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B ToBa m3cnegBaHe ca MpeACTaBEHM PA3IMYHM CHEHAPUU HAa BBIHM I[yHAaMH, TCHEPHPAHU OT
3eMeTpeCceHMsl B FOJKHaTa 4yacT Ha Ereiicko mope. PekoHCTpyHnpaHu ca JBE OT Hal-rOJE€MHUTE UCTO-
pUYecKH CHOWTHS Ha BBIHU IlyHaMH B IpuioTo CpenuzemHoMmopue. J{OMbIHUTETHO ca u30paHu U
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HPOCTPAHEHUETO HA BBIHUTE [[yHaMHU, O4aKBAHUTE BUCOUMHH M e()EKTUTE 110 KpPalOpEeKHUTE paliOHH.
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This paper presents several scenarios of earthquake-generated tsunami in the southern Aegean Sea. We
reconstructed two of the largest historically known tsunami events in the area of the whole Mediterranean.
Additionally we identified and modeled six different tsunamigenic zones near the islands of Crete and
Rhodes to estimate the maximum water elevations and the arrival time of the tsunami. For all scenarios,
we took into account rectangle seismic faults, capable to generate an earthquake with magnitude equal or
slightly larger than the highest magnitude registered in historical times. Then we modeled numerically the
tsunami wave propagation, the expected heights and some effects on the coastal areas.
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1. INTRODUCTION

Mediterranean region suffered by numerous tsunamis in the past and many of
them had catastrophic impact. Although tsunami catalogues are not complete enough
regarding the early history events, the most of the tsunamis in the Mediterranean
region are due to earthquakes. Some of the events are still with uncertain origin.
Reconstruction of past historical events as well as hypothetical events in active
seismic zones is important for the evaluation of the tsunami hazard in the region.
In this study we focused on 8 tsunamigenic events in the southern Aegean Sea. Six
of the tsunamigenic sources are located close to coast which is typical feature of
the most sources in the Mediterranean. We took into account two more historical
events that are quite important since the magnitude of both earthquakes is greater
than 8. The impact of these strong events is comparable with the December 26, 2004
earthquake in Sumatra offshore. According to several catalogues and databases
we built the hypothetical focal mechanism of 6 earthquakes, we calculated the
geometry of the seismic faults and we reconstructed the tsunami waves referred
to AD 21 July 365 event and AD 8 August 1303 event respectively for western
Hellenic arc (WHA) and eastern Hellenic arc (EHA).

Aegean microplate is located in the eastern Mediterranean. Its southern
boundary is the subduction zone south of Crete where the African plate submerged
beneath the Aegean Sea plate. This area is among the most stressed part of the
collision between the Eurasia and African plates therefore the seismicity there is
the highest in the whole Mediterranean. The Hellenic arc parallels the subduction
zone at a distance of about 120 km to the north. The Hellenic arc consists of two
major transform faults, known as Cephalonia transform fault to the north-western
ends and Rhodes transform fault to the eastern ends and several active volcanic
points (Methana, Santorini, Nisyros, the Bodrum Peninsula). The seismicity along
the Hellenic arc is extremely high with its shallow and intermediate depth of the
earthquakes. The tsunamigenic potential of the earthquake sources is higher when
the depth of the event is shallower. More than 4500 earthquakes (magnitude greater
than 4.5) occurred in the area since the beginning of 20" century, while more than
100 events of tsunami waves present in the historical records since BC 1610 up to
present. Fig. 1 shows earthquakes with magnitude greater than 4.5 and focal depth
shallower than 100 km as well as historical tsunamigenic sources [1, 2].

2. TSUNAMIGENIC SOURCES

Eight potentially tsunamigenic seismic sources are selected in the region of
southern Aegean Sea. As a major geotectonic structure, the Hellenic arc produces
large earthquakes and tsunamis. Two of the key events in the region of Crete are
discussed in the next sections. The location of both historical events is uncertain.
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Fig. 1. Earthquake and tsunami occurrence in the southern Aegean Sea [1, 2]

It is considered that the large tsunamigenic earthquake occurred in AD 365
during the rupture of the western segment of the Hellenic subduction zone on a
NE-dipping fault within the overriding plate [3]. This event destroyed cities and
drowned thousands of people in the coastal regions from Alexandria (Egypt) to
the Adriatic and Sicily. The moment magnitude M, was estimated around ~8.3.
The historical, geological and archaeological evidence leave little doubt that the
tsunami in AD 365 was generated by 6-9 m co-seismic uplift in the area of West
Hellenic Arc (WHA) [4].

