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Abstract—We identified a set of tsunami scenario input pa-
rameters in a 0.5! 9 0.5! uniformly gridded area in the Eastern

Mediterranean, Aegean (both for shallow- and intermediate-depth

earthquakes) and Black Seas (only shallow earthquakes) and cal-

culated tsunami scenarios using the SWAN-Joint Research Centre
(SWAN-JRC) code (MADER 2004; ANNUNZIATO 2007) with 2-ar-

cmin resolution bathymetry data for the range of 6.5—Mwmax with

an Mw increment of 0.1 at each grid in order to realize a com-
prehensive analysis of tsunami wave heights from earthquakes

originating in the region. We defined characteristic earthquake

source parameters from a compiled set of sources such as existing

moment tensor catalogues and various reference studies, together
with the Mwmax assigned in the literature, where possible. Results

from 2,415 scenarios show that in the Eastern Mediterranean and

its connected seas (Aegean and Black Sea), shallow earthquakes

with Mw C 6.5 may result in coastal wave heights of 0.5 m,
whereas the same wave height would be expected only from in-

termediate-depth earthquakes with Mw C 7.0 . The distribution of

maximum wave heights calculated indicate that tsunami wave
heights up to 1 m could be expected in the northern Aegean,

whereas in the Black Sea, Cyprus, Levantine coasts, northern

Libya, eastern Sicily, southern Italy, and western Greece, up to 3-m

wave height could be possible. Crete, the southern Aegean, and the
area between northeast Libya and Alexandria (Egypt) is prone to

maximum tsunami wave heights of [3 m. Considering that cal-

culations are performed at a minimum bathymetry depth of 20 m,

these wave heights may, according to Green’s Law, be amplified by
a factor of 2 at the coastline. The study can provide a basis for

detailed tsunami hazard studies in the region.

Key words: Tsunami hazard, Eastern mediterranean, Aegean
sea, Black sea.

1. Introduction

Tsunamis, as infrequent events, have the potential

to cause massive loss of life and destruction of the

infrastructure, including critical facilities, resulting in

large economic losses that may require long recovery

periods (LØVHOLT et al. 2012). The Indonesian tsu-

nami led to the death of approximately 250,000

people, caused property and business damage to-

talling more than $4.4 billion, and left approximately

700,000 people homeless, leaving an unprecedented

level of damage to the economy and infrastructure of

the region (OZEL et al. 2011). The Tohoku event re-

sulted in *20,000 casualties and *300,000 refugees

with an economic cost of *$122 billion. The critical

damage at the Fukushima Daiichi Nuclear Power

Plant resulted in severe releases of radioactivity,

which resulted in serious concerns regarding long-

term health and environmental hazards. According to

the ‘‘Sendai Report—Managing Disaster Risks for a

resilient future’’ published by the World Bank (2012),

economic losses from disasters over the past 30 years

are estimated at $3.5 trillion. The report ‘‘Lessons

Learned From the Fukushima Nuclear Accident for

Improving Safety of US Nuclear Plants’’ by a com-

mittee of the US National Research Council calls for

nuclear plant licensees and regulators to continually

look for new scientific information about nuclear

plant hazards and methodologies for estimating their

magnitudes, frequencies, and potential impacts and to

incorporate new findings and methodologies as they

become available. The report also emphasizes taking

timely actions to implement countermeasures when

new information results in substantial changes to the

risk profiles at nuclear plants and also focuses on

‘‘beyond-design-basis events,’’ which include low-

frequency but high-magnitude ‘‘extreme’’ events—

such as the earthquake and tsunami that damaged the

Fukushima Daiichi plant on 11 March 2011 (SHOW-

STACK 2014). Moreover, the Tohoku disaster showed

that a long-term forecast should be based on only

prehistoric paleoseismological data, and tsunami
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hazard maps may need to be prepared for infrequent

gigantic earthquakes as well as more frequent

smaller-sized earthquakes (SATAKE 2011).

According to the available tsunami catalogues,

tsunamis are most frequently generated by large

submarine earthquakes (*75 % of the cases ac-

cording to tsunami catalogues), and less frequently by

volcanic activity and landslides (*5 and 10 %, re-

spectively) and 10–15 % of the known tsunamis

occurred in the Mediterranean (CIESM 2011). De-

spite the fact that 65 % of the referenced events in the

historical catalogues should be considered as doubtful

(SALAMON et al. 2007) and a critical evaluation of

these catalogues is a necessity (AMBRASEYS and

SYNOLAKIS 2010), reliable sources of information,

including catalog information with full confidence,

paleotsunami and paleoseismology evidence still

confirms the bitter truth: the Eastern Mediterranean

and its connected seas (the Aegean, Marmara and

Black Seas) are prone to tsunami hazard. Since the

basins and sub-basins in the Eastern Mediterranean

and its connected seas are small in comparison with

large oceans, the challenges are greater than other

parts of the world due to the short arrival times (less

than 5–10 min) of the leading tsunami waves. With a

fully developed infrastructure along the coast and

with millions of tourists in the area, it is imperative

that tsunami hazard needs are quantified. Tsunami

scenarios are useful means for defining and evaluat-

ing tsunami hazards and constitute the primary step in

tsunami risk mitigation and preparedness, potentially

leading to defining the risk and, hence, contributing

to sustainable coastal zone development (TINTI et al.

2005). As a preliminary step for possible tsunami

hazard analysis in the the Eastern Mediterranean and

its connected seas, we have attempted in our study to

evaluate the distribution of tsunami wave heights

from a set of earthquake sources for each source point

of consideration in the range of Mw 6.5—Mwmax

defined.

2. Seismotectonic Setting of the Study Area

The Black Sea Basin is composed of two main

geological parts, namely the Western and Eastern,

separated by the Mid Black Sea Ridge (Andrusov

Ridge) that is formed from continental crust and

overlain by sedimentary cover 5–6 km thick (TARI

et al. 2000; NIKISHIN et al. 2003). The Western Black

Sea Basin is underlain by oceanic to suboceanic crust

and contains a sedimentary cover up to 19 km thick,

whereas the Eastern Black Sea Basin is underlain by

thinned continental crust approximately 10 km thick

and up to 12 km of sediments (NIKISHIN et al. 2003).

The rifting age has been suggested as the Aptian-

Albian period (125–100.5 million years-Myr) for the

entire Black Sea (GORUR 1997; TARI et al. 2000). The

Black Sea began to close in the Eocene–Oligocene

(56–23 Ma) time period following the closure of the

Neotethys. Wheras the Eastern Black Sea has con-

tinued its closure from the Miocene up to the present

(20–5 Myr), the central and western parts of the

Black Sea have gone and undergo more complex

neotectonics controlled by the by the northward

motion of the African Plate, the western escape of the

Anatolian block and Aegean extension, but with low-

moderate seismic activity in the present times.

