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ABSTRACT

TSUNAMI RIS K ASSESMENT AND POSITIONING OF A TSUNAMI EARLY
WARNING SYSTEM

Yavuz, Clneyt
Ph.D., Departmenif Civil Engineering
Supervisor: Prof . Dr . El -in Kent e

Co-supervisor: Prof. Dr. Mustafa M. Aral

August 2018323 pages

Tsunamis are rarely experienced events; they have enormous potential to cause large
economic destruction on the critical iastructures and facilities, social devastation due

to mass casualty, and environmental adverse effects like erosion, accumulation and
inundation. Especially for the past two decades, nations have encountered devastating
tsunami events. The aim of this syud to investigate economic, social and environmental
risks along the coastline for Eastern Mediterranean due to tsunamis. Additionally, the best
position for a Tsunami Early Warning System (TEWS) among a set of potential locations
in the Eastern Mediteanean based on the maximum social risk reduction is identified. In
achieving these goals, the following analysis are sequentially conducted: i) Probabilistic
tsunami modelling, ii) Social, economic, and environmental risk assessment and iii)
Decision makig for the best location of TEWS. Probabilistic tsunami modelling is carried
out through Monte Carlo Simulations. NANDANCE is used to simulate tsunamis
originating in the selected area. Social, economic and environmental risks are calculated

for selected®1 elements at risk located in Cyprus, Egypt, Greece, Israel, Lebanon, Syria



and Turkey. Deptldamage curves and exceedance probabilities are used to calculate
social and economic risks while environmental risk is calculated using a binary approach.
Overal risk maps are also constructed for three different scenarios using ArcGIS
environment for the whole study ard@&e highest risk is calculated for Cairo Agricultural
Area with respect to economic and social risk dimensions. In Turkey, Fethiye City Center
Is identified as the most critical element at risk for economic risk assessmauntlzer

of potential locations for TEWS are determined based on physical constraints identified
through an extended literature review and corresponding social risk reduoti@ach of

these TEWS calculated. The best location for the TEWS is identified around
35.45°N/28.21°E.

Keywords: Tsunami modelling, Risk assessment, TEWS positioning, NBNNCE,
ArcGIS
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Oz

TSUNAMKSKR DEJERLENDKRMESK VE TSUNAMK ERK
SKSTEMK K¢KN UYGUN YERKN BELKRLENME

Yavuz, Clneyt
Doktor a, Knkaat M¢ghendi sl ifjJi Bo |l
Tez Y°%°neticisi: Prof . Dr . EI -in Ki
Ortak Tez Yoneticisi: Prof.DMustafa M. Aral

AJ ust o 823sayal 8 ,

Tsunami nadiren g°r¢len doj al afetlerden
czerinde -o0ok b¢gyéek economi k yeéekeéema, - ok
erozyon, birikim ve sewrkaekeénrltakrid egiebined
¥zelli kle son yirmi yélda wuluslar bir -ok
-al ekmanén amacé, Doju Akdeniz sahill eri
riskleri ekonomik, sosyal ve cevresel risk bogutl e n € di kkat e Aaylraércaak, 1 r
Doju Akdeni zo6deki sosyal ri skin maksi mum :
erken uyaré sistemi i1-in bir dizi potansiy
belirl emektir. Bk hedef aeamag edbakaklinlami z1 er
i) Ol asél mkdlanesi, i sBosayal , ekonomi k ve -evre
vV e i1 1) Tsunami erken uyaré sisteminin e
modellemesi Monte Carl8i mul asyonl aré il e ger-eklextir
tsunamiler NAMIDANCE programé kull anél arak simgl e
Kébr és, Mésér , Yunani stan, Ksrail, L¢ebnan

altendaki ulnsuekonomi ksosga-evresel ri skl e



ekonomik riskleri hesaplamak icin derinlika s ar ejrileri il e akeéelm

kull anél ér ken, -evresel ri sk hesabé i-in ikil
kull anél arakyekomemileyresel riskler ¢- farkle
genel ri sk haritalaré olukturul muktur. En y¢Kk:
g°re Kahire Tarémsal Al ané i-in hesapl anmakt ac
gore en one | i ri sk unsuru ol arak Fethiye kehir Mer
uyar e Kamandéral ar é i -1n birtakém potansiyel
belirlenmik ve bu erken uyaré «kKkamandeér al ar éné
azaltmaya del er i hesapl anméxkt eéer . En 1 vyi Kamandeér a
A D ol arak belirlenmixtir.

Anahtar kelimler: Tsunami model | emeslis,unRims$ k ed kjeer lugyrad
sistemi yer | éDANGErArcGIB e s i | NAMI
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CHAPTERS

1 INTRODUCTION

The term "Tsunami” is generated after The Great Meiji Sanriku Tsunami happened on
June 15, 1896 at the coast of Tohoku region. This terminology consists of two Japanese
words"Tsu" and "nami" meaning harbor and wave, respectively (Nakao, M. 2001).

All earthquakes do not cause tsunanitse most important criterion for the formation of
tsunami is the sudden change in the sea floandslides, volcanic eruptions, glacier
carvings, meteorite impacts and mostly undersea earthquakes can be potential hazards to
trigger a tsunamiMost of the destructive tsunamis are generated at subduction zones.
Collision regions of tectonic plates create hgglismicity, whichresultedin devastanhg

shallow earthquakes with an epicenter or faldse to the ocean floor. When tectonic
plates move twardseach other, they displace large areas of the ocean floor reaching up
to thousands of kilometers (ITIC, 201H)an earthquake occurs under tleasit creates

a displacement and from this source, huge amount of energy is transferred to the water
column over the displaced area. This enormous amount of energy causes a sea level rise
and generates a tsunami. This displacement causes an abrupkicréias sea level at

the surface and spread out from the source in all direcliormeep water, the height of

the wave can be expressed with centimeters and the celerity of the wave can be defined as

a function of gravitional acceleratioandthedepth of the water column (8» X).
However, as the wave reaches shallower zone near the shore the wavVetzogtes
shorter and the height of the wave increases. Because of this phenomenon, tsunami waves

create an enormous risk especially alongtiweline. Tsunami waves can move for many



kilometers inland and devastate all living things in its path. Historical tsunami events show
that densely populated areas along the coastline and coastal structures as harbors, marinas,

aquaculture areas have hewostly affected by tsunamis.

Though tsunamis are rarely experienced events, they have enormous potential to cause
large economic destruction on the critical infrastructures and facilities, social devastation
due to mass casualty, and environmental es#veffects like erosion, accumulation and
inundation. Especially for the past two decades, nations have encountered devastating
tsunami events. In 2004, Indian Ocean Earthquake and Tsunami hit the west coast of
Sumatra with the magnitude of 9.1-0 9.3 and resulted in approximately 250000
casualties, 700000 homeless, and more than $4.4 billion economic destruction (Ozel et al.
2011). As explained in World Health Organization (WHO, 2012), Tohoku earthquake and
tsunami occurred off the coast of Japarhwitagnituded 9.0-0 9.1 and triggered a

mega tsunami for which the measured height of the wave reached up to 38 m. In Arahama
region of Sendai city, tsunami waves travelled up to 5 km inland. The results of the
earthquake and tsunami were also deviagtalt led 15848 officially recorded death toll,
approximately 300000 homeless and $122 billion economic lost due to destruction of
properties and critical infrastructures like Fukushima Daiichi Nuclear Power Plant. Failure
of the nuclear power plant caags severe longerm environmental antlealth hazard

which cannot bestimated completely within several years (World Health Organization,
2012). Assessing risks of such disasters is necessary and provides crucial information for

developing necessary precautions and management strategies.

