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Abstract: The paper investigates on the hydro-acoustic waves propagation caused by the underwater
earthquake, occurred on 6 February 2012, between the Negros and Cebu islands, in the Philippines.
Hydro-acoustic waves are pressure waves that propagate at the sound celerity in water. These waves can
be triggered by the sudden vertical sea-bed movement, due to underwater earthquakes. The results of
three dimensional numerical simulations, which solve the wave equation in a weakly compressible sea
water domain are presented. The hydro-acoustic signal is compared to an underwater acoustic signal
recorded during the event by a scuba diver, who was about 12 km far from the earthquake epicenter.
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1. Introduction

Although in many applications the sea water is correctly assumed to be incompressible, its weakly
compressibility cannot be neglected when studying some specific phenomena. When the rigid bottom
below the water layer quickly moves, as in the case of an underwater earthquake, both gravity and
acoustic waves are generated in the fluid. The first, propagating as free surface transient perturbations
(i.e., tsunamis) are able to carry huge energy, with devastating consequences when approaching the coasts.
Tsunami waves move at celerity of 100-200 m/s at oceanic depths. The second, named hydro-acoustic
waves, propagate at the sound celerity in water, approximately 1500 m/s and their period is the time
interval needed to propagate from the bottom to the free-surface four times. Given that their propagation
speed is significantly larger than that of the tsunamis, hydro-acoustic waves are tsunami precursors.

Many analytical [1-4] and numerical [5-9] studies indicate that a fast sea-bed motion triggers pressure
waves that propagate in the water layer. In-situ acoustic measurements [10-12] during submerged
earthquake confirmed the possibility to record the generated hydro-acoustic waves. However further
research is needed before these acoustic signals can be used as tsunami precursors in real-time systems.

As pointed out by [13], the Negros-Cebu 2012 earthquake generated the compression of the above
column of water, triggering the propagation of hydro-acoustic waves. In their study the Authors analyzed
an underwater acoustic signal recorded incidentally by a scuba-diver during the earthquake. The recorded
audio revealed a specific spectral signature few seconds after the earthquake, that has been attributed
to hydro-acoustic waves by comparison with results of two dimensional numerical simulation. The aim
of the present paper is to extend their study, performing a three dimensional computation to include
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the entire fault zone and the surrounding bathymetry. The aim of the research is to evaluate if a more
detailed modelling, that takes into account the full three-dimensional features of the bathymetry and of the
earthquakes, can provide relevant insight into the phenomena. The next Section describes the earthquake
event and the spectral analysis of the recorded audio signal. Section 3 describes the numerical model
implemented to reproduce the hydro-acoustic wave generated by the earthquake and propagated to the
measuring point, and the comparison between the numerical results and the in-situ measurements. Finally,
conclusions are given.

2. In-Situ Observation of Negros-Cebu 2012 Earthquake

On the 6 February 2012, Negros Island in the Visayan region in the central Philippines was struck by
a 6.7 Mw earthquake. The epicenter (latitude 9.99° N, longitude 123.21° E and 11 km of depth, from USGS
data) was located few kilometers east of the coast of central Negros, in the vicinity of the coastal towns
of La Libertad and Tayasan (see Figure 1). The earthquake caused damages to infrastructures located
in the east coast of Negros Island and killed at least 50 people. The paper [14] describes in details
the seismic-tectonics of this event, aiming at characterizing the earthquake fault, by studying onshore
structural field observations, analyzing earthquake data and interpreting offshore seismic profile. This
detailed analysis provided seismic information of the earthquake, that is used as the source term of the
hydro-acoustic wave model presented in this paper.

The Tafion Strait is the water body that divides the islands of Negros and Cebu, where the earthquake
occurred. The strait is about 161 km long, and its width varies from 5 to 27 km. The deepest area of the
strait covers the region around the earthquake epicenter and the position of the scuba diver, who recorded
the underwater audio; here the maximum water depth is almost uniform around 500 m. A tsunami
has been generated by the 6.7 Mw earthquake, inundating the coasts of both islands, luckily without
relevant damages.
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Figure 1. Map of the Philippines Archipelagos, (left); closer view of Negros and Cebu islands, (right).
The black star is located at the epicenter position, while the black dot is approximately at the scuba-diver
position during the earthquake. The rectangle indicates the domain reproduced numerically.