Earthquakes took place on the borders of the deep-

water basin, in general, with an average hypocentral

depth of 5–20 km and a magnitude up to 6–8 mainly

as a result of compressional stresses (VOLVOVSKY

1989; NIKISHIN et al. 2003). This dominant compres-

sional nature, as a result of the collision between the

Eurasian and Arabian plates, has been verified by the

stress fields obtained from the structural data such as

thrusts in the Pontides and the Crimean part of the

Black Sea, earthquake data such as BARKA and REI-

LINGER (1997) and REILINGER et al. (1997), stress field

measurements in the Crimean and the Caucasus re-

gions (RASTSVETAEV 1987) and global positioning

system (GPS) data (BARKA and REILINGER 1997; REI-

LINGER et al. 1997; NIKISHIN et al. 2003). GPS

velocities indicate that there is a slight north–south

shortening of the eastern half of the southern Black

Sea coast, whereas a westward movement can be seen

on the southwestern coast. The north–south motions

in the Black Sea region are in the range of a few

millimetres per year (mm/yr), in contrast to the ve-

locities in the Anatolian region of *10–20 mm/yr.

Geological and geophysical studies including

offshore seismic reflection profiles, offshore mor-

phology and recent seismicity indicates an active

compressional tectonic regime in the Eastern Black
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Sea region, which is also supported with the fault

plane solution of studied events that took place in the

last century (TARI et al. 2000). ALPTEKIN et al. (1986)

provided the first evidence of active thrust faulting at

the southern margin of the Black Sea in their analysis

of the strongest instrumentally recorded 3 September

1968 Bartin earthquake to occur along the Black Sea

margin in northwestern Turkey.

The history of the Eastern Mediterranean begins

with the early Mesozoic breakup of Gondwana and

is controlled by the collision of the African and

Eurasian plates, the Arabian Eurasian convergence

and current displacement of the Anatolian-Aegean

microplates. The general agreement is that plate

convergence takes place in this area (MCKENZIE

1970). A good summary of the development of tec-

tonic research for the region together with main

references on the tectonic processes and tectonic

setting of the Eastern Mediterranean is given in

ROBERTSON and MOUNTRAKIS 2006. The Eastern

Mediterranean and the Levantine Basin are a rem-

nant of the Mesozoic Neo-Tethys Ocean (ROBERTSON

and DIXON 1984; STAMPFLI and BOREL 2002; GAR-

FUNKEL 2004), where its northern arm is the Alpine

chain between the African-Arabian and Eurasian

plates as a result of convergence (BIJU-DUVAL et al.

1978). It accommodates important geomorphological

features such as the Hellenic-Pliny-Strabo trenches,

the Eastern Mediterranean Ridge, the Herodotus

Basin, the Florence Rise and the Levantine Basin. A

detailed discussion on the origin of the Eastern

Mediterranean Basin is provided in various publi-

cations (GARFUNKEL 2004; AKSU et al. 2005). The

Eastern Mediterranean region accommodates the

Anatolia, Arabia, and Nubia plates and the Aegean

microplate, which moves 30 ±1 mm/yr to the

southwest relative to Eurasia (EBELING et al. 2012;

MCCLUSKY et al. 2000, 2003) and at a slightly lower

velocity to the southwest relative to Nubia (EBELING

et al. 2012; KREEMER and CHAMOT-ROOKE 2004;

REILINGER et al. 2006). Aegean tectonics are char-

acterized by 35–40 mm/yr north–south extension in

central and southern Aegea (EBELING et al. 2012;

KIRATZI and LOUVARI 2003; KIRATZI and PAPAZACHOS

1995; LE PICHON and ANGELIER 1979; MCCLUSKY

et al. 2000; MCKENZIE 1978); east–west extension in

the inner Hellenic Arc (EBELING et al. 2012; KREEMER

and CHAMOT-ROOKE 2004; MCCLUSKY et al. 2003);

and thrust faulting in the outer Hellenic Arc (EBELING

et al. 2012; BENETATOS et al. 2004; MCKENZIE 1972,

1978). The western end of the Pliny and Strabo

trenches lies southeast of Crete, however, their

eastern ends are not well defined, but the broad de-

formation of the Pliny-Strabo zone has been

correlated with the Burdur-Fethiye Fault Zone in

southwestern Turkey (EBELING et al. 2012; HALL

et al. 2009). GPS-derived velocity field data for the

interaction zone of the Arabian, African (Nubian,

Somalian), and Eurasian plates showes a counter-

clockwise rotation of the Arabian plate, adjacent

parts of the Zagros and central Iran, Turkey, and the

Aegean/Peloponnesus at rates of 20–30 mm/yr oc-

curring within the framework of the relatively slow

moving (5 mm/yr) Eurasian, Nubian, and Somalian

plates (REILINGER et al. 2006). On the basis of the

observed kinematics, the deformation in the Africa-

Arabia-Eurasia collision zone is driven in large part

by rollback of the subducting African lithosphere

beneath the Hellenic and Cyprus trenches aided by

slab pull on the southeastern side of the subducting

Arabian plate along the Makran subduction zone,

and the separation of Arabia from Africa is a re-

sponse to plate motions induced by active subduction

(REILINGER et al. 2006). A fundamental discussion on

the active tectonics of the Aegean Sea and sur-

rounding regions is given in MCKENZIE (1978). The

Aegean and its surroundings form the most active

part of the Africa–Eurasia collision zone, responsible

for the high level of seismicity in this region. It

constitutes more than 60 % of the expected seis-

micity in Europe up to Mw = 8.2 (MORATTO et al.

2007; PAPAZACHOS 1990) as a result of the com-

pressional motion between Europe and Africa and

the resulting tectonic processes such as subduction of

the eastern Mediterranean lithosphere under the

Aegean along the Hellenic Arc and the westward

motion of the Anatolian Block along the North

Anatolia Fault (MORATTO et al. 2007; MCKENZIE

1970.) The whole Aegean Back Arc is mainly rep-

resented by normal faults (MORATTO et al. 2007;

MCKENZIE 1978), whereas the dense shallow seis-

micity with low-angle thrust faults occurs along the

Hellenic Arc (MORATTO et al. 2007; PAPAZACHOS

1990).
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The tectonic setting of the Aegean and Eastern

Mediterranean is complex; so is the associated dis-

cussion. Several other sources of information used in

this study are related to studies focusing on fault

classification and seismic zonation. A zonation for

seismogenic sources of intermediate-depth earth-

quakes in the southern Aegean area is given by

PAPAZACHOS and PAPAIOANNOU (1993). The maximum

expected ground motion in Greece using a deter-

ministic seismic hazard analysis based on an

homogeneous earthquake catalog for the period of

426 BC–2003 applied on a seismogenic source model

with representative focal mechanisms and a set of

velocity models after applying a smoothing algorithm

to the main shocks in the catalogue have been esti-

mated by MORATTO et al. (2007). PAPAIOANNOU and

PAPAZACHOS (2000) provide a map of shallow earth-

quake sources based on previous work on seismic

zonation in the Aegean and surrounding area, active

tectonics and geological and geomorphological

information. Maximum credible earthquake magni-

tudes (in the range 6.7–7.6 Mw) in the Aegean area

constrained by tectonic moment release rates based

on zonation corresponding to recent determinations

of deformation rates from satellite data through the

use of a merged historical and an instrumental

earthquake catalog for the Aegean is provided by

KORAVOS et al. (2003). A fault classification for the

Aegean region is provided in SBORAS et al. (2011).