The EasterrMediterranean Sea 800 km long and its maximum width is 1600 km and
greatest depth is 4400 m. It is one of the biggest marginal seas on the planet. Although
Mediterranean Sea is a closed basin, extreme storms and storm surges, tsunami, freak
waves and waterspout have bedéserved periodically. During the last 36 centuries, 67

earthquakes with the magnitude of greater tha® 7>{), 133 earthquakes with the



magnitude between 6 and 7 (¥>>6) and at least 96 tsunamis were documented in the
Eastern Medit endHErsmyn20089)nThys Ahsted Mediterramean is selected

as the case study area.

The utilization of the coastal area of Eastern Mediterranean has increased in the recent
years with projects such as large commercial ports, iiemal airports, oiland gas
pipelines and recreational infrastructures both Turkish and the countries having the

shorelines in Eastern Mediterranean (Papadopoulos et al., 2010).

The noveltyof this thesis is listed as follows;

1 Monte Carlo (MC) simulations are used to conduct @bilstic tsunami
modelling for multicriteria risk analysis along the Eastern Mediterranean
coastline.

1 A largeareathat include91 Elements at RiskHaR), i.e. city centers, summer
villages, industrial areas, agricultural landand environmentallycritical
infrastructuresrom Cyprus, Egypt, Greece, Israel, Lebanon, SyriaTamkey is
selected as the study area.

1 Tsunami simulations are performed using NADMANCE software t@nalyze and
compute generation, amplification apcbpagabn of tsunamiwavesto estimate
the inundated areat each EaR in the study area.

1 Economig socialand environmentaisk dimensionsre calculated for all EalR
this study.Moreover, hree dfferent aggregation approaches asedto estimate
the overall risk for edtEaR in the study area.

T A new tsunami awarenesmdex is proposed in this studyased on a
comprehensk literature review and expert knowledge

1 BestTsunami Early Warning System (TEWBations among a selected set is
identified based on social riskduction



Based on risk assessment results, Cairo Agricultural Area resulted in the highest
economic, social and overall risk. For Turkey, Fethiye is identified as the most critical

element at risk for economic risk assessment.

Additionally, six potential TEWS locatiosareselected in the study area. The only way

to survive from tsunami waves is assumed to reach the safe altitude on foot. Required time
to reach the safe altitude and remaining time to reach the safe altitude after tsunami
warningare calculated for each EaR. Then, the number of physically damaged people is
calculated for both with and without TEWS. The results show that the TEWS positioned
at 35.45°N/28.21°E provides the maximum social risk reduction in the Eastern

Mediterranean.

In Chapter 2, a comprehensive literature survey is conducted about earthquake source
parameters and historical earthquake catalogues, probabilistic analysis of historical
earthquakes with Monte Carlo simulation method, tsunamilation means and data
processing, risk assessment studies, tsunami early warning buoy deployment and tsunami
awareness. The methodology used in this study is given in Chapter 3. Methodology
chapter includes the definition of the study area, generatioeadhquake source
parameters and probabilistic tsunami simulations conducted by MC simulations,
calculation methods of economic, social and environmental risk dimensions and the
method used for positioning of TEWS with respect to social risk reductesulf’ of the

study and related discussions are given in Chapter 4. Finally, concluding remarks, major
findings and suggestions for future researches and investigations are pointed out in
Chapter 5.



2 LITERATURE REVIEW

The goal of this study is to carry out a risk assessment study for tsunamis that may
originate in the Eastern Mediterranean Sea. Literature review related with earthquakes
causing tsunamis, tsunami waves, their propagation and modedikgssessment and

tsunami edy warning systems are providadthis chapter.

2.1 Definition of the Faults and Earthquake Source Parameters

Faults are defined as the breaks on the earth surface across which there is visible
displacement as shown in kg 2.1 (Web 2.1)Some of the faultbreak theEarthd s
surface some of them do not. If the fault breaksBdeho surfaceduring the last 10000

years it is called an active fault. The latter fault is callsla blind fault (Twiss and
Moores, 2007).



Google Earth
Figure2.1 Part of the Pacific Ring of Fire, (Web 2.1)

The United States Geological Survey Institute, (USGS) (WEB 2.2) compiled definition of
the faults and source parameters in an earthquake glossary.-NANICE software is
used in this thesis. The source parameters used as inputs of DIANCTE are explained

using USGS0s earthqguake glossary in Table 2.1



Table2.1 Definition of the source parameters usethis thesis (Web 2.2)

Changing from

Property Description Nami-Dance Fault earthquake to
Source Input Dependency
earthquake
Bathymetry Selecteq region for eart.hquake . YES NO NO
generation and tsunami simulatior
Grid size Depending on the bathymetry YES NO NO
Richter Magnitude (M,,) Function of Seismic moment YES NO YES
The focal depth refers to the deptt
an earthquakhypocenterThe
hypocenter is the point within the
earth where an earthquake rupture
starts. The epicenter is the point
directly above it at the surface of tl
Focal Depth Earth. Also commonly termed YES NO YES
the focus. The epicenter is the poi
on the earth's surface vertically
above thénypocenteror focus),
point in the crust where a seismic
rupture begins.
Longitude Location of the rupture area YES YES YES
Latitude YES YES YES
The strike is the trend or bearing,
relative to north, of the line definec .
by the intersection of a planar Depending on th
Strike Angle . YES YES location along tht
geologic surface (for example, a fault
fault or a bed) and a horizontal
surface such as the ground.
Dip is the angle that a planar
Dip Angle geologic surface (for example, a YES YES NO
fault) is inclined from the horizonte
Rake is the direction a hanging we
block moves during rupture, as Depending on th
Rake Angle measured on the plane of the faull YES YES
. h . type of the fault
is measured relative to fault strike.
+180°.
Displacement is the difference
between the initial position of a
reference point and any later Depending on th
Displacement position. The amount any point YES YES magnitude of the
affected by an earthquake has mo fault
from where it was before the
earthquake.
Seismic Moment (M) Function of fault Iengt'h, fault widtr NO YES YES
shear modulus and displacement
Fault Length (L) YES YES YES
Fault Width (W) YES YES YES




In this study, Monte Carlo (MC) simulations are used to calculate the risk. In each MC
simulation, a random earthquake is generated. The random earthquake is defined by the
earthquake source parameters listed in Table 2.1. MC diondacan only be applied for
independent parameters (Robert et al. 2&Lbinstein and Kroese, 201&s can be seen

in Table 2.1, moment magnitudé () and"0¢ w@a iPare the independent parameters

of the fault. Thus, an earthquake from the database that is put together to be used in this
study is sampled first and all the source parameters othel thand"0¢ @@ f{GF this
earthquake are used in each M@nulation.0 and "0O¢ w@@iQdor the random
earthquake is sampled from the probability density functions of these two variahlis. F
length and fault width are not given in the earthquake database, thus these two parameters are
calculated sing empirical equationkiterature survey on the earthquake source parameters

is given in the following sections.

