
stalled in March 2013 and since then has been acquiring data
in real time. The position of the two observatories has been
used to analyze the numerically reproduced hydro-acoustic
signals generated by the two historical earthquakes. Details
on each earthquake—tsunami event and their modeling are
given in the following subsections.

3.1 The AD 365 scenario

The AD 365 earthquake was an undersea earthquake that oc-
curred on 21 July AD 365 in the eastern Mediterranean, with
an assumed hypo-center located off western Crete, along a
major thrust fault parallel to the western Hellenic Trench.
Geologists today estimate that the quake intensity was 8.5
on the Richter scale or higher, causing widespread destruc-
tion in central and southern Greece, Libya, Egypt, Cyprus,
and Sicily. In Crete nearly all towns were destroyed. This
earthquake was followed by a tsunami which devastated the
Mediterranean coasts, Killing thousands of people and hurl-
ing ships 3km inland.

This work considers a reconstructed scenario of this earth-
quake, in order to numerically reproduce the generated
hydro-acoustic waves. Following the works of Shaw et al.
(2008) and Tonini et al. (2011), we consider almost the whole
rupture of the western Hellenic arc. Making use of the sim-
plified fault model of Tonini et al. (2011), the seismic pa-
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Figure 2. Residual vertical seabed dislocation, ¢g (m), for the AD
365 Crete earthquake as reconstructed by Tonini et al. (2011).

rameters are described in Table 2. The reconstructed residual
seabed dislocation, ¢p, has been calculated by means of the
Okada (1985) formulas and it is shown in Fig. 2.

In Fig. 2 two straight lines AB and CB are drawn: they pass
through the two locations of the submarine observatories of
Catania (CTS) and Capo Passero (CP). Along these two lines
the MSEWC (Eq. 5) has been solved and compared with the
solution of the complete 3-D problem (Eqg. 1) applied to the
two vertical sections (AB and CB). Figure 3 shows the wa-
ter depth (upper panels) and the seabed residual vertical dis-
locations (lower panels) along these two cross sections. The
comparison at the two cross sections reveals very good agree-
ment between the depth-integrated and the 3-D models. For
the sake of brevity just the results at the two points, CTS and
CP, are presented in Fig. 4. The panels a and b represent re-
spectively the free-surface elevation time series and their fre-
quency spectra at the CTS point, while the panels c and d are
relative to the CP point. In each panel the upper plots show
the solution of the 3-D reference model, and the lower plots
show the depth-integrated model results. The time series are
in very good agreement, although, as can be noted from their
spectra (right column), not all the frequencies have been re-
produced in the solution of the depth-integrated equation. In
particular for the simulation here presented a set of MSEWC
has been solved, each one relative to a frequency in the range
f=0.1-0.5Hz, witha Af =0.04Hz.

The comparison results have been used to set up some
computational parameters of the large-scale simulation and
to optimize the number of frequencies and number of modes
to solve in order to obtain a good reproduction of the hydro-
acoustic signal, minimizing the computational costs. For the
AD 365 earthquake scenario in the whole domain, the fre-
quency range f =0.1—0.5Hz, with a Af =0.04Hz, has
been evaluated as sufficient in order to accurately reproduce
the hydro-acoustic waves. It has been found that the first
acoustic mode alone is responsible for carrying most of the
energy transferred from the seabed motion. The large geo-
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Table 3. Seismic parameters of the 1693 Sicily earthquake, as reconstructed by Tonini et al. (2011), for the four segments from north to

south.
Seismic parameters Segment1l Segment2 Segment3  Segment 4
Length (m) 14.7 8.8 5 19.2
Width (m) 16.5 16.5 16.5 16.5
Strike (°) 329 322 343 360
Dip (°) 35 35 35 35
Rake (°) 270 270 270 270
Slip (m) 3 3 3 3
Upper edge depth (km) 0.5 0.5 0.5 0.5
Section AB Section CB (a) 7 (m) (b) 7
0 CTS cp 43D 10%
h (km) 0 0
-2 -1 10
4/DI 2
-4 10
0
-1 10°
3
0 200 400 0 2
2 () n (m) (d) 7
So(m) 02 2
1 213D 10
0
-0.2
o 200 400 0 200 400 0.2[Dr 10
x (km) x (km)
0 10°
Figure 3. Upper panels: vertical sections AB and CB of Fig. 2. Sec- -0.2
tion AB contains the location of the Catania submarine observa- 0 200 400 0 1 2
tory, while section CB the Capo Passero Observatory. Lower pan- t (s) f (Hz)

els: residual vertical sea bed displacement ¢q relative to the above
vertical section.

graphical simulations have been carried out in the domain
of Fig. 1, which has been discretized by 2250 000 triangular
elements, using a maximum element mesh size of 1200 m.
In order to reproduce the hydro-acoustic wave propagation
in the whole domain, the simulation covers a time of 7205,
with a time step of 0.1s. The computational time was about
100 h on a high-speed computer equipped with 12 cores i7
3.20 GHz CPU and 64 GB RAM.