CAPUTO et al. (2012) provides a repository of geolo-

gical, tectonic and active-fault data for Northern

Greece and the Northern Aegean Sea based on a

collection of all available published and unpublished

historical and instrumental seismicity data supported

by seismogenic sources recognized on the basis of

geological, structural, morphotectonic, paleo-seis-

mological and geophysical investigations, which was

followed by critical examination of all collected data

with the aim of identifiying as many as possible

seismogenic source as possible, as well as the pa-

rameters and the characateristics associated. Both

SBORAS et al. (2011) and CAPUTO et al. (2012) are part

of the SHARE Project (BASILI et al. 2013). MITSAKAKI

et al. (2013) provide geometric characteristics of

selected tectonic segments in the Hellenic Arc and

Northern Aegean. A full description of the com-

plexity of the seismotectonic setting of the study area

is beyond the scope of this study and it has been

addressed in many aspects by many studies, such as

BAYRAK and BAYRAK 2011; BEN AVRAHAM et al. 2008;

BOHNHOFF et al. 2005; DELIBASIS et al. 1999; DEWEY

et al. 1973; EYIDOĞAN and JACKSON 1985; GANAS and

PARSONS 2009; HATZFELD et al. 1993; HEURET et al.

2011; HOWE and BIRD 2010; HYNDMAN et al. 1997;

JOLIVET et al. 2013; JOST et al. 2002; KARABULUT et al.

2006; MEIER et al. 2007; PAPADIMITRIOU and KAR-

AKOSTAS 2008; PAPAZACHOS et al. 1991; PAPAZACHOS

1996; PAPAZACHOS and PAPAIOANNOU, 1999; PILIDOU

et al. 2004; REILINGER et al. 2010; SALEH 2013;

SAATÇıLAR et al. 1999; SALAMON et al. 2003; SCHOLZ

1998; SHAW and JACKSON 2010; SNOPEK et al. 2007;

STERN 2002; ŞENGÖR et al. 1985; STROBL et al. 2014;

TAYMAZ et al. 1990, 1991; VANNUCCI and GASPERINI

2004; YOLSAL-ÇEVIKBILEN and TAYMAZ 2012.

3. An Overview of Previous Tsunami Hazard

Research in the Study Area

In addition to the earthquake and moment tensor

catalogues and various individual references on

earthquakes and seismic hazard analysis in the study

region, information from studies specifically target-

ing tectonic tsunami hazard has also been added to

the compiled database.

3.1. Black Sea

DOTSENKO and INGEROV (2007) revised the quan-

titative characteristics of four historical events in

the Black Sea based on spectral analysis of the

digitized mareograms. They concluded that while

the maximum heights of the recorded tsunami wave

tide-gauge locations do not exceed 52 cm, an

increase in the wave height with an increase in

the magnitude is observed, as expected. They also

reported that the typical periods of tsunami waves

lie within the interval of 8–39 min (DOTSENKO and

INGEROV 2007).

In their tsunami modeling study for the Black Sea,

DOTSENKO and INGEROV (2010) concluded that the

highest waves are formed at the coastal sites closest

to the seismic source. They simulated mareogram

records at 27 locations in the northern part of the
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Black Sea based on 24 possible source zones and

concluded that the maximum wave height should not

exceed 3 m at any site while, for most of the sites, it

is reasonable to expect a maximum of 1.5 m for

M = 7.

3.2. Eastern Mediterranean and Aegean

A review of the terrestrial geologic records of the

Aegean region showing that little geologic evidence

has been identified for a many tsunamis reported in

the catalogues was provided in DOMINEY-HOWES

(2006). In an attempt to develop some simple

scenarios of earthquake-generated tsunamis in the

Mediterranean, TINTI et al. (2005) identified four

different seismogenic areas in the western, central

and eastern sections of the basin and defined a

seismic fault capable of generating an earthquake

with a magnitude equal or larger than the highest

magnitude registered throughout history.

ALTINOK et al. (2005) studied the 1881 Chios-

Cesme (Mw 6.5) and 1949 Chios-Karaburun (Mw

6.7) earthquakes where associated earthquakes and

co-seismic underwater failure-originated tsunamis

affected Chios Island and Cesme. SALAMON et al.

(2007) collected and investigated ancient and modern

tsunami reports in the Eastern Mediterranean to

understand and model the typical tsunamigenic

sources with possible characterization of the tsunami

hazard along the Levant coasts. Their analysis

indicated that only 35 % of the tsunami reports could

be traced back to primary sources. In addition to

critical compilation and assessment of the tsunami

reports, they also modeled three typical scenarios and

examined the more likely severe magnitudes, which

leads toward the upper range of expected run-ups.

They concluded that an offshore slump produced by a

strong Dead Sea transform system earthquake may

lead to 4- to 6-m run-up flooding the Syrian,

Lebanese, and Israeli coasts, whereas tsunamis from

remote earthquakes produce only 1- to 3-m run-ups in

these coasts, but are more regional in extent. YOLSAL

et al. (2007) attempted to synthesize historical

tsunamis and tsunami propagation in the Eastern

Mediterranean Sea region, focusing specifically to the

Hellenic and the Cyprus arcs and the Levantine

Basin, and provided focal mechanism parameters for

the 11 May 1222 Paphos and 8 August 1303 Crete

earthquakes while at the same time providing their

interpretation of tsunami source zones in the Eastern

Mediterranean and Aegean Seas.

In their study, LORITO et al. (2008) selected three

potential source zones located at short, intermediate

and large distances from Southern Italy to study the

impact of a large set of tsunamis resulting from

earthquakes generated by major fault zones of the

Mediterranean Sea. They argued that only a system-

atic identification of all possible sources along with

their correlative tsunami scenarios is needed to deal

with the uncertain source-impact zones and there is a

need for considering both distant and local sources.

OKAL et al. (2009) conducted a study on the 1956

Amorgos earthquake based on a normal mechanism

fault with a rupture area of 75 9 40 km derived from

the systematic relocation of the main shock and 34

associated events expressing extensional tectonics in

the Hellenic subduction zone back-arc. Also support-

ed with eye-witness reports, they argued that the

observed tsunami is incompatible with a seismic

dislocation source only and demonstrated this

through hydrodynamic simulations using both the

dislocation and landslide source models. This con-

clusion has been somehow further supported by

BEISEL et al. (2009) based on the spectral analysis of

the tide-gauge record in the port of Yafo (Israel), as

the coseismic tsunami source failed to capture

significant spectral energy components while simula-

tions resulted in tsunami waves with their heights

close to that obtained from the record measured at

Yafo. In fact, BEISEL et al. (2009) succeeded in

obtaining harmonics with frequencies very close to

those measured at the tide gauge station when

landslide movement, triggered by the main shock

and/or by the largest aftershock, is suggested as a

source of these tsunami waves.

BASILI et al. (2013) states that while tsunamis

generated by Mw = 8 earthquakes affect the entire

basin, the impact of tsunamis generated by Mw = 7

earthquakes should be expected to be strong at many

localities and conclude that a set of scenarios with

regard to the epistemic uncertainties in the parametric

fault characterization in terms of geometry, kinemat-

ics, and assessment of activity rates should be

considered in tsunami hazard analysis.