2.2 Historical Earthquake Catalogues

In calculating tsunami risks, information on historical earthquakes that caused tsunamis
are required. Tére are a number of earthquake catalogues and databases with such
information. However, each source uses a different classification and different set of
earthquake source parameters. These databases are examined in detail to identify the most

suitable onex) to be used in this study.

Storchak et al. (2013) compiled a global instrumental earthquake catalogue named as
International Seismological Centiréslobal Earthquake Model (ISCGEM). This is one
of the wideranging global earthquake catalogues prapdog scientists dealing with

seismic hazard modelling and risk assessment. This catalogue contains more than 20000



earthquakes observed within 114 years for the period of 19 3. Storchak et al.
(2013) prepared this catalogue in three parts, basdidferent moment magnitudes, :

f 19007 19170 O 7. 50

f 1918119590 O 6. 25

T 19601 20090 O 5. 50
ISC-GEM catalogue does not contain all required source parameters such as fault length,
fault width, displacement, strikdip-rake angles etc. HeacISGGEM catalogue is not

used into this study.

KOERI is another earthquake catalogue compiled by Bogazici University Kandilli
Observatory and Earthquake Research Institute (KOERI) Regional Earthbsiakemi

Monitoring Center (RETMC) (Web 2.3). Thmatalog provides earthquake and tsunami
forecasts instantaneously in the region. This catalog is the metstdspe catalog

examined for the region. However, most of the earthquake source parameters listed in
Table 2.1 are not provided in KOERIO&s dat a

The earthquake catalogue used into this thesis is compiled by EU funded TRANSFER
(Tsunami Risk ANd Strategies For the European Region) Project (Web 2.4). The
catalogue contains most of the historical source parameters and necessary references used

for the generation of the catalogue.
2.3 Earthquake Source Parameters and Their Relations
Estimation of earthquake source parameters is the backbone of the tsunami hazard and

risk assessment. In recent years, there are many studies conducted on reliable earthquake

parameter estimation to be used in risk reduction and tsunami early warning syste



analysis for the investigated region (Hoshiba and Ozaki 2014; Melgar et al. 2015; Goda
and Abilova 2016).

Hoshiba and Ozaki (2014) stated that for earthquakes with higher moment magnitudes the
correct estimation of earthquake information gets moifecdif especially during early

stage of the earthquake. For instance, Japan Meteorological Agency (MJA)
underestimated the magnitude of the 2011 Tohoku earthquake and tsubani.@gust

3 minutes after the earthquake and revised.4 after 74 mings from the incident.
Unfortunately, the correct magnitude of the earthquaked(0) was able to estimated 134
minutes after the earthquake (Hoshiba and Ozaki, 2014). Although the distance between
Japan and the US exceeds 8000 miles, the United Statdsg&al Survey (USGS)
achieved to estimate the correct magnitiide9.0 about 20 minutes after the earthquake.
Hoshiba and Ozaki, (2014) stated that the correct estimation of the magnitude of
earthquake is critical in saving lives and property and timnmaing the reduction of the

risk along the coastline from economic and environmental point of view.

Goda and Abilova (2016) conducted a study to investigate underestimation of earthquake
source parameters for tsunami risk assessment and contributsumaini early warning
systems to economic risk reduction. The 2011 Tohoku earthquake was selected as the case
study to analyze the economic risk and early warning steps along coastal residential areas.
They carried out tsunami hazard estimation for 8a@@iGding from Miyagi Prefecture

and compared their findings with those obtained from different tsunami hazard scenarios.
The results were evaluated in terms of tsunami risk estimation and management. In order
to achieve this goal, Goda and Abilova (20t6éhducted a probabilistic tsunami hazard

analysis (PTHA) and risk assessment study.
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It is observed from the historical earthquake catalogues that some of the parameters of the
earthquakes are not recorded in the catalogues. However, earthquake sounetepara

are vital for generating reliable tsunami simulations in the study area. A comprehensive
survey is conducted to determicemnonly used empirical equations in earthquake

source parameter calculations.

Hanks and Kanamori (1979) developed well ategpand commonly used empirical
equations demonstrating the relationship between the shear modulus of the crust, fault
length, fault width and seismic moment. However, the equations generated by Hanks and
Kanamori (1979) are not enough to calculate alhpeaters of earthquake source such as
fault length, fault width and displacemestcurred at the earthquake hypocengome
empirical equations showing the regressions between the moment magnitude and
earthquake source parameters are proposed by thecremsaf\Wells and Coppersmith,
1994; Papazachos, 2004; Blaser et al. (2010); Goda et al. 2016). Among these empirical
equations, the equations proposed by Wells and Coppersmith (1994) is used to calculate
fault length and fault width for the earthquake seumparameters in this thesis.
Displacement is calculated by using both the equation proposed by Hanks and Kanamori
(1979) and the calculated fault length and fault width by the equation proposed by Wells
and Coppersmith (1994).

2.4 Probabilistic Analysis of Past Earthquakes with Monte Carlo Simulation
Method

Distribution fitting to the independent earthquake source parameters is one of the most

important step of random data generation from the observed data. Goodness of fit tests are

used to identify the beslistribution. Large number of goodness of fit tests have been
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recommended and performed to i1 dentify the mos
and Stephens, 1986). Commonly used goodness of fit tegi&/iks, 2011)

1 The chisquare

1 KolmogorowSmirnov

1 AndersonDarling

1 ShapireWilk
Goodness of the fitted distribution can be measured withviye. Pvalue shows the
statistical significance level of the fitted distribution to the data based on the defined
confidence interval (0). The smeldithe p value
assigned distributioKul, 2014). In this study, goodness of the fitted distributions for the
independent parameters of the earthquake is tested using Kolm«®armov test due

to its simplicity and practicality.
2.5 Tsunami Simulations

Diff er ent numeri cal model s are developed for ts
the most commonly used Tsunami modelling software are TUNAMI N1 (Imamura, 1995),

MOST (Titov, 1997 Soreide et al. 203 INAMI DANCE (Yalciner et al. 2006) and SIFT

(Huang et al. 2017). The common aim of all these software is to analyze and compute

generation, propagation and amplification of selected tsunamis depending on the source
parameters using seismic source characteristics. All thesels have the capability to

compute components of tsunamis in shallow waters and the inundation zones in specified

region.

I n this study, NAMI DANCE (Yal -éner et al
simulations. Since NAMI DANCE was developed by ttesearchers at Middle East
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Technical University, it is possible to get quick technical support. This was the main
reason for using NAMDANCE to conduct tsunami simulations in this study.