The event from AD 1303 very likely occurred during the rupturing of the
arc between Crete and Rhodes islands and it is one of the largest historically
discoursed tsunamigenic earthquakes in the Mediterranean. The tsunami induced
by the earthquake propagated long distances from Acre (Israel) through Alexandria
(Egypt) and Libya. The most affected area was the north-eastern part of the coast of
Crete and the capital Heraklion located to the north. The magnitude M is assumed
to be around ~8.0. The tsunami intensity was reported to be X degree [4].
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Many authors [e.g., 3, 5-8] simulated the large tsunamis of AD 365 and AD
1303 and the results show that the wave amplitudes are underestimated as compared
to the ones expected from the historical and geological record of the tsunami. This
may be due to rough bathymetry and inappropriate seismic source geometry.

Data for focal mechanisms and depth of the additional five tsunamigenic zones
in the area of the southern Aegean Sea are taken into account utilizing the fault
databases compiled in SHARE (The European Database of Seismogenic Faults),
GreDaSS and DISS (The Database of Individual Seismogenic Sources) [9]. We
simulated hypothetical earthquakes to estimate the tsunami impact for Crete and other
small islands. Recent earthquake in the region of Gramvousa fault zone occurred in
October 12, 2013 with MW = 6.8 without expecting any serious tsunami treat because
of the depth of the earthquake. Yolsal and Taymaz [7] modelled several scenarios
of tsunami waves generated by the earthquakes in the region of Ptolemy Trench.
Karpathos Island was hit by tsunami, the eyewitness accounts the maximum tsunami
run-up heights, associated with February 9, 1948 earthquake (M ~ 7.0) on the island
of Karpathos, between 3.6— 7.0 m [10]. There are two main hypotheses on the origin
of the tsunami- underwater earthquake or underwater landslide.

One more tsunamigenic zone that we studied in this work is located in the
region of Rhodes. Since the seismicity there is high we chose one of the two
earthquakes in 1957 with M = 7.3 and the corresponding focal mechanism [10], to
explore possibility for tsunami and sequences on the nearest coasts. Fethiye town is
one of the attractive tourist destinations in Turkey and was affected by earthquakes
and tsunamis in the past [11].

The position of all eight tsunamigenic seismic faults is shown in Fig. 2. We
took into account rectangle sources placed in different depths that respond to the
upper border depth of the fault (UBDF). The proposed names of the seismic faults
correspond to the databases cited before (SHARE, GreDaSS and DISS) and we
named them as follow: WHA (AD 365), EHA (AD 1303), Gramvousa, Palaeochora-
Tympaki, Ptolemy Trench, South Cretan Sea, Karpathos I and Rhodes.

The fault parameters of the selected sources are presented in Table 1. For
each tsunamigenic zone we took into account an earthquake with magnitude equal
to the largest magnitude registered in the past. The relation between the moment
magnitude and the seismic moment, proposed by Hanks and Kanamori [12] is used
to obtain the released energy. The seismic moment is related to the geometry of
the faults and the slip on the faults by the regressions proposed in Mai and Beroza
[13] and Wells and Coppersmith [14]. The longitude and latitude are converted in
Universal Transverse Mercator (UTM) coordinate system since the calculations are
made in Cartesian coordinates. The focal mechanisms for five of the tsunamigenic
faults are selected to be in accordance with the database SHARE. Focal mechanisms
for both of the reconstructed events and for Rhodes fault are taken in accordance
with published data [10, 15-19].
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Fig. 2. Position of the tsunamigenic seismic sources