Earthquake Scenario-Based Tsunami Wave Heights



EBELING et al. (2012) reassessed four large

(M * 7) historical earthquakes occurring in various

regions of the Hellenic Arc (on 6 October 1947, in the

Peloponnesus; 9 February 1948, near Karpathos; and

a couplet east of Rhodos on 24 and 25 April 1957),

where the first two are associated with the damaging

near-field tsunamis involving submarine slumping. A

systematic assessment of the earthquake-generated

tsunami hazard for Rhodes Island in the SE Aegean

Sea based on several hypothetical, credible, near-field

‘worst case’ scenarios associated with seismic events

of magnitude 8.0–8.4 has been presented in MIT-

SOUIDIS et al. (2012).

SØRENSEN et al. (2012) provided the first

probabilistic estimate of earthquake-generated tsu-

nami hazard for the entire Mediterranean Sea based

on deterministic tsunami wave propagation scenarios

corresponding to earthquake activity rates estimated

from the observed seismicity. Their results indicated

that while the highest hazard in the eastern

Mediterranean is due to the earthquakes along the

Hellenic Arc, in fact most of the Mediterranean

coastline is prone to tsunami impact, the probability

of a tsunami wave exceeding 1 m somewhere in the

Mediterranean in the next 30 years is close to

100 % (SØRENSEN et al. 2012). Their source model

consists of 21 homogeneous zones chosen to be

small enough to represent regions of relatively

homogeneous earthquake activity while at the same

time sufficiently large enough allowing for a stable

statistical analysis of the source zone characteristics.

However, the sizes of the zone areas they deter-

mined would not allow capturing the complexity of

the seismo-tectonic setting presented in Fig. 1 in our

view.

YOLSAL-ÇEVIKBILEN and TAYMAZ (2012) nu-

merically simulated the major and well-known

earthquake-induced Eastern Mediterranean tsunamis

of 365, 1222, 1303, 1481, 1494, 1822 and 1948 and

proposed several hypothetical tsunami scenarios to

demonstrate the characteristics of tsunami waves,

propagations and effects of coastal topography.

While they argue that the Cyprus Island acts as a

natural barrier for tsunami waves in case of earth-

quakes along the Hellenic Arc, the Cyprus Arc and/or

the Levantine Basin, they also emphasized the need

for better geophysical, seismological and geological

observations in the future for the improvement of

tsunami simulations.

In their PTHA study, LØVHOLT et al. (2012)

argued that in the Hellenic Arc, at the southern parts

of Peloponnese and Crete, the run-up height for a

return period of 500 years might well exceed 10 m.

A map of tsunamigenic zones in the Mediter-

ranean region and its connected seas, including the

Marmara Sea, the Black Sea and the SW Iberian

Margin in the NE Atlantic Ocean, is provided in

PAPADOPOULOS et al. (2014) based on combined

analysis of various sources such as historical

documents, onshore and offshore geological signa-

tures, geomorphological imprints, observations from

selected coastal archeological sites, as well as

instrumental records, eyewitnesses accounts and

pictorial material concerning both seismic and

non-seismic origins with a variable tsunamigenic

potential.

Various other studies such as PAPAZACHOS et al.

(1986), SOLOVIEV (1990), RANGUELOV and GOSPODI-

NOV (1994), DOTSENKO and KONOVALOV (1996),

YALÇINER et al. (2004), PAPADOPOULOS et al.

(2011a, b), PARARAS-CARAYANNIS (2011), MITSOUDIS

et al. (2012) provide information on the tsunamis

observed and/or analysed in the Black Sea, the

Aegean Sea and the Eastern Mediterranean. All of

these studies, whether presented here or not (except

SØRENSEN et al. 2012), provide conclusions based on

one or several selected earthquake-triggered tsunami

scenarios. In this study, we have attempted to go

beyond all of theses previous studies by not only

considering all of the possible tsunamigenic earth-

quake sources but also considering their possible

magnitude ranges.

4. Parameterization of Tsunamigenic Earthquake

Sources and Creation of the Tsunami Scenario

Database

Uncertainties in earthquake source parameters,

such as strike, dip, rake and depth, and the effect of

their variability on tsunami wave propagation and

calculated wave heights at offshore coastal locations

was discussed in NECMIOĞLU and ÖZEL (2014). Among

the various sources used to assign characteristics of
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earthquake sources at each source point in this study,

the first and main source was the available moment

tensor catalogues (ISC Focal Mechanism Database;

VANNUCCI and GASPERINI 2004; KALAFAT et al. 2009).

The seismicity maps from ISC, EMMA and KALAFAT

et al. (2009) catalogues are given in Fig. 1. The

events selected from the Reviewed ISC Bulletin focal

mechanism database, which also includes important

datasets such as the Global Centroid Moment Tensor

(GCMT) Project, has a total of 466 events with

Figure 1
Consolidated seismicity maps from the International Seismological Centre (ISC), the Earthquake Mechanisms of the Mediterranean Area

(EMMA; VANNUCCI and GASPERINI 2004) and KALAFAT et al. (2009) catalogs with no magnitude restriction (upper left) and with M [ 4 (upper

right). Fault types in the Eastern Mediterranean, Aegean and Black Seas according to Zoback (1992) derived from ISC, EMMA and KALAFAT

et al. (2009) moment tensor catalogs for the depth range of 0-40 km (bottom left) and 40–100 km (bottom right). NF normal faulting, NS

normal faulting combined with considerable strike-slip component, TF thrust faulting, TS thrust faulting combined with considerable strike-

slip component, SS strike-slip faulting, U unclassified type of faulting. Fault lines are taken from BASILI et al. (2013). Figure modified from

NECMIOĞLU and ÖZEL (2014)
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M C 4.0 defined strike/dip/rake values out of 4,233

events for the range of 1 January 1911–1 January

2011 in the study area (30!–48!N/22!–44!E). The

second release of the EMMA database (VANNUCCI and

GASPERINI 2004) is a very detailed and comprehensive

compilation of earthquake source parameters. A total

of 735 events from the EMMA catalog were con-

sidered in this study; 827 events with M C 4.0 can be

found in KALAFAT et al. (2009), where earthquake

source parameters of 46 % of the events included are

originally calculated for that study; the rest were

complied from other sources. Interpretation of the

fault mechanism based on different moment tensor

catalogues may lead to different conclusions. On the

other hand, when combined, the catalogues may be

used to identify zones with similar properties, as

shown in Fig. 1. Seismicity maps shown in Fig. 1

helped to identify the locations of 0.5! 9 0.5! bins at

0–40 and 40–100 km depth layers to be used in the

source characterization and corresponding tsunami

scenario creation (Fig. 2). The reason for considering

two depth layers was to study the generation of tsu-

namis by intermediate-depth sources as suggested by

NECMIOĞLU and ÖZEL (2014). The variation of strike,

dip and rake values through polar plots have been

evaluated subjectively at 312 0.5! 9 0.5! uniformly

gridded bins for a 0–40 km shallow depth layer and

92 bins for a 40–100 km intermediate-depth layer in

order to determine the dominant strike/dip/rake

parameters in each bin. An additional database was

the European Database of Seismogenic Faults

(EDSF) compiled in the framework of the EU Seis-

mic Hazard Harmonization in Europe (SHARE)

Project (BASILI et al. 2013; SBORAS et al. 2011), which

includes only faults that are deemed to be capable of

generating earthquakes of magnitude equal to or

larger than 5.5 with the aims at ensuring an ho-

mogenous input for use in ground-shaking hazard

assessment in the Euro-Mediterranean area. Faults

considered from the EDSF are shown in Figs. 3 and

4. Last but not least, a total of 2,733 events compiled

and provided within the Tsunami Risk and Strategies

For the European Region (TRANSFER) Project

(http://www.transferproject.eu/) have also been con-

sidered in this study.