2.5.1 NAMI -DANCE

NAMI-DANCE uses the shallow water equations, whichbanended by the sea surface

and the bottom topography. Shallow water equations precisely describe the tsunami
propagation with long wave assumption (Segur, 2007). The long wave assumption can be
described as a wavelength, sufficiently long as comparedith the water depthQ :

0 >>Q.
In order to derive the shallow water equations, global conservation of mass should be
considered. Continuity equation should be satisfied for all conditions:

T-1060Q - 1070Q -
1o T R

T (2.1)

where— is the vertical free surface displacemenis time andd andu are the velocity

components imvandwdirections andis the basin depthespectively.
Assuming that there is no vertical velocity variations and vertical pressure gradients are

nearly hydrostatic, the momentum equations and continuity equation of shallow water

condition can be written as (Segur, 2007):

ro 1o . 1o 1 -1
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wheret and?t are bottonshearstress components and g is the gravitational acceleration.

Both of these equations together generate the parts of the shallow water equations in case

of no Coriolis, frictional or viscous forces.

2.5.2 Inundation level Calculations

Synolakis (1987) conducted one of the most reliable studies on the calculation of
maximum rurup level (in meter) of nobreaking solitary waves on plane beaches (see
Figure 2.2).

Maximum rurup

i :' . ////////

Figure2.2 Definition sketch for maximum ruap on a plane beach (Synolakls, 1987)

An experimental set up was constructed with the dimensio8s.88m x 0.61 mx 0.39
m tank and a plane beach with the slope of 1/19.85. By means of the derivation of shallow

water equations and experimental results, an empirical equation was proposed to calculate
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onshore rurup level (Synolakis, 1987). Synolakis (1991) also worke@Gane en6s | aw
evaluation of solitary wave on plane beaches. The law revealed a precise solution for
linear shallow water wave equations on constant depth and sloping beaches (see Figure

2.3).

y

v A /\’{ /\% x|
x g

Figure2.3 Evaluation of solitary wave on plane beaches (Synolakis, 1991)

Kanoglu and Synolakis (1998) conducted a study on long waweipucelculation
considering the contribution of continental shelf and slope omupuevels. The study is
dealing with two plandeaches having different slopes and based on a revised version of

the maximum rurup equation proposed by Synolakis, (1987) (see Figure 2.4).
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Figure2.4 Definition sketch for two plane beaches havinget#ht slopes (Kanoglu and
Synolakis, 1998)

Lovholt et al. (2012) conducted a scenario based tsunami hazard and risk mapping study

on the global scale. Tsunamigenic earthquakes which can generate hazardous tsunami

waves were taken into consideration inertb model offshore waves and calculate run

up levels close to the shoreline (at 0.5 m water depth) using the empirical method named
Greenbdés |l aw. A model set wup having a flexible
based on the analytical model prepd by Kanoglu and Synolakis (1998). Time series

gauges was located €80 m water depth and the wave amplifications recorded at the

gauges were used to calculate-tymlevel at 0.5 m water depth as a function of fault width

wi t h Gr een éakhgavavesf(see Figare 25).

@

amp. factor from 50m

4 6 8 10 12 14 16 18 20
depth [meters]

Figure2.5 Amplification factor of the water level froab0 m water depth (Lovholt et al.
2012)
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Lovholt et al. (2014) also performed a global tsunami hazard assessment for infrequent
events causing devastating economic and social damages. They focused on an earthquake
with 500 year return period which can genertdganami hazard andhvestigated
deteministic and probabilistic tsunami hazard assessment. Similanpuralculation

method to those used in Lovholt et al. (2012) was appliee rurup calculation method
proposed by Lovholt et al. (2012; 2014) is used to calculate tsunami wave hefhnts at

water depth in this thesis.

2.6 Risk Assessment

Traditionally, risk assessment is performed considering only economic (monetary)
consequences and social and environmental aspects are neglected because, economical
assessment of the risk can be easily carried out using monetary outcomes of the damage.
Reently, the importance of the evaluation of different aspects of risk is realized and multi
dimensional risk analysis has been conducted for various natural hazards (Nadim and
Glade, 2006; Correno et al. 2007; Cardona et al. 2010; Sgrensen et al. 201&; dlane
2013; Horspool et al. 2014Necmioglu, 2014Goda and Abilova, 2016). For example,
Meyer et al. (2009) conducted a study on flood risk assessment, hazard mapping and risk
mitigation across the Molde River in Saxony, Germany, which was heavilyeaffey

the flood in 2002. Flood risk management was divided into two parts. The first part was
the assessment and analysis of the risk where the second part consisted of planning,
evaluation and risk reduction. Meyer et al. (2009) developed a multicrikeoic risk
assessment (MCA) and mapping approach to create a reliable overall risk assessment,

which consists of social, environmental and economic aspects.

To satisfy overall risk assessment requirements, Meyer et al. (2009) suggests the following

guidelines:
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1 Different evaluation methods should be determined for different risk dimensions.
Risk maps should be generated for the selected region to assess risk criteria in a
distinguished way.

71 All risk maps should be gathered using proper multicriteria mecimethods to

generate an overall risk assessment and mapping.

Damageprobability curve is the most frequently used method to evaluate the impact of
the flood damage. Although the estimation of the expected annual damages involves many
uncertainties, itan be estimated by considering the relationship between the damage and
exceedance probability (Arnell, 1989essner et al. 2006Meyer et al. (2009) calculated

the risk by integrating the area under dampgebability curve (DVWK, 1985):

O 0 "Qw (2.4)

0Q (2.5)

where Ois the annual average dama@eQis the mean damage of two unknown points
of the curve and) is the probability of the interval between those poifts is the
damage at pointd  and’O 0 is the damage at poinD . A sample damagé

probability curve is given in Figure 2.6.
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Damage

1/200 1/100 1/20 1/5
ExceedanceProbability

Figure2.6 Damagé probability curve (Meyer et al. 2008)
In this thesis, social and economic riskessment is carried out based on the methodology
proposed by Meyer et al. (2008). The environmental risk assessment is conducted based

on the binary approach proposed by Kubal (2009).

A number of studies related with tsunami hazard and risk assessrmaegivem in the
following paragraphs. Several tsunami simulation studies have been conducted especially
within the last two decades. Two major natural disasters such as 2004 Indian Ocean
earthquake and tsunami and 2011 Tohoku earthquake and tsunami hauglbegtial

in this issue. For example, Goda et al. (2016) performed a stochastic tsunami simulation
as a case study along Tohoku region, Japan. Two different scenarios (i85 and

0 9.0) were applied. The main goal of their case study was toodstrate the
implementation of the proposed earthquake source parameter prediction model for a real
event. Goda et al. (2016) performed 100 Monte Carlo simulations for each scenario (e.qg.
0 8.5andd 9.0)to generate sufficient number of earthquake source parameters. Then,

tsunami simulations were conducted to evaluate inundated areas in the selected region.
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Probabilistic distribution of inundated areas along the coastline was determined based on
Monte Carb simulation results. Monte Carlo simulations are used in this thesis as well.