3. NUMERICAL MODELLING

The theory of numerical modelling of tsunami waves started its history during
the last century but it is widely used after the 2004 tsunami in Sumatra where at least
230 000 people were killed. Numerical models are used to evaluate and predict the
physical characteristics of tsunami. They play an important role in tsunami hazard
mitigation and are especially useful for preparing maps of inundation for coastlines
vulnerable to tsunami flooding. There are number of mathematical methods based
on the resolution of bathymetry data and parameters of the seismic fault, developed
to model and identify tsunami wave characteristics. Tsunami source models are well
developed for submarine earthquakes, where the seafloor deformation is caused by a
finite dislocation (i.e., slip on the fault) [20]. Simple implementation of this type of
source model usually assumes a finite rupture interface with uniform dislocation (e.g.,
slip movement along a fault). We computed the initial conditions of studied events
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implementing analytical formulas of Okada [20, 21] and appropriate bathymetry data.
The basic parameters for each event described in Table 1 are essential for calculation
of deformation of the sea bottom which specifies the initial tsunami waveform.
Numerical code UBO-TSUFD is applied to model the propagation and the interaction
of tsunami with the coastal areas. The code is developed in University of Bologna
(Italy) and extensively used to study the propagation of tsunamis generated by
earthquakes. We utilized this method since it was tested and validated for different
benchmark problems based on analytical solutions: one on a plane wave propagating
on a flat channel with a constant slope beach, and one on a laboratory experiment.
Additionally it was proved for several realistic tsunami cases [22]. UBO-TSUFD
reproduced quite well the theoretical and experimental data. The code solves the
governing equations of Navier-Stocks in the shallow water theory approximation by
using the finite-difference technique with an explicit leap-frog scheme on a staggered
grid. Tsunami waves belong to the long-wave theory, therefore the vertical acceleration
of water particles are negligible compared to the gravitational acceleration except for
an oceanic propagation of tsunami [23]. A good approximation is that the pressure
is hydrostatic and therefore the vertical motion of water particles has no effect on
the pressure distribution. In addition the horizontal velocity of water particles are
vertically uniform. There are several conditions that need to be fulfilled in order
to have good results- initial conditions, boundary conditions, stability conditions,
preparation of a grid and bathymetry data. Linear and nonlinear theories are used
according to the degree of nonlinearity of the phenomena. Usually coarse grids in the
deep ocean and fine grids in the nearshore zone are used. An expanded explanation of
UBO-TSUFD can be found in [22, 23]. The code is extensively applied to simulate
tsunami waves for seas like Mediterranean and other small basins, where the Coriolis
force is neglected.

The code computes water surface oscillations, velocity field, arrival time of
the waves and water inundation when nonlinearity is applied. The grid used in our
calculations has cells with 500x500 m resolution. The utilized time step is 1.5 s and
it is adjusted to satisfy the CFL (Courant-Friedrichs-Lewy) stability condition (1):

Ax
E:«/ZgH, (D)

where Ax is the cell size, At is the time step for every cell, g is the gravity acceleration
and H is the maximum depth of the ocean, in our case for the Mediterranean region
it is 4500 m.

The total number of nodes of the grid is 2803401. The resolution of the
bathymetry and topography data is 30 s [24]. Bathymetry map of the studied region
is shown in Fig. 3.
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4. RESULTS OF THE TSUNAMI SIMULATIONS

The tsunami initial condition for scenario WHA is presented in the upper
panel of Fig. 4. The source is considered as thrust fault and it is placed almost
parallel to the western Hellenic Subduction zone. This fault generated a sea bottom
deformation characterized by high uplift near southwestern Crete and a subsidence
near the northwestern coasts of Crete. The maximum positive and negative vertical
deformations are 4.1 m and —1.6 m, respectively. The initial condition of scenario
regarding the EHA thrust faulting source is presented in the upper panel of Fig. 4.
The source, whose parameters are listed in Table 1, generated initial maximum and
minimum sea water elevations of 3.3 m and —0.4 m, respectively. This scenario is
associated with M~ 8.0 and it is located offshore the southeastern coastline of
Crete. The vertical displacements of the sea bottom for other modeled tsunamigenic
sources are plotted in Fig. 4 (lower panel). South Cretan Sea tsunamigenic fault
induced minimum water elevations —1.5 m, while Rhodes fault generated the
maximum displacement of 1.5 m near the southwestern Turkish coast.

The propagation of the tsunami waves for all scenarios is presented as plots
at 5, 20, 40 and 60 minutes intervals after the tsunami onset. The tsunami radiation
pattern simulated for the two key events AD 365 and AD 1303 is illustrated in Fig.
5. The upper panel describing the tsunami propagation indicates that after only 5
minutes the waves have already attacked the southeastern coast of Crete. In 20
minutes the tsunami propagates northeast toward Karpathos and southwest toward
the coasts of Crete. The Turkish and the Libyan coasts are reached by initially
positive tsunami waves 40 minutes after the earthquake. One hour after the tsunami
onset peninsula Peloponnese and the whole southern Aegean Sea is affected. The
lower panel of Fig. 5 presents the tsunami radiation pattern simulated for AD 1303
event. The southwestern part of Crete, the islands Kythira and Gavdos are affected
by the strong positive waves in 5 minutes after the earthquake. The propagation
spreads in southwestern direction toward Libya and Ionian Sea. Most of the small
islands north of Crete are attacked in 40 minutes. In one hour the eastern part of
Mediterranean, including Alexandria and Cyprus is inundated. Both of the events
are considered to be the largest historical tsunamis of tectonic origin in the region of
Mediterranean. Tsunami radiation pattern modelled by other tsunamigenic sources
is presented in Fig. 6 and Fig.7. Since the magnitude and the geometry of the six
sources are smaller than the reconstructed events above, as expected, the tsunami
waves are not so violent. The morphology beneath the southern Aegean Sea is very
complex and therefore the propagation is slower.
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Fig. 5. Radiation pattern of the computed tsunami elevations for WHA and EHA
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The effects can be considered as local, near the sources. Due to the large
number of islands in the Aegean Sea, the tsunami waves diffract and this is clearly
illustrated in both of the figures, and especially in the case of South Cretan Sea
simulation (Fig. 7, upper panel). The propagation of the tsunami due to Rhodes
source affects mostly the southwestern coast of Turkey, in particular the gulf of
Fethiye and the whole Rhodes in less than 20 minutes after the earthquake.