The results of the numerical model application in terms of
free-surface elevation are represented in Fig. 5. At the time
t = 0 the earthquake occurs; then the hydro-acoustic wave
travels in the Mediterranean Sea at the sound celerity in wa-
ter, assumed constant as 1500 ms—1. Each 90s a snapshot
of the free-surface elevations is represented, showing that
after 180s the coasts of Libya (Africa) are reached by the
hydro-acoustic waves, while after 360 s the acoustic signal
arrives at the coasts of Tunisia and Italy. After about 500s
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Figure 4. Free-surface time series (left column) and their relative
frequency spectra (right column) at the CTS point (a and b) and CP
point (c and d). Comparison between the solution of the 3-D ref-
erence model (upper plots) and the solution of the depth-integrated
equation (lower plots).

the hydro-acoustic perturbation has covered almost all the
domain. From the snapshots for r > 450 s it can be noted that
the maximum values of free-surface oscillation are located
around the areas of deeper waters, which occur, as can be
seen in Fig. 1, south of Greece and between Sicily and Libya,
in the middle of the numerical domain. The simulation re-
sults shown in Fig. 5 confirm that the hydro-acoustic signal
does not propagate upslope (Nosov and Kolesov, 2007; Kadri
and Stiassnie, 2012): the shallower water areas south-west
of Sicily are not reached by the hydro-acoustic perturbation
even after longer time from the earthquake occurrence.

At the two points where the submarine stations are located,
CTS and CP, the simulated pressure perturbations associated
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Figure 5. Snapshots of the free surface (n) hydro-acoustic perturbation given by the AD 365 Crete earthquake. 1 = 0 refers to the time of

occurrence of the earthquake.
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Figure 6. Pressure time series (left column) and their frequency
spectra (right column) at Catania Test Site point (upper plots) and
at Capo Passero point (lower plots), resulting from the numerical
solution of the depth-integrated Eq. (5) over the whole domain.

with hydro-acoustic first mode are calculated at the sea bot-
tom. Figure 6 represents the pressure time series (left col-
umn) and the frequency spectra (right column) at Catania

Nat. Hazards Earth Syst. Sci., 15, 627-636, 2015

Test Site submarine station (upper plots) and at Capo Passero
submarine station (lower plots). At both points the hydro-
acoustic signal arrives around 5 min after the earthquake oc-
currence, while the long free-surface tsunami waves arrive
after about 40 min, assuming a constant velocity of \/gh in a
mean water depth of 2.5 km.

Since most of the seabed motion occurs at a water depth of
3km, the generated hydro-acoustic waves oscillate at a fre-
quency close to the cutoff value of the first hydro-acoustic
mode, i.e., f® = c¢s/4h=0.12Hz. This signal is however
filtered when traveling on shallower water depth, which al-
low the propagation only of higher-frequency waves (Kadri
and Stiassnie, 2012). The model results, shown in term of
frequency spectra in Fig. 6, confirm this water depth fil-
tering effect: the CTS is located at a water depth of 2km,
and therefore the cutoff frequency for propagating wave is
£ =0.19 Hz; the CP site is located at 3 km of water depth
and records wave oscillation of 0.12 Hz.

3.2 The 1693 scenario

On 11 January 1693 a powerful earthquake occurred offshore
of the east coast of Sicily, Italy. This earthquake was pre-
ceded by a damaging foreshock on 9 January. It had an esti-
mated magnitude of 7.2, one of the most powerful in Italian
history, destroying at least 70 towns and cities and causing
the death of about 60000 people. The earthquake was fol-
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Figure 7. Residual vertical seabed dislocation, ¢g (m), for the 1693
Sicily earthquake, as reconstructed by Tonini et al. (2011)