However, based on an analysis conducted to understand the impact of the number of
simulations on risk, 1000 MC simulations are selected to generate reliable risk estimates

in this study.

Another probabilistic tsunami hazard assessment study was conducted by Suppasri et al.
(2013) along Sendai coastline. Tsunami hazard maps of Sendai coastline were generated
for - 9.0 depending on the probabilistic analysis of inundation dreaea3 m, which

corresponds to level of major damage for wooden houses (see Figure 2.7).

38N 3BIN - N
90th percentile 10th percentile @i
Inundation arca Inundation arca =
above 3 m depth above 3 m depth
1197 km? 16.6 km?*

BN IR2N

8. 1N IR I°N
Inundation Inundation
depth (m) depth (m)
10 10
38.0°N IRON 8
6
379N 37.9°N "
2
0
140 8“F 140 9°F H00°F 141 1°F 140R8"F 140.9°F 140 0°F 41.1°E
() (b)

Figure2.7 Tsunami hazard maps for 9.0 depending on the probabilistic analysis of

inundation area above 3 m. (aY9gercentile (b) 10 percentile(Suppasri et al. 2013)
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Strunz et al. (2011) conducted tsunami risk assessment in the framework of the German
Indonesian Tsunami Early Warning System (GITEWS). The method was applied for the
coastal areas of Southern Sumatra, Java and Bali. A comprehensive-qesupied
tsunamirisk assessment and disaster risk reduction analysis were implemented to develop
a scientific and technical approach for tsunami risk assessment. Following components
was investigated to evaluate the risk.
1 Hazard Assessmerit provides information abouthé geographical extent of
inundation and the probabilities that these areas are likely to be affected.
1 Vulnerability Assessmerit provides information about the losses and damages
with respect to social, economic and environmental aspects.
1 Preparedness Asssmeni characterizes possible limitations, which inhibit the

community to respond adequately and efficiently.

Papathoma et al. (2003) described a vulnerability approach to compile multiple
parameters like natural, built environments and sdemographics that promote to
vulnerability assessment against tsunami. The approach utilized Geographic Information
System (GIS) tools due to spatially variable structure of tsunami vulnerability assessment.
In order to test this approach, Heraklion, Creteswhosen because of its developed
infrastructure, economy and touristic popularity. They conducted a comprehensive
tsunami vulnerability assessment using some identification parameters (e.g. built
environment, social, economic and environmental datah-kigolution analyses were
performed by collecting the necessary data for 759 building with physical site visit.

Results of the study were given in GIS based environment for differentsens.

Correno et al. (2007) focused on a multidisciplinary riskl@ation method, which

included not only economic losses, death toll, and physical damage, but also social aspects
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and recovery period after a catastrophic event in an urban center. Risk was defined as a
function of the potential physical damage and thepdct factor, which was the
combination of the socieconomic aspect and the recovery capacity. Holistic approach
was applied by generating seismic and physical indices in Bogota, the capital of Colombia
and in Barcelona, Spain. The results showed thatrthact factor and lack of resilience

with respect to disaster recovery were similar for both cities.

Hancilar (2012) carried out a probabilistic tsunami hazard assessment (PTHA) study for

Istanbul, Turkey to identify the physical and social aspects of tsunami risk. For this

purpose, tsunamigenic seismic sources were investigated for the North Anatalian Fa

branch lying under the Marmara Sea. Tsunamigenic seismic zone maps and geographical
information for both Turkey and Marmara Sea region were presented. PTHAs were
conducted wusing the results of ASi mul ation a
Affecing t he | st anbul Coastso project perfor med
Metropolitan Municipality. For this project, 42 tsunami simulations were generated for

the earthquakes having the moment magnitude greater than 7. Built environment was

classified bast on building attributes (e.g. construction material, number of storey, and

usage type). Critical infrastructures like piers, ports, oil stations etc. were other elements

at risk along the coastline that are included in the analysis. At the end, it vehsdeah

that western coasts are less risky than the eastern coastlines of Istanbul.

Jaimes et al. (2016) proposed an approach on probabilistic financial risk assessment
involving uncertainties during an earthquake triggered tsunami event. Inundegtin d

was selected as some principal evaluation criteria for the financial risk assessment method.
Historical data was used to follow the tsunami propagation throughout the land and to

specify the occurrence frequency of the event. Elements at risk suchitiaal
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infrastructures, buildings and agricultural land were taken into account for the approach.
Risk categorie were assigned for every type of property depending on their vulnerability,

location, physical condition, and economic value.

In all the stidies mentioned above, either the risk assessment is performed for a small
specific region or a single dimension of risk is calculated. However, in this thesis, we both
construct a comprehensive risk assessment study including economic, social and
environnental risk dimensions and deal with a large study area, namely East
Mediterranean including 91 identified EaR from Cyprus, Egypt, Greece, Israel, Lebanon,

Syria and Turkey.

In this study, calculation of economic damage for residential, industrial amdilagal
damage classes are conducted using the approach proposed by Huizinga et al. (2017) for
economic risk calculations. Details of the approach proposed by Huizinga et al. (2017) is

provided in the following paragraphs.

Huizinga et al. (2017) preped a technical report about global flood degédmage
functions for Joint Research Centre (JRC), European Commission. The report provided a
new risk assessment approach for policy makirs.fractional deptadamage functions
are developed based on litens review at the continent levelhe depthdamage
functions provided into the report can be used for not only flood risk assessment, but also
tsunami inundations. Deptfamage functions were provided for 214 countries for the
following damage classes:

1 Residential

1 Commerce

1 Industry
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1 Transport
1 Infrastructure
1 Agriculture
Depthdamage functions are determined at continental level for all types of damage

classes (see Table C.1 in Appen@ix

Country specific maximum damage values (in Euros) for all damiagses are also
compiled by Huizinga et al. (2017). Construction costs of residential, commercial and
industrial buildings are determined for 214 countries from the catalogues provided by
Harris, 2010; Gardiner and Theobald, 2012; Turner and Townsend, Z8&3data
collected from the catalogues is aggregated to estimate a single damage value for these
damage classes. Regression analyses are also constructed to extrapolate construction costs
to the countries for which values are not available using siROMIic parameters
provided by World Development Indicators (WDDamage valueé U 7) ofi residential

and industrialbuildings (with 2010 prices) are showim Table C.2in AppendixC.
Maximum agricultural damage value was also calculated directly relatlss of crops

due to inundation (Bremond et al. 2013; Blanc et al. 2010). Agricultural damage
calculation was conducted based on agricultural land and value data refoevétiorld
Development Indicators (WDI). Maximum damage values were added as pemros
hectarg 0 / ilnthe)projec(Huizinga et al. 2017(see Table C.2 in Appendi).

A modified version of the social risk calculation method proposed by DVWK, (1985) is
developed and used in this study. The number of physically damaged people in the
affected area is taken as the consequence for social risk calculations. A vulnerability
coefficient is calculated based on country specific values such as GDP/capita, literacy rate,
age class under 65 years old and tsunami awareness parameter. A -lcasetry
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awareness factor is assigned to the countries used in this thesis. Social riskiasechlc

using the number of physically damaged people and the vulnerability coefficient.