The characteristic earthquake source database

derived in this study for 0–40 and 40–100 km depth

layers is a result of evaluating the compiled source

databases referenced above supported by the strike/

dip/rake distribution analysis and interpretation of the

tectonic setting of the study region. Corresponding

maps with representative focal mechanisms are given

in Fig. 2. The derived database includes strike, dip,

rake, depth, Mwmax and corresponding fault length

(L), fault width (W) and slip (D) values for each bin

together with associated parameters. Several pa-

rameters within the characteristic database are

referenced directly from the ISC Moment Tensor

Figure 2
(Left) Locations of 0.5! 9 0.5! bins at 0–40 km (red squares) and 40–100 km depth (green squares) layers to be used in the source

characterization and corresponding tsunami scenario creation. The total number of bins is 404 (312 shallow–92 deep). Fault lines are taken
from BASILI et al. (2013). Representation of characteristic earthquake focal mechanism parameters for 0–40 km (center) and 40–100 km

(right) depth layer provided. Beach-ball sizes are proportional to the Mwmax assigned to each bin

O. Necmioglu, N. M. Özel Pure Appl. Geophys.
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Catalog, the EMMA Moment Tensor Catalog (VAN-

NUCCI and GASPERINI 2004); KALAFAT et al. (2009), the

SHARE database (BASILI et al. 2013; CAPUTO et al.

2012), the TRANSFER database (CONSTANTINESCU

et al. 1966; DINEVA 1993; DZIEWONSKI et al. 1981;

Swiss Federal Institute of Technology in Zurich

(ETHZ) Moment Tensor Catalogue, RADULIAN et al.

2002; UDIAS et al. 1989) and the literature (ALPTEKIN

et al. 1986; BEISEL et al. 2009; BERNARDI 2004;

BOHNHOFF et al. 2005; EBELING et al. 2012; EVA et al.

1988; JOST et al. 2002; KORAVOS et al. 2003; LORITO

et al. 2008; MCKENZIE 1978; MITSAKAKI et al. 2013;

MITSOUDIS et al. 2012; MORATTO et al. 2007; OKAL

et al. 2009; PAPAIOANNOU and PAPAZACHOS 2000; PA-

PAZACHOS 1996; PARKE 2001; PILIDOU et al. 2004;

SALAMON et al. 2003, 2007; SHAW et al. 2008; SHAW

and JACKSON 2010; SØRENSEN et al. 2012; TAYMAZ

et al. 1990; TINTI et al. 2005; YOLSAL et al. 2007).

Further studies on moment tensor catalogues, such as

KIRATZI and LOUVARI (2003), PONDRELLI et al. (2002,

2004, 2011), and BENETATOS et al. (2004) have also

been considered. If not provided in the references, L,

W and D values are mostly calculated from LEONARD

(2010) for the Mwmax earthquakes with strike/dip/

rake parameters slightly modified; in certain cases,

copied from individual studies such as LORITO et al.

(2008), MITSOUDIS et al. (2012) etc. or scaled from

Mw-Mo relations provided in KANAMORI (1977) and

HANKS and KANAMORI (1979). Within the range of 6.5-

Mwmax, excluding the case corresponding to Mwmax,

L and W parameters are scaled exponentially with

respect to L and W parameters defined for an Mw 6.5

scenario in consideration of the thickness of the

seismogenic layer. Slip parameters have been

Figure 3
Maximum wave height distribution for the 365 AD event. Strong focusing between Banghazi and Darna provinces in the eastern part of the

Libya is evident and a minimum offshore wave height of 1 m can be observed throughout the Eastern Mediterranean from Alexandria (Egypt)

to Sicily and southern coasts of Italy

Figure 4
Distribution of calculated bathymetry depths for all depths (left) and for the depth range of 20–100 m (right). A vast majority of the
calculations were performed within the 20–100 m bathymetry depth range and a high portion within this range corresponds to calculations at

depths of 20–40 m. No calculations were performed in less than 20-m bathymetry depths during the coarse resolution modeling
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inversely derived than from the moment calculated

with given Mw, L, and W parameters where

l = 3.25E ? 11 dyn/cm2. Reference formulas used

from LEONARD (2010) are given in Table 1. In cases

where no Mwmax information was available from the

literature or other sources used in this study, a hy-

pothetical value was assigned in accordance with the

Mwmax value defined in the neighbouring bin. Focal

mechanism solutions for each bin are shown in Fig. 2

where beach-ball sizes are proportional to the Mwmax

assigned to each bin. Using the earthquake source

parameters as described above, we calculated tsunami

scenarios with the SWAN-JRC code (ANNUNZIATO

2007) which solves the non-linear shallow water

equations by the finite difference numerical scheme

based on SWAN code by MADER (2004). Initial

conditions for the tsunami modeling is obtained using

an analytical solution for surface deformation in an

elastic half-space (OKADA 1985) embedded in the

SWAN-JRC code by estimating the distribution of

coseismic uplift and subsidence using the earthquake

source parameters (ZAMORA et al. 2014).

5. Case Study: 365 AD Event

The earthquake of 21 July 365 AD was a sig-

nificant event in the Hellenic Arc affecting a large

area in the Eastern Mediterranean, where most of the

associated damage was due to the seismic sea wave

that played havoc with coastal settlements in Egypt,

Peloponnese and Sicily (AMBRASEYS 2009). First, the

sea was driven out and then huge masses of water

flowed back; shipwrecks were found 2 km off the

coast on the southwestern shore of Peloponnesus near

Methoni; a tsunami was observed in Asia Minor and

the coast of Sicily was flooded (SOLOVIEV et al. 2000;

ALTıNOK et al. 2011). PAPADOPOULOS (2011a, b) pro-

vides a detailed discussion on this event. According

to AMBRASEYS (2009), there is evidence that this

rather shallow earthquake was produced by thrust

faulting off the southwest coast of Crete, which ex-

tended for about 100 km to the northwest, striking at

320!. The uplifting of the west coast of the island of

Crete by 4–9 m may be associated with this or other

earthquakes during that period. The seismic sea wave

was caused by an offshore fault rupture, by (1) large

scale landslide(s) from the bathymetric escarpments,

or both. In their interpretation of the Eastern

Mediterranean tectonics and tsunami hazard based on

detailed investigation of the 365 AD earthquake,

SHAW et al. (2008) presented evidence from field

observations and radiocarbon data that western Crete

was lifted by up to 10 m above sea level during the

earthquake and suggested that the earthquake oc-

curred on a fault dipping at around 30! within the

overriding plate and not on the subduction interface.

Their tsunami modelling provided open-ocean tsu-

nami waves heights that are comparable to that of

observed and modelled in the open ocean for the

Sumatra 2004 tsunami. Furthermore, LORITO et al.