During this event, an Italian scuba diver, Mr. Riccardo Scultz, was diving near the coast of Cebu
island recording with a GoPro camera. His position has been reconstructed to be at 9.97° N; 123.36° E
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at a water depth of 11 m. He reports to have noticed first a vibration of the sea-floor and suddenly fishes
behaving differently; then he heard an anomalous noise. Few minutes later he was out of the water on the
boat with the other scuba-divers; they perceived the tsunami waves and they sailed offshore.

Both video and audio records provided by the scuba-diver have been carefully analyzed in [13].
The authors reconstructed the time sequence of the events from the video and audio record, and computed
the seismic and hydro-acoustic waves arrival times, using mean pressure wave celerity in ground and in
water. The distance epicenter-measurement is 12 km, therefore the approximate seismic and hydro-acoustic
waves arrival times are expected after 4 and 8 s respectively from the quake, considering a wave celerity in
ground of 3000 m/s and in water of 1500 m/s.

In the previous work, [13] performed a time-series analysis of the audio record, subdividing it in
windows of 34 s: one before the computed arrival time of the hydro-acoustic waves, one immediately after
and others later. We report in Figure 2 the frequency spectrum of the recorded signal before and after the
computed arriving time of acoustic waves. Looking at the frequency spectra of the time series before the
earthquake, it can be noted that the amplitude oscillations are in the frequency range of 80-180 Hz, which
can be considered the frequency band of the background noise. Considering the time interval immediately
after the estimated arrival time of hydro-acoustic wave (lower panel of Figure 2), the acoustic signal
oscillates also at lower frequencies, i.e., 10-50 Hz. Since this specific spectral signature recorded after 8 s
from the earthquake has not been detected within other time interval of the signals, it is assumed that it is
likely to be related the hydro-acoustic waves generated by the sea-bottom displacement. By simulating the
generation and propagation of hydro-acoustic waves in the vertical section trough the epicenter and the
scuba-diver position, [13] have demonstrated that these pressure waves show a spectral signature similar
to that recorded. Therefore, in this paper in order to deeply investigate in the generation and propagation
modelling of hydro-acoustic waves, 3D numerical simulation has been carried out.
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Figure 2. Frequency spectra of the time series intervals before (upper panel) and immediately after (lower
panel) the computed arrival time of the hydro-acoustic waves.
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3. Numerical Simulations

Three-dimensional numerical simulations that cover the entire seismic fault zone have been implemented.
In the next subsection, details of the model are given, in the following results are presented in term of
pressure waves time series at the measuring point, i.e., scuba diver approximate location.

3.1. Description of the Numerical Model

The model solves the wave propagation in weakly compressible inviscid fluid, where waves are
generated by a sea-bed motion. In the framework of the linear theory, the governing equation for the fluid
potential ®(x,y,z,t) is:

Oy — 2V2D — 2D, =0 (1)

where V? is the Laplacian in the horizontal plane x,y, while subscripts with independent variables denotes
partial derivatives, cs is the celerity of sound in water, set as 1500 m/s. The free surface boundary condition
that includes both dynamic and kinematic conditions, is set as:

Dy +gP, =0 at z=0 (2)

where g is the gravity acceleration. The waves are generated by imposing the following condition at the
sea-floor boundary:
P, +Vh-VO+h =0 at z=—h(x,y,t) 3)

where 1 is the water depth, given by the rest bottom topography h; (x, y) net of the earthquake bottom
motion { (x,y, )
h(x,y,t) = hy (x,y) = C 00y, t). 4)

From (4) the water depth time-variation ; is zero everywhere except on the earthquake zone. In order
to reproduce the sea-bed velocity due to the earthquake ({;), the [15] formula has been used to calculate the
sea-floor static deformation from the principal seismic parameters. This deformation has been assumed to
occur in the time interval of 1 s. Following the study of [14] the fault zone is characterized by 210° strike,
47° dip; 90° rake and a fault length of 20 km.

The numerical domain in between the free-surface and the sea-floor, is confined by two artificial
surfaces at the lateral boundaries,separating the domain from the open sea, where the approximate
radiation condition, valid for planar waves orthogonal to the boundary is imposed:

1
D, + C—CDt =0 at the lateral boundaries (5)
S

where 7 indicates the direction normal to the considered boundaries.