2.7 TEWS Positioning

Positioning of a Tsunami Early Warning System (TEWS) based on peeplered social

risk reduction is investigated in this study as a second goeabr#prehensive literature
survey is performed to analyze evacuation strategies after tsunami warning applied all
around the worldKoike et al. 2003; Adams and Jordaan, 2005; Groen et al. 2010; Spahn
et al. 2010; Ozel et al. (201First, literature revie on the evacuation means are given.

Then, the studies on TEWS positioning are summarized in the following paragraphs.

North-Eastern Atlantic and the Mediterranean Tsunami Information Centre (NEAMTIC)
and Intergovernmental Oceanographic Commission of UWNESUNESCGQICO)
prepared a guideline for tsunami evacuation procedures for hotels (Guides, 2012). The
guideline leads hotel administration to perform a regular evacuation plan for their guests,
visitors and staffs in case of tsunami. In this guidelinis, stated that that two different
evacuation plans can be applied in case of emergency:
i.  Multi-story hotel building and facilities can be used as an evacuation center for the
guests and staffs.
ii.  Evacuation place can be determined at higher grond@@acuation maps, routes
and signs should be provided for the residents in advance.
Some advices are listed about the precautions that can be taken by the hotel administration

in case of emergency as well (Guides, 2012).
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A tsunami preparedness and evation guideline brochure was prepared by California
Geological Survey and The California Office of Emergency Services for marinas
depending on the lessons learned after the Tohoku earthquake and tsunami in 2011 (Web
2.5). There are some advices for tlratowners and the people in the harbor according

to the situation they are in. It is suggested that both the natural warnings like ground
shaking, load ocean roar, and unusual sea withdrawal and the official warnings
broadcasted by media and outdoor sieén should be taken into consideration. Those
who are in port when the time of warning must abandon their boots and escape to high
places. Those who are on the shallow water near the coastline must turn back to the harbor
and leave the harbor within temnutes. Those who are on water deeper than 183 meter

(600 feet) are already at a safe place for tsunami waves.

The International Tsunami Information Center (ITIC) compiled a booklet, which includes
historical and potential tsunami sources after thE020hile tsunami (ITIC, 2017). This
booklet also contains true stories of the witnesses from Chile, Hawaii, and Japan about
the great Chilean earthquake and tsunami in 1960. Richter magnitude of the 1960 Chilean
earthquake was 9.5 and effected almoshallaoastlines around the Pacific Ocean. More
than 2000 people lost their lives in Chile, 61 in Hawaii, 139 in Japan and 23 in Philippines.
Total economic damage of the earthquake was estimated as 624.5 million USD in 1960.
In 2010, after 50 years from th@hilean earthquake, same region encountered an
enormous earthquake and tsunami again. These two disasters forced the authorities to
compile a guideline based on scientific data and experiences. The booklet summarized
lessondearned from the past experiesq(ITIC, 2017):

i.  Earthquake itself can be a natural warning for the tsunami.

ii.  Experiences of the survivors may help to beware of the adverse effects of the

tsunami.
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li.  When tsunami generated after an earthquake, an unusual sea withdrawal is
observed. Bewaref ohis natural warning and take necessary precautions.
iv.  Tsunami lasts several hours or even a day. Find a safe place and be patient.
v. Mind the official warnings and follow the guidelines provided by the authorities.
vi. Leave belongings and go to the upperesasf a multistory building.
vii.  Roads may crack due to the earthquake before the tsunami. Do not count on the
roads as an evacuation method.
viii.  Ifitis too late to escape from the tsunami, just climb a tree or climb on something
that floats. Land altitude maghange due to the earthquake and tsunami. Beware
of the tidal waves after the earthquake.

ix.  Help your neighbors and other people till the official help comes.

Although there are many ways to survive in case of a tsunami as explained above, it is
assumed irthis thesis that the only way to save one self from the tsunami hazard is to
move to a safe altitude on foot. This assumption is made since both the detailed
topography and the locations of the buildings, safe spots etc. in the settlement area are not
avalable. In order to warn people about an arriving tsunami wave, TEWS had to be placed
at proper locations. The following studies were performed on TEWS positioning.

Blackford and Kanamori (1995) stated that not every earthquake generates a tsunami. Due
to this fact, a tsunami warning received from the detectors should be reliable. Otherwise,
reaction of the community and local governments gradually reduce for every unfaithful
alarm. Additionally, there may be waste of money to take unnecessary precalkgons |

evacuation of the population to the safe locations can cost millions of dollars.
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Braddock and Carmody (2001) worked on six different sides in order to identify the
optimum locations of tsunami early warning detectors. They formulated a nonlinear
integer optimization problem and used enumeration techniques to solve it. The aim of the
problem is to obtain maximum early warning potential for a probable tsunami using small
number of detectors installed at optimum locations. They showed the formudation
solution of the optimal location problem of the tsunami detectors as an integer
programming problem. They conclude that, only three detectors are enough to accomplish

the maximum early warning potential for both the Pacific Ocean and the USA.

Audet & al. (2008) introduced a new optimal placement method of tsunami early warning
buoys named Mesh Adaptive Direct Searches. They focused on the buoys and their
placement optimization using a direct search algorithm. The constraints of the
optimization methd are education level of the affected population, reliable detection
mechanism and accurate prediction of tsunami, respectively. They created two groups.
One of them dealt with the optimization and the other one was PMEL (Pacific Marine
Environmental Labatory) scientists. They examined the DART (Deep Ocean
Assessment and Reporting of Tsunamis) monitoring system and faced with some technical
difficulties like different technical languages are used in different countries. They stated
that optimization requés defining proper decision variables, objective function and
constraints. Ultimate goal of this model is to formulate the real world problem and provide

some reliable solutions.
Liang et al. (2015) worked on an optimization exercise for positionin@&RT buoys

in the South China Sea. The aim of the study was to mitigate the adverse effects of

tsunamis from Manila Trench on the coastal settlements and infrastructures. It was
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concluded that the reaction time of the population living in the risky regmtsunami
alert plays the main role for disaster mitigation.

In this study, initially a set of discrete locations in the Eastern Mediterranean are identified
as TEWS locations based on some technical restrictions provided in the literature and
analysis of inundated areas due to a large number of tsunami simulations. Maximization
of social risk reduction is aimed for the countries having coastlines along the Eastern
Mediterranean to select the best location among the identifieDatet corruption, wak
signals, device malfunction, and unsuitable sea bottom conditions are main problems of
improper positioning of early warning buoys (Audet et. al., 2005). To avoid such
problems,TEWS positioning restrictions used in this study that area identifiedessih

of literature review are summarized belavejning et al. 2005Mofjeld, 2009; Joseph,
2011;Wachteret al. 2015 iang et al. 2015; Web 2.7; Web 2.8; Web 2.9):

i. The TEWS needs to be far enough away from any potential earthquake epicenter
to ensurdhat there is no interference between the earthquake signal at the TEWS
and the se#evel signal from the tsunam@n the other hand, the TEWS needs to
be close enough to the epicenter to enable timely detection of any tsunami and
maximize the lead time e$unami forecasts for coastal areas.

ii.  TEWS must ideally be placed in waters deeper than 1000 m to ensure the observed
signal is not contaminated by other types of waves that have shallower effects (e.g.
surface winewaves).

iii. International maritime boundas must also be considered when deploying

TEWS.

iv.  TEWS should be placed outside of major shipping lanes.

v. TEWS should be placed on flat sea bed.
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2.8 Tsunami Awareness

Awareness and preparedness are two vital issues that affect the outcome of a natural
disaster.Therefore, a literature survey is conducted for defining the level of tsunami
awareness of the countries in the study area. In this thesis, the level of human tsunami

awareness is used in social risk calculations.