(2008) argued that up to a 5-m tsunami wave could of

been produced by the western Hellenic Arc source

(365 AD event). The 365 AD event has been re-

searched by many, such as TINTI et al. (2005);

FOKAEFS and PAPADOPOULOS (2007); PAPADIMITRIOU

and KARAKOSTAS (2008); SHAW and JACKSON (2010);

and PARARAS-CARAYANNIS (2011).

Strike, dip, rake and depth parameters (strike

315!, dip 35!, rake 90!, depth 27.3 km) of the asso-

ciated earthquake source model used in the tsunami

Table 1

Calculation of L, W, D from a given Mw and L, D from a given Mw

and W according to LEONARD (2010)

a b

Mw -> L, W, D
Mw = a 9 log (RA) ? b

DS 1.00 4

SS 1.00 3.99
Mw = a 9 log (L) ? b

DS 1.67 4.24

SS 1.67 4.17

log(DAV) = a 9 log (L) ? b
DS 0.833 -1.30

SS 0.833 -1.34

Mw, W -> L, D
Mw = a 9 log (RA) ? b

DS 1.00 4

SS 1.00 3.99

log(DAV) = a 9 log (L) ? b
DS 0.833 -1.30

SS 0.833 -1.34

In the latter, W correspond to the assumed thickness of the seis-

mogenic layer for the Mwmax defined. Fault classification based on
the rake angle is the following: DS dip slip: thrust faults where

15! \ k\ 165!) and normal faults where 195! \ k \ 345!;

SS strike slip: strike-slip faults where 345! B k B 15! and
165! B k B 195!
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modelling for the 365 AD event in this study were

assigned from LORITO et al. (2008) with a slight

modification, whereas we considered also a Mw 8.4

event with a smaller rupture area and displacement (L

120 km, W 77 km, and slip 16.7 m). The epicenter of

the source is selected as 35.25!N 23.25!E. Our

modelling indicates that the tsunami reaches north-

eastern Libya and western Peloponnese in half an

hour, whereas the arrival time for eastern Sicily,

Calabria and Rhodes is 1 h. Waves arrive in Antalya,

western Cyprus, Alexandria, and Tripoli in 90 min

and reach the Levantine coast in 2 h. Maximum wave

height distribution for the 365 AD event, shown in

Fig. 3, indicates a strong focusing between the

Banghazi and Darna provinces in the eastern part of

Libya and a minimum of 1 m offshore wave heights

can be observed throughout the Eastern Mediter-

ranean from Alexandria (Egypt) to Sicily and

southern coasts of Italy. Extreme impact is evident in

western Crete, eastern Peloponnese and Attica, and in

the eastern part of Libya between the Banghazi and

Darna provinces. Considerable impact is evident in

the southern Aegean, in central and eastern Crete, in

Rhodes and Turkish coasts opposite Rhodes, on the

northwestern coasts of Egypt, in northern Libya be-

tween the Tripoli and Banghazi provinces, eastern

Sicily, southern Italy and in western Peloppenese.

The impact is relatively low in the Levantine and

almost no impact is associated with the Northern

Aegean, eastern Cyprus, Tunisia, western Sicily and

beyond, and Albania. The results are consistent with

the historical records, indicating the reliability of the

model.

6. Evaluation of the Tsunami Scenario Database

We present varied statistical information on the

created tsunami scenario database to reflect the

overall characteristics of the data, issues related to the

resolution of the bathymetry used in the modeling,

followed by a qualitative and quantitative assessment

of the results. There are 1,394 forecast points in the

scenario database where tsunami wave heights have

been calculated. No calculations were performed in

less than 20-m bathymetry depths in this study

(Fig. 4). The distribution of the calculated wave

heights with respect to the bathymetry depth of the

calculation points are given in Fig. 5. The effect of

the source depth is clearly visible, with a ratio close

to 2 between the wave heights calculated for shallow

events (top of the fault at a 5-km depth) and inter-

mediate deep events (top of the fault at a 40-km

depth). The distribution of the calculated wave

heights with respect to the distance between the cal-

culation point and associated earthquake epicentre

can also be found in Fig. 5. The effect of the source

depth is clearly visible where the calculated wave

heights are substantially higher for shallow events

qwith a source-calculation point distance in the range

of 0–200 km. The relative increase observed in the

wave heights between 250 and 500 km is mostly

associated with the earthquakes in the Hellenic Arc

and calculations points in northern Africa, especially

between Banghazi (Libya) and Alexandria (Egypt).

The distribution of the calculated wave heights with

respect to Mw is given in Fig. 6, indicating a ratio of

2 for calculated wave heights for shallow and deep

events for the Mw range of 6.5–6.6, around 1.6 for

the Mw range of 6.7–7.8 and 1.2 for the Mw range of

7.9–8.5 for both sets of data.

Maximum wave heights calculated in the Black

Sea for the shallow earthquakes defined in Fig. 2 are

provided in Fig. 7., which shows that \3-m tsunami

wave heights could be expected in locations in the

southern coasts of Crimea, the northwestern coast of

Turkey, the Bulgarian coast and along the south-

eastern coasts of Romania, whereas along the eastern

Black Sea coasts, the expected maximum tsunami

wave height is \1 m. The results of the modeling are

in accordance with historical tsunami events in the

region.

Maximum wave heights calculated in the Central

and Eastern Mediterranean for shallow earthquakes

defined in Fig. 2 are provided in Fig. 8 (top), which

shows that the expected maximum tsunami wave

height is [3 m in locations in, around and orthogonal

to the Hellenic Arc, whereas for the rest of the

Eastern Mediterranean, Southern Aegean, Tripoli

(Libya), eastern Sicily, Calabria and western coasts

Greece, the expected maximum tsunami wave height

is \3 m. In the northern Aegean, Tunisia, western

Sardinia, southwest coasts of Italy, and western and

northern coasts of Sicily, the expected maximum

Earthquake Scenario-Based Tsunami Wave Heights



tsunami wave height is \1 m. The results of the

modeling are in accordance with the historical tsu-

nami events in the region. It should be emphasized

that the conclusions given above for both the Black

Sea and Eastern Mediterranean are valid only for the

shallow earthquake sources given in Fig. 2 and ex-

cluding any possibility of an associated submarine

landslide. Descriptions and conclusions of tsunamis

generated from shallow earthquake sources in the

Eastern Mediterranean are also valid for tsunamis

generated from intermediate-depth earthquake sour-

ces defined in Fig. 2 (Fig. 8 bottom).

In order to support our conclusions and avoid

possible discussion associated with the definition of

the maximum magnitude values considered in the

study, we have decided to identify the minimum

earthquake magnitude for each forecast point that

would lead to 50-cm wave height at the coast

line. Using Green’s Law, defined as where

Aw1m = (AwCP)1/4 9 BDCP, where Aw1m is the

wave height at 1 m bathymetry depth, AwCP is the

wave height calculated and BDCP is the bathymetry

depth of the calculation point, we considered all

calculations where the wave height calculated off-

shore is higher than 20 cm; this was based on the

consideration that the majority of the calculations

took place in the 20–40 m bathymetry depth range

and a 20 cm wave height calculated at 40 m

bathymetry depth would correspond to a 50-cm

wave height at the coastline according to Green’s

Law. On the other hand, it should be emphasized

that while Green’s Law provides an empirical ap-

proximation, the non-linear dynamics of the tsunami

at the coastal zones may lead to deviations in actual

wave heights.