t=5min t =20 min t =40 min t =60 min

e

South Cretén Séa

Karpathos |

Rhodes

-02 -0,1 -0,07 -0,03 0,01 0,05 009 01 0.2
Water elevation [m]

Fig. 7. Radiation pattern of the computed tsunami elevations
for South Cretan Sea, Karpathos I and Rhodes

Fig. 8 and Fig. 9 show the maximum positive water elevation due to the
events. The tsunami heights field can be interpreted as an indication of the released
tsunami energy. Figures clearly illustrate the most affected coastal areas. Severe
tsunami effects are expected on the west, south and east coast of Crete due to AD
365 and AD 1303 events. Large part of the tsunami energy computed for WHA
propagates toward the western part of the Mediterranean, while EHA tsunamigenic
source extend its energy to the south, reaching the coasts of Libya and Egypt and to
the north attacking the island of Karpathos (Fig. 8).
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As expected the maximum positive tsunami heights computed for the rest of the
scenarios are smaller. The direction of the tsunami energy propagation strongly depends
on the geometry of sources. Tsunami effects are expected in the region of whole Crete,
southern Peloponnese, the islands north of Crete, Karpathos, Rhodes and southwestern
part of the Turkish coast, including the cities Marmaris and Fethiye (Fig. 9).
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Fig. 8. Maximum positive tsunami wave heights computed for the WHA and EHA scenarios

The contribution of all modeled scenarios in southern Aegean Sea is presented
in Fig 10. The colored areas represent the maximum tsunami wave heights. The
figure shows the geographical distribution of the tsunami impact from studied
events. It is evident that events like AD 365 (WHA) and AD 1303 (EHA) give the
highest impact, but also Rhodes tsunamigenic zone must not be neglected, since
the position of the source is very close to the coast and therefore the time for cities’
evacuation like Fethiye is less than 10 minutes. South Cretan Sea source is the
scenario contributing most to the impact of the islands in southern Aegean Sea.
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Fig. 9. Maximum positive tsunami wave heights computed for Gramvousa,
Palaeochora-Tympaki, Ptolemy Trench, South Cretan Sea, Karpathos I and Rhodes scenarios

Synthetic mareograms in different locations are computed by the code. The
mareograms reproduce the variations in the sea water elevation depending on the
time elapsed from the earthquake onset. The position of considered mareograms
is plotted in Fig. 11. Mareograms modeled for the scenario of South Cretan Sea
tsunamigenic source are located in Santorini (Thera), Panormos and Heraklion and
are presented in Fig. 12. The figure shows water level for 1 hour and 40 minutes
after the earthquake occurrence.

Maximum modeled tsunami wave heights near Santorini are about 1.2 m
(Fig. 12a), in Panormos are about 2.3 m (Fig. 12b) and in Heraklion the maximum
water elevation is about 1.8 m (Fig. 12c¢).
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Fig. 12. Synthetic mareograms computed for scenario South Cretan Sea.
Locations of mareograms are shown in Fig. 11

Synthetic mareograms calculated for the scenario of Rhodes tsunamigenic
source are located in Rhodes, Stegna and Lardos and are illustrated in Fig. 13.
Maximum modeled tsunami wave heights near Rhodes are about 2.5 m (Fig. 13d),
in Stegna the water elevation is about 2.0 m (Fig. 13e) and in Lardos the maximum
water amplitude is about 2.8 m (Fig. 13f). The first arrived wave is negative which
corresponds to the initial displacements of the source. The eastern part of the island
is the most affected due to Rhodes tsunamigenic fault. The period of the waves is
much shorter than the period of the oscillations for scenario South Cretan Sea.
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Fig. 13. Synthetic mareograms computed for scenario Rhodes.
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5. CONCLUSIONS

We examined scenarios of tsunami radiation pattern from eight seismic sources
in the southern Aegean Sea. Based on numerical simulations the largest historically
known tsunamis in the Mediterranean AD 365 and AD 1303 are well reconstructed.
Most of the studied sources are situated close to the coasts which results in less time
for evacuation. Crete, Rhodes, Karpathos and the southwestern part of the Turkish
coast are at high risk of inundation due to tsunami waves.
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