Cankaya et al. (2016) performed a stdyn t s u n a mi human vulnerabili
district in Istanbul, Turkey. They proposed an awareness parameter for tsunami hazard

ranging from one (leastwareness) to ten (wedwareness) depending on their

experience. The awareness coefficient for Turkes assumed to be 3 out of 10.

However, they do not give any information about the awareness parameter for other

countries.

Shenhar et al. (2015) revealed the results of National Earthquake Campaign on Public
Preparedness in Israel. Although the campaixposed 42% of the whole population, only

23% of the citizens exposed to campaign admitted that their awareness is improved.
Additionally, 37% of the population exposed to campaign said that they did nothing to
prepare. It has been observed that pudbiareness of earthquake hazards has increased
after the campaign. However, the preparedness of the people has not been increased as

much as awareness.

Soffer et al. (2011) worked on earthquake mitigation in Israel by inspecting
demographic/educational apmeters. A questionnaire was conducted with 495
participants to measure the awareness and preparedness level against the earthquake

hazard. The results showed that the people exposed to questionnaire were only moderately
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worried about the outcomes of @arthquake. Results were also depicted that women have

more awareness and preparedness than men do.

Baytiyeh and Naja (2016) conducted a questionnaire among college students on defining
earthquake preparedness in Lebanon. They also considered effects of fatalistic and denial
beliefs on disaster preparedness. Depending on the results of the questiororaitean

half of the students seemed to be aware of the hazard. However, preparedness for the
hazard was adversely affected due to fatalistic and denial beliefs. They concluded that
misinterpretations of the beliefs in the Middle East have adversebtedfthe awareness

and preparedness against natural hazards.

Ample of studies and projects (TRANSFER, ASTARTE, TSUMOSLIDE, RISK,
PEARL, SHARE etc.) have been conducted on secamomic vulnerability, adaptation,

risk mitigation, and disaster managemhissues for European countries (i.e. Cyprus and
Greece) includingurkey Giardini et al. 2013,2014/Neb 2.3).Unfortunately, most of

these projects remained as scientific investigations and did not shed light on public
awareness of tsunamis especiailly Turkey. However, people living in European
countries including Turkey are more conscious about tsunami awareness than the Middle
East countries (Giardini. 1999).

After examining all these studies conducted on tsunami awarensssaai awareness
coefficient for each country found in the study area is proposed in this study. Tsunami
awareness coefficient is used together with a number of vulnerability indicators in social

risk calculations as explained in Section 3.4.1.2.
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3 METHODOLOGY

3.1 Overview of the Methodology

Even though tsunamis are rarely experienced events they have enormous potential to cause
large economic destruction on the critical infrastructures and facilitieis) sevastation
due to mass casualty, and environmental adverse effects like erosion, accumulation and

inundation. Thus, modeling tsunamis and evaluating associated risks are important.

In this study, anew methodology is proposed to evaluate economaxias and
environmenthrisks due to tsunamis. Then also a regproach is devised to select the

best location among a set of potential Tsunami Early Warning System (TEWS) locations
based on reductions in social risk. The proposed methodology is summarized in Figure
3.1. Since the proposed approach is demonstratedeokastern Mediterranean coast,

first, the case study area is introduced in this chapter. Then risk assessment, its inputs and

outpus and TEWSpositioning areexplained in detail.
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3.2 Study Area

Eastern Mediterranean is positioned in Alisnalaya continental shelf. This is a zone

that produces 15% of earthquakes worldwide (Altinok et al. 2001). People living in the
region has experienced numerous destructive earthquakes and tsunamis because of th
continuous seismic activity taking place along the Hellenic and Cyprus arcs. 96 historical
tsunami events have been reported within the past 3 millenniums (Yolsal et al. 2007;
Altinok et al. 2001).

East Mediterranean includes seven countries, Cyfggpt, Greece, Lebanon, Israel,

Syria and Turkey. Eastern Mediterranean Sea and coastlines of these seven countries form
the study area (see Figure 3.2). Coordinates of the study area are3®EIN/24.1%

36.50°E.

LA S

Figure3.2 Study area
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In order to understand spatial distribution of social, economic and environmental
dimensions of risk along the Eastern Mediterranean coastline, 91 Elements at Risk (EaR)
in the study area ardentified based on literature review and a detailed search conducted
on Google MapAs a result, 91 EaR consist of city centers, agricultural areas, summer
villages, airports, ports, marinas, and other industrial structures are identified from seven
counties. Coordinates, the country they are located, approximate areas along with the
evaluated risk dimensions are provided in Table 3.1. For residential and industrial
elements, only the areas where buildings and facilities are located are included into the
areas. Moreover, areas located above 15 m altitude are not included into the area
calculations assuming that tsunami waves are unlikely to flood areas above 15 m altitude.
The bathymetry of the Eastern Mediterranean Sea is generated using GEBCO software
(Web 3.1) and the grid size of the bathymetry is 405 m x 405 m. This grid size is used for
the tsunami simulation throughout the Mediterranean Sea-nfdggiution (30 m x 30 m)

digital elevation map (DEM) of each identified EaR in the study area is retrievad
Shuttle Radar Topography Mission (SRTM) and digitized in ArcGIS. These DEMs are
used to identify inundated areas at each EaR. Locations of these 91 EaR are shown in

Figure 3.3.
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Table3.1 List of EaR in the study area

Coordinates Approxima - opulatio Economic Risk _ _
EaR Country . . teArea [ DenSY Residenti Industri  Agricultu Social - Environme
Latitude Longitude km? (people/k g Risk ntal Risk
(km?) m?) al al ral