In Figure 3 is represented the bathymetry of the Tafion Strait in plan view (left) and in 3D view (right).
The available nautical charts of the area have been used to extract the bathymetric data, which have been
interpolated over a regular grid, equally spaced in x and y direction each 100 m, and used as bottom
surface of the numerical domain.

A 3D mesh with linear elements has been built, with maximum and minimum element size of 100 m
and 0.5 m respectively. A scale geometry has been used to distinguish between horizontal and vertical
planes, for x and y directions indeed a mesh up to 10 times larger is used. The mathematical problem is
solved using the Finite Element Method, using the Multifrontal Massively Parallel sparse direct Solver
(MUMPS). Time integration is carried out for 100 s, with a At of 0.005 s.
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Figure 3. Reconstruction of the Tafion Strait bathymetry, used in the 3D numerical domain (right plot).
In the (left plot) the star indicates the earthquake epicenter, and the dot the measuring position.

3.2. Comparison with In-Situ Records

In order to compare the numerical results with the audio recorded, the former have been extracted at
the location where approximately the video and audio signals have been measured during the earthquake.
Mr. Scultz reported that he was diving approximately at 11 m of water depth; he was not there for
scientific purpose and accidentally recorded the video and audio during the earthquake, therefore
the water depth during the measurement is assumed to be 11 m, however it is not known precisely.
In Figure 4 the comparison is shown. We report the spectral signal recorded (Figure 4a) and those
reproduced numerically(Figure 4c), including the results of the two dimensional simulation of [13] (Figure
4b). The three spectra in Figure 4 report the moving average of the original signals, using a frequency
window of 2 Hz. Both numerical simulations confirm that hydro-acoustic waves generated by 2012
Negros-Cebu earthquake exhibit a spectral signature very similar to that recorded. Differences in the
signals are due to different reasons. Firstly, the recorded signal has been considered for a time interval of
34 s, however was not filtered from the background noise. Then, the coastline reproduced in the numerical
models is assumed as fully reflective boundary, i.e., impermeable wall. Moreover, the sea-floor has been
considered impermeable, the effect of unconsolidated sediment on the hydro-acoustic wave propagation
has been neglected. The uncertain on the exact recording position and water depth, would also affect the
quality of the comparison, since as proved by [16] the water depth and the distance from the epicenter
significantly influence the pressure field. We remark here that the aim of the simulation was to investigate
on the frequency band of the hydro-acoustic wave energy. The comparison of the spectral signals is
only qualitative, because carried out without knowledge of the frequency response of the GoPro camera,
contained in a impermeable pocket.

The 3D model result confirms that hydro-acoustic waves propagate within the frequencies range
10-50 Hz. Considering the full 3D bathymetry, a slightly more broad spectrum can be noted, in comparison
with the result of 2D simulation. Thus the present results appear to be more similar to the measurements
than those obtained using the 2D computations. As stated by [12,16] the water depth and the sea floor
morphology affect the hydro-acoustic wave propagation. However for the present case the sea-floor does
not present sea mounts or sea-trenches between the epicenter and the recording location, justifying even
2D simulation along the vertical section.
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Figure 4. Spectral signal recorded by the GoPro after the earthquake (a) and spectral signal of the
hydro-acoustic waves reproduced numerically by the 2D model of [13] (b) and by the present 3D model (c).

4. Conclusions

The spectral analysis of the underwater audio record, during the Negros-Cebu 2012 earthquake,
revealed a specific signature that was attributed by [13] to the measurement of propagated hydro-acoustic
waves. This paper completes the previous work, performing 3D numerical simulation over the sea-floor
that includes the entire seismic fault. The sea-bed displacement has been reconstructed using the Okada
formula [15] and the seismic data elaborated by [14]. The time interval needed to reach the so computed
static deformation has been assumed equal to 1 s. A parametric analysis varying the velocity of the sea-bed
motion has been carried out in 2D, i.e., considering only the vertical section of the water layer that connect
the center of the seismic zone with the position of the recording scuba-diver. The result of the present
3D analysis confirms that hydro-acoustic wave energy is distributed in the frequency range of 10-50 Hz,
as stated by [13] and confirmed by the audio record. Given the fault length and the bathymetry uniform
along the strike direction of the earthquake, the 3D model provides a slight improvement in the acoustic
signal reproduction for this event.
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