Minimum values of earthquake magnitudes lead-

ing to a 50-cm wave height along the Black Sea

coasts for the shallow earthquakes defined in Fig. 2

and associated earthquake magnitudes is shown in

Fig. 9. While a higher magnitude Mw range of

7.5–7.9 is needed for the locations in the eastern

Black Sea, an Mw range of 7.0–7.4 is sufficient

enough to have 50-cm waves in most parts of the

western Black Sea. Especially in the southern coasts

Figure 5
Top Distribution of the calculated wave heights with respect to the bathymetry depth of the calculation point. The effect of the source depth is

clearly visible with a ratio close to 2 between the wave heights calculated for shallow events (top of the fault at a 5-km depth) and deep events

(top of the fault at a 40-km depth). Bottom Distribution of the calculated wave heights with respect to the distance between the calculation
point and associated earthquake epicenter. The effect of the source depth is clearly visible where the calculated wave heights are substantially

higher for shallow events with a source-calculation point distance in the range of 0–200 km. The relative increase observed in the wave

heights between 250 and 500 km is mostly associated with earthquakes in the Hellenic Arc and calculation points in northern Africa,

especially between Banghazi (Libya) and Alexandria (Egypt)
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of Crimea, southern coasts of Romania, Bulgarian

coasts and several locations in the north-western part

of the Black sea region of Turkey, a Mw range of

6.5–6.9 is enough to result in 50-cm wave height at

the coastline. Figure 10 shows minimum values of

earthquake magnitudes leading to a 50-cm wave

height on the Eastern Mediterranean and Aegean

coasts for the shallow earthquakes defined in Fig. 2.

Locations in an around the Hellenic Arc, the Aegean

Sea and south- and eastern Cyprus can be subject to

50-cm coastal wave height for earthquakes ranging

from Mw 6.5–6.9, whereas for southern coasts of

Turkey, the Levantine coasts, northern Egypt and

north-eastern Libya, a higher Mw range of 7.0–7.4 is

needed. Earthquakes in the Mw range of 7.5–7.9 are

capable of generating 50-cm coastal wave heights in

northern Libya, in southern and eastern Sicily, in

southern Italy, Albania and along western coasts of

Greece. Only earthquakes in the Mw range of 8.0–8.5

are capable of generating a 50-cm coastal wave

height in Tunisia, along western and northern Sicily,

on the western and Adriatic coasts of Italy, and in the

Gulf of Corinth. Minimum earthquake magnitudes

leading to a 50-cm wave height at the Eastern

Mediterranean and Aegean coasts for the deep

earthquakes defined in Fig. 2 show that locations in

an around the Hellenic Arc, the southern Aegean Sea

and north-eastern Libya can be subject to 50-cm

coastal wave heights for earthquakes ranging from

7.0–7.4, whereas for the southern coasts of Turkey,

western Cyprus, southern Levantine, northern Egypt,

Tripoli (northern Libya), eastern Sicily, southern

Italy, and western Greece, a higher Mw range of

7.5–7.9 is needed (Fig. 10). Only earthquakes in the

Mw range of 8.0–8.5 are capable of generating 50-cm

Figure 7
Maximum wave heights calculated in the Black Sea for the shallow

earthquakes defined in Fig. 2 indicate that \3-m tsunami wave

heights could be expected in locations along the southern coasts of

Crimea, the northwestern coast of Turkey, the Bulgarian coast and
the southeastern coasts of Romania, whereas along the eastern

Black Sea coastline, the expected maximum tsunami wave height

is \1 m. The results of the modeling are in accordance with

historical tsunami events in the region. It should be emphasized
that these conclusions are valid only for the earthquake sources

given in Fig. 2 and excluding any possibility of an associated

submarine landslide

Figure 6
Distribution of the calculated wave heights with respect to Mw. the calculated mean varies around 2 for the Mw range of 6.5–6.6, around 1.6

for the Mw range of 6.7–7.8 and 1.2 for the Mw range of 7.9–8.5 for both sets of data
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coastal wave heights in Tunisia, western and northern

Sicily, along the western and Adriatic coasts of Italy,

in the Gulf of Corinth, in the central and northern

Aegean, in eastern Cyprus and along the northern

Levantine coasts. It should be emphasized that these

conclusions are valid only for the shallow earthquake

Figure 8
Maximum wave heights calculated in the Central and Eastern Mediterranean for the shallow- (top) and intermediate-depth (bottom)

earthquakes defined in Fig. 2 indicate that the expected maximum tsunami wave height is [3 m in locations in, around and orthogonal to the

Hellenic Arc, whereas for the rest of the Eastern Mediterranean, Southern Aegean, Tripoli (Libya), eastern Sicily, Calabria and western coasts
Greece, a maximum tsunami wave height of \3 m is expected. In the northern Aegean, Tunisia, western Sardinia, southwest coasts of Italy,

and western and northern coasts of Sicily, the expected maximum tsunami wave height is \1 m. The results of the modeling are in accordance

with the historical tsunami events in the region. It should be emphasized that these conclusions are valid only for the earthquake sources given

in Fig. 2 and excluding any possibility of an associated submarine landslide
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sources given in Fig. 2 and excluding any possibility

of an associated submarine landslide.

7. Discussion and Conclusions

There are various strong tsunami events in the

Eastern Mediterranean with an apparent recurrence

period of about 150–200 years associated to both

seismic and non-seismic origins (YOLSAL et al. 2007).

But more importantly, some extreme events, such as

those occurring in 365 and 1303 AD, have resulted in

basin-wide impacts, as also confirmed by the tsunami

simulations performed in this study. The low recur-

rence of strong events in the Black Sea makes it

difficult to conduct a preliminary tsunami hazard

study in the region since there is only a certain

amount of descriptive information concerning the

historical tsunami events in the Black Sea. The most

important fact is that the available historical data

indicates that some historical tsunami waves were

equal to 2–3 m and, thus, destructive (DOTSENKO and

INGEROV 2007). In this study, we have tried to

consider all possible locations of tectonic origin tsu-

namis with a possible and meaningful range of

magnitudes. However, submarine landslide-generated

tsunamis in the Black Sea constitute a major element

of the tsunami hazard in the region and further

comprehensive studies on this should be initiated.

The importance of landslides in terms of tsunami

hazard following a large earthquake should be an

important element of tsunami hazard analysis for the

Eastern Mediterranean, as in the case of the 1956

Amorgos earthquake and tsunami (OKAL et al. 2009).