Cﬁgzrgg SUMMer ey 3639 3425 822 2700 YES NO NO YES NO
é'e’;'tr:zh City Egypt 3107 3348 1953 5150 YES NO NO YES NO
g'i";‘[‘rﬁ Coastal 1y ey 3632 3202 1078 18 YES NO NO YES NO
é':;‘ti‘gdr'a City Egypt 31.12 2955 27171 1900 YES NO NO YES NO
gi”:t‘:inclircoaﬂa' Turkey 36.03 3251  2.49 49 YES NO NO YES NO
Antalya Konyaalti  Turkey  36.51 30.37 10.70 300 YES NO NO YES NO
Cirlls;gzeiummer Turkey 36.25 3554 466 104 YES NO NO YES NO
catroun ity Lebanon 34.15 3539 046 175 YES NO NO YES NO
Beirut City Centre Lebanon 33.53 35.32 5.64 4251 YES NO NO YES NO
sﬁl':geiummer Turkey 3651 31.03 2725 4548 YES NO NO YES NO
Siﬁf;geiummer Greece 352 252 1123 1935 YES NO NO YES NO
g:ﬁ?;a” City Turkey 36.46  28.48  7.79 60 YES NO NO YES NO
Demre City Centre Turkey  36.14 29.59 15.59 55 YES NO NO YES NO
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Erdemli City
Centre

Fethiye City Centre
Finike City Centre
Gazimagusa City
Centre

Haifa City Centre
Heraklion City
Centre

Iskenderun City
Centre
Kazanl é& (
Centre

Kemer City Centre
Kizkalesi Summer
Villages
LarnacaCity
Centre

Latakia City Centre
Lebanon Summer
Villages

Manavgat Coastal
District

Mersa Matruh City
Centre

Mersin City Centre
Nahariyya City
Centre

Turkey

Turkey
Turkey

Cyprus
Israel

Greece
Turkey

Turkey
Turkey
Turkey

Cyprus
Syria

Lebanon

Turkey

Egypt
Turkey

Israel

36.36

36.39
36.17

35.06
32.5
35.2

36.34

36.48
36.36
36.27

34.55
35.3
34.23

36.46

31.21
36.47
33

34.18

29.07
30.08

33.55
35.04
25.08

36.1

34.45
30.33
34.08

33.37
35.48
35.47

31.23

27.14
34.37
35.05

3.56

12.83
3.39

9.51
37.47
5.59

15.84

1.04
2.44
0.69

19.54
9.55
0.84

25.24

10.63
19.02
6.49

50
73

68
4162
1400

999

65
102
14

2600
540
2840

98

1423
114
5306

YES

YES
YES

YES
YES
YES

YES

YES
YES
YES

YES
YES
YES

YES

YES
YES
YES

NO

NO
NO

NO
NO
NO

NO

NO
NO
NO

NO
NO
NO

NO

NO
NO
NO

NO

NO
NO

NO
NO
NO

NO

NO
NO
NO

NO
NO
NO

NO

NO
NO
NO

YES

YES
YES

YES
YES
YES

YES

YES
YES
YES

YES
YES
YES

YES

YES
YES
YES

NO

NO
NO

NO
NO
NO

NO

NO
NO
NO

NO
NO
NO

NO

NO
NO
NO
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Port Said City

Centre . Egypt
g S Tuey

Tartus City Centre  Syria
Tartus Summer

Villages Syria
Tasucu City Centre Turkey
Tel Aviv City

Israel
Centre

Tripoli City Centre Lebanon
Turkler Summer

Villages Turkey
Yemiskumu S. Turkey
Villages

ég;:ter Industrial Egypt
Abu Qir Port Egypt
Alexandria Airport  Egypt
Ashdod Port Israel
Ashkelon Seawatel Israel
Desalination Plant

Beirut Airport Lebanon
Beirut Port Lebanon

31.15

36.05

36.4

36.22
34.53
34.51
36.19
32.05
34.26
36.36

36.29

31.17

31.19
31.11
31.49

31.37

33.48
33.53

32.17

35.58

36.13

34.08
35.53
35.53
33.53
34.46
35.49
31.49

34.1

30.04

30.04
29.56
34.39

34.32

35.29
35.31

25.30

4.30

1.16

8.32
2.86
0.68
7.25
8.02
6.02
7.60

0.19

2.87

1.38
3.13
17.85

6.49

6.20
3.25

450

267

100

400
400
90
45
8354
5557
4044

1557

5000

1030
1820
586

284

9261
1138

YES

YES

YES

YES
YES
YES
YES
YES
YES
YES

YES

NO

NO
NO
NO

NO

NO
NO

NO

NO

NO

NO
NO
NO
NO
NO
NO
NO

NO

YES

YES
YES
YES

YES

YES
YES

NO

NO

NO

NO
NO
NO
NO
NO
NO
NO

NO

NO

NO
NO
NO

NO

NO
NO

YES

YES

YES

YES
YES
YES
YES
YES
YES
YES

YES

YES

YES
YES
YES

YES

YES
YES

NO

NO

NO

NO
NO
NO
NO
NO
NO
NO

NO

NO

NO
NO
NO

NO

NO
NO
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Dalaman Airport Turkey

Gazimagusa Port  Cyprus
Haifa Airport Israel
ndusraizone 15T
Heraklion Airport Greece
Herzliya Marina Israel
S & Turkey
Iskenderun Port Turkey
Koubba Industrial

Zone Lebanon
Larnaca Airport Cyprus
Latakia Port Syria
Marina Dbayeh Lebanon
Mersin Port Turkey
I\P/I(')VrltK Metalurgy Turkey

Palmachi Air Base Israel
Paphos Int. Airport Cyprus
Port Akdeniz Turkey
Port SaidAirport Egypt

Port Said Egypt
Tartus Port Syria

Tirtgr Yatch Turkey
Marina

Tripoli Port Lebanon

36.42
35.07
32.48

32.48

35.2
32.09

36.44
36.35

34.16

34.52
35.31
33.55
36.48

36.46

31.54
34.43
36.5
31.16
31.14
34.54

36.31
34.27

28.47
33.56
35.02

35

25.1
34.47

36.12
36.11

35.39

33.36
35.46
35.35
34.39

36.12

34.42
32.29
30.36
32.14
32.18
35.57

34.13
35.49

6.43
0.58
0.58

11.00

1.25
0.37

5.79
3.79

0.41

2.50
2.63
0.13
4.93

0.64

10.4
2.23
2.25
1.24
5.67
3.64

0.15
3.92

10112
391
181

261

11496
261

2817
137
654

14706
3000
258
1410

4314

No info
4109
1198
121
979
3000

278
550

NO
NO
NO

NO

NO
NO

NO
NO
NO

NO
NO
NO
NO

NO

NO
NO
NO
NO
NO
NO

NO
NO

YES
YES
YES

YES

YES
YES

YES
YES

YES

YES
YES
YES
YES

YES

YES
YES
YES
YES
YES
YES

YES
YES

NO
NO
NO

NO

NO
NO

NO
NO
NO

NO
NO
NO
NO

NO

NO
NO
NO
NO
NO
NO

NO
NO

YES
YES
YES

YES

YES
YES

YES
YES

YES

YES
YES
YES
YES

YES

YES
YES
YES
YES
YES

YES
YES

NO
NO
NO

NO

NO
NO

NO
NO
NO

NO
NO
NO
NO

NO

NO
NO
NO
NO
NO
NO

NO
NO



1%

Cairo Agricultural
Area

Cukurova
Agricultural Area
Dalaman
Agricultural Area
Samandag
Agricultural Area
Tartus Agricultural
Area

Akkuyu NPP
Construction Site
Alexandria Ol