lowed by tsunamis that devastated the coastal villages at the
lonian Sea coasts and in the Strait of Messina (Tinti et al.,
2004). The strongest effects were concentrated around Au-
gusta, where the initial withdrawal of the water left the har-
bor dry, followed by a wave of at least 2.4 m height, pos-
sibly as much as 8 m, that inundated part of the town. The
maximum inundation of about 1.5 km was recorded at Mas-
cali. The identification of the tsunami source is still an open
issue; Tonini et al. (2011) carried out the Worst-case Cred-
ible Tsunami Scenario Analysis on the basis of a possible
earthquake and a possible submerged landslide. For the anal-
ysis of the hydro-acoustic wave generation, the reconstructed
earthquake scenario assumed by Tonini et al. (2011) has been
chosen. The seismic parameters of Table 3 are taken as wave
generation condition. Figure 7 shows the plan distribution of
the vertical residual seabed motion in the overall numerical
domain, which occurs downward, differently from the AD
365 Crete scenario.

Again, the depth-integrated model is tested by compari-
son with the 3-D solution at two vertical sections of the sea.
The position of these sections is represented in Fig. 7, while
Fig. 8 shows the water depth and the vertical residual seabed
dislocation over the two sections. From the comparison be-
tween the solution of the complete 3-D equation and of the
MSEWC, a good agreement is found over all the points of
both sections. The results at Capo Passero site on the FG sec-
tion and at a point close to the Greek coast (point P) on the
DE section are presented.

Figure 9 shows free-surface elevation time series and fre-
quency spectra at CP point (panels a and b) and at P point,
close to the Greek coast (panels ¢ and d). In each panel the
upper plot shows the 3-D reference model results, while the
lower panel shows the solution of the MSEWC. The depth-
integrated results in the time domain almost perfectly re-
produce the solution of the 3-D mathematical problem. As
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Figure 8. Upper panels: vertical sections FG and DE of Fig. 7.
Lower panels: residual vertical seabed displacement ¢g relative to
the above vertical section.

it can be noted by looking at the spectra, the comparison
is in a good agreement for the MSEWC reproduced fre-
quency range (0.15-0.3 Hz). In the depth-integrated model-
ing the reproduction of frequencies out of this range, and
relative to the second and higher hydro-acoustic mode, in-
creases the computational time without providing a relevant
improvement in the wave simulation. From the complete 3-
D simulation it is possible to notice clearly that the hydro-
acoustic signal during its propagation vibrates at the nor-
mal frequencies of the water layer where it has been gen-
erated, around 2 km. The Capo Passero observation site is at
a water depth of about 3km, deeper than the earthquake lo-
cation and close to it; therefore the frequency spectrum at
CP of Fig. 9 shows five peaks, which are relative to the first
five hydro-acoustic modes that occur at the normal frequen-
cies ™ =0.19, 0.56, 0.9, 1.31 and 1.69 Hz, accordingly to
Eq. (4). Traveling far from the generation area the pressure
perturbation loses this peaked frequency spectrum around the
cutoff values, as can be noted at point P, around 350 km far
from the earthquake.

The large-scale depth-integrated simulation has been car-
ried out in the domain represented in Fig. 7, which has been
discretized by means of triangular elements with a maximum
size of 1200 m, for a total of 1110 000 elements. The time in-
terval numerically reproduced is of 600 s after the earthquake
occurrence and a time step of 0.1s has been used. The com-
putational time to reproduce this simulation was about 50 h
using the same computer described before.
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Figure 9. Free-surface time series (left column) and their relative
frequency spectra (right column) at the CP point (a and b) and at
P point (c and d). Comparison between the solution of the 3-D ref-
erence model (upper plots) and the solution of the depth-integrated
equation (lower plots).

Snapshots of the free-surface elevation from ¢ = 0 (earth-
quake occurrence) every 1 min, up to 8 min, are shown in
Fig. 10. At time ¢ = 4 min the hydro-acoustic wave reached
the Greek coasts. After that time, the maximum values of the
free-surface hydro-acoustic waves, around 6 cm, are at the
deeper waters, while the propagation in the shallower areas
does not occur.