Maximum wave heights calculated in the Black

Sea for the shallow earthquakes defined in Fig. 2

indicate that \3-m tsunami wave heights could be

expected along the southern coasts of Crimea, the

northwestern coast of Turkey, the Bulgarian coast

and the southeastern coasts of Romania, whereas

along the eastern Black Sea coast, the expected

maximum tsunami wave height is \1 m. A corre-

sponding simplified maximum tsunami wave height

zonation map is given Fig. 11. Minimum Mw values

that may lead to 50-cm coastal wave height is in the

range of 7.0–7.4 for the most part of the western

Black Sea, whereas a higher magnitude Mw range of

7.5–7.9 is needed for the locations in the eastern

Black Sea. Maximum wave height calculated for the

Central and Eastern Mediterranean for the shallow

earthquakes defined in Fig. 2 indicate that the ex-

pected maximum tsunami wave height is [3 m in

locations in, around and orthogonal to the Hellenic

Arc. In the rest of the Eastern Mediterranean,

Southern Aegean, Tripoli (Libya), eastern Sicily,

Calabria and western coasts Greece, the expected

maximum tsunami wave height is \3 m. In the

northern Aegean, Tunisia, western Sardinia, south-

west coasts of Italy, and western and northern coasts

of Sicily, the expected maximum tsunami wave

height is \1 m. A corresponding simplified max-

imum tsunami wave height zonation map is given

Fig. 12. Minimum Mw values that may possibly lead

to 50-cm wave coastal wave height is in the range of

6.5–6.9 in locations in an around the Hellenic Arc,

the Aegean Sea and south- and eastern Cyprus,

whereas for southern coasts of Turkey, the Levantine

coasts, northern Egypt and north-eastern Libya, a

higher Mw range of 7.0–7.4 is needed. Earthquakes

in the Mw range of 7.5–7.9 are capable of generating

Figure 9
Minimum earthquake magnitude values leading to 50-cm coastal
wave heights along the Black Sea coast for the shallow earthquakes

defined in Fig. 2, and associated earthquake magnitudes. While a

higher magnitude Mw range of 7.5–7.9 is needed for the locations
in the eastern Black Sea, an Mw range of 7.0–7.4 is sufficient

enough to have 50-cm waves in most parts of the western Black

Sea. Especially in the southern coasts of Crimea, southern coasts of

Romania, Bulgarian coasts and several locations in the north-
western part of the Black sea region of Turkey, a Mw range of

6.5–6.9 is enough to result in 50-cm wave heights at the coastline.

It should be emphasized that these conclusions are valid only for

the shallow earthquake sources given in Fig. 2 and excluding any
possibility of an associated submarine landslide
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Figure 10
Minimum earthquake magnitude values leading to 50-cm coastal wave heights along the Eastern Mediterranean and Aegean coasts for the

shallow- (top) and intermediate-depth (bottom) earthquakes defined in Fig. 2, and associated earthquake magnitudes. Locations in an around
the Hellenic Arc, the Aegean Sea and south- and eastern Cyprus can be subject to 50-cm coastal wave heights for shallow earthquakes ranging

from 6.5–6.9 and from 7.0–7.4 for intermediate-depth earthquakes. For the southern coasts of Turkey, ther Levantine coasts, northern Egypt

and north-eastern Libya, a higher Mw range of 7.0–7.4 for shallow and 7.5–7.9 for the intermediate-depth earthquakes is needed. Shallow

earthquakes in the Mw range of 7.5–7.9 are capable of generating a 50-cm coastal wave height in northern Libya, southern and eastern Sicily,
southern Italy, Albania and along the western coasts of Greece. Only earthquakes in the Mw range of 8.0–8.5 are capable of generating 50-cm

coastal wave height in Tunisia, in western and northern Sicily, at the western and Adriatic coasts of Italy, and in the Gulf of Corinth. It should

be emphasized that these conclusions are valid only for the shallow earthquake sources given in Fig. 2 and excluding any possibility of an

associated submarine landslide
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50-cm coastal wave height in northern Libya, in

southern and eastern Sicily, in southern Italy, Albania

and along the western coast of Greece. Only earth-

quakes in the Mw range of 8.0–8.5 are capable of

generating 50-cm coastal wave height in Tunisia, in

western and northern Sicily, along the western and

Adriatic coasts of Italy, and in the Gulf of Corinth.

The results of the modeling are in accordance with

the historical tsunami events in the study area. It

should be emphasized that these conclusions should

not be considered as complete for the areas shown in

the maps since they are valid only for the earthquake

sources given in Fig. 2 and excluding any possibility

of an associated submarine landslide. On the other

hand, minimum values of earthquake magnitudes

leading to a 50-cm coastal wave height in the study

area helps us to conclude that, when excluding sec-

ondary phenomenon such as a triggered submarine

landslide, an Mw value of 6.5 could be accepted as a

lower threshold for a tsunami early warning system in

the region.

The first element of disaster risk reduction is

assessment of the hazard. The main purpose of this

study is to provide a basis for detailed tsunami hazard

studies in Eastern Mediterranean, Aegean and Black

Seas. Historical and instrumental studies reveal the

complex nature of plate interactions and crustal de-

formation in the region, interactions that are mainly

Figure 11
Simplified maximum tsunami wave height zonation map for the

Black Sea derived from this study. Colors indicate the level of

maximum tsunami wave height at the coastline of the respective

zone (orange 1–3 m; yellow \1 m) due to earthquake sources
given in Fig. 2 and excluding any possibly associated submarine

landslide; source regions indicated by magenta on the map

Figure 12
Simplified maximum tsunami wave height zonation map for the Central-Eastern Mediterranean and Aegean Sea derived from this study.

Colors indicate the level of the maximum tsunami wave height at the coastlines of the respective zones (red [3 m; orange 1–3 m;

yellow \1 m) due to earthquake sources given in Fig. 2 and excluding any possibly associated submarine landslide; earthquake source regions
indicated by magenta on the map. Only offshore earthquake sources within 22!E–37!E are considered in this study, as shown in Fig. 2; thus,

conclusions for the western part of the study area could be considered less reliable

Earthquake Scenario-Based Tsunami Wave Heights



evidenced by devastating earthquakes sometimes

accompanied by catastrophic tsunamis. In addition to

earthquakes as tsunami sources, massive land move-

ments, such as in the case of the Santorini event

around 1600 BC or the Fatsa Tsunami triggered by

the Erzincan (Turkey) earthquake in 1939, gives a

clear indication that the entire Eastern Mediterranean

and its connected seas region is prone to tsunami

events. A 365 AD-type earthquake could be expected

approximately every 800 years and the fact that there

has been only one other such event (in 1303) in the

past 1,650 years, the modern-day tsunami hazard in

the Eastern Mediterranean requires more attention

(SHAW et al. 2008). Therefore, it is evident that a

comprehensive tsunami hazard analysis is needed

covering the Eastern Mediterranean, Aegean and

Black Seas, since future tsunamis in the region could

be even more damaging than past events, when

considering increased population density and eco-

nomic activity in the coastal zones, such as ports,

shipyards, marinas, nuclear and thermoelectric power

plants, oil refineries and coastal airports. In addition,

the increased technological and organizational com-

plexities of modern societies accompanied by a

limitation of resources require both short- and long-

term hazard assessment as an integrated element of

sustainable development. ALPAR (2009) showed that

the relative rise in sea-level calculated for Antalya is

in the range of 2.6–4.3 mm/yr, which should not put

the terrain bordering the Mediterranean in danger;

however, the margins of deltaic plains in the region

may be prone to inundation and local submergence,

and storm surges will accelerate the vulnerability.

This estimated sea-level rise could also mean that a

25-cm tsunami wave height would equate to twice the

impact 50 years from now on. Therefore, long-term

tsunami risk assessment studies should definitely

consider the added effect of sea-level rise.
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A., AUGIER, R., GADENNE, L., DRIUSSIÜ, O. (2013), Aegean tec-
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