The results of the large-scale depth-integrated simulation
are presented at the two observation points, CTS and CP, in
terms of bottom pressure. Figure 11 shows the pressure sig-
nals in the time and the frequency domain, at the two points
CTS (upper plots) and CP (lower plots). The CTS point
lies above the earthquake, while CP point is about 100 km
from the epicenter; hence the hydro-acoustic signal arrives
after about 1 min from the earthquake occurrence. Despite
the time of arrival and a greater amplitude of the waves at
CTS just after the earthquake occurrence, the two pressure
signals are very similar. The generated signal has a peak fre-
quency around 0.19 Hz, since the waves are generated at a
water depth of 2km, and at the same frequency associated
propagating modes are at the deeper 3 km water depth (CP).
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4 Discussion and conclusions

The Mediterranean seabed is affected by intense seismic ac-
tivities. The potential tsunamis can therefore be destructive
since the coasts are densely populated and very close: the
travel time of tsunami wave towards the coast is in the order
of few minutes up to 1 h. Rapid detection of the tsunami gen-
eration in this region is mandatory for future development of
early warning systems, and the use of the hydro-acoustic sig-
nals can cope with this necessity. This appealing feature of
hydro-acoustic waves has recently been considered by Renzi
and Dias (2014) for the wave field generated by a localized
surface pressure disturbance; their work could lead to the de-
sign of innovative alert systems for coastal flooding manage-
ment, based on the measurements of hydro-acoustic wave.

The proposed model reproduces the mechanism of prop-
agation of hydro-acoustic waves due to a sudden bottom
displacement associated with earthquakes, solving the mild-
slope equation in weakly compressible fluid of Sammarco
et al. (2013). In order to develop innovative warning pro-
cedures based on these acoustic signals, the correct mod-
eling of wave field, in weakly compressible fluid, at real-
scale domains is extremely important. The use of a depth-
integrated equation allows the simulation in large geograph-
ical areas, such as the Mediterranean Sea, where the 3-D
modeling requires huge computational times. The depth-
integrated equation has been already validated by Sammarco
etal. (2013); however, in this paper an application and valida-
tion in real bathymetry has been developed. The full model-
ing of the hydro-acoustic waves field generated by two histor-
ical tsunamigenic earthquake scenarios in the Mediterranean
Sea has been carried out.

The numerical model results highlight that the seabed mo-
tion energy is transferred to hydro-acoustic waves mainly at
the frequencies just after the cutoff values of each acous-
tic mode. Close to the generation area the frequency spec-
tra clearly show energy peaks for each acoustic mode, while
during wave propagation the hydro-acoustic energy will
distribute along frequencies higher than the cutoff values.
The simulation of the 1693 earthquake scenario shows that
100 km far from the epicenter, at Capo Passero observation
site, the hydro-acoustic waves recorded still allow the iden-
tification of the energy associated with each acoustic mode.
The numerical simulations confirm that the first mode is the
one which carries most of the energy. The hydro-acoustic
modes propagate undisturbed in water layers equal to or
deeper than the one where they have been generated. As
the waves propagate in shallower water depth, characterized
by higher cutoff frequencies, the components with frequen-
cies lower than the cutoff become evanescent: when hydro-
acoustic waves propagate towards shallower sea depth, the
water layer acts as a frequency filter.
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Figure 10. Snapshots of the free surface () hydro-acoustic perturbation given by the 1693 Catania (Sicily) earthquake. ¢t = 0 refers to the

time of occurrence of the earthquake.
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Figure 11. Pressure time series (left column) and their frequency
spectra (right column) at Catania point (upper plots) and at Capo
Passero point (lower plots), resulting from the numerical solution
of the depth-integrated Eq (5) over the whole domain.

It is worth mentioning that landslides are the second major
cause of tsunami generation. The present model is in princi-
ple able to reproduce a submarine motion of rigid landslide.
However, due to the occurrence of landslides mainly near the
shore, and since during its motion the landslide would gener-

www.nat-hazards-earth-syst-sci.net/15/627/2015/

ated pressure waves at different water depths, further studies
need to be addressed on this topic.

To implement innovative tsunami early warning systems
based on measurement and analysis of hydro-acoustic sig-
nals, the complete modeling of hydro-acoustic waves in real
bathymetry has proven to be extremely useful. The numerical
model simulations show that the hydrophones must be placed
in waters deep enough to record larger frequency ranges and,
if possible, not shielded by seamounts. However these instru-
ments should be connected to the shore by submarine cables
to guarantee fast data transmission; therefore their location
can not be too far from the coastline. Hence the model can
help choose the right positioning of the hydrophone system.
For the portion of the Mediterranean Sea here analyzed, the
numerical simulation results suggest that offshore of the Si-
cilian east coast, where the instruments have been placed, and
offshore of the Greek west coast, the waters are deep enough
to record and identify the hydro-acoustic waves generated by
seismic activities in both the Hellenic arc and the lonian Sea
(southern Italy).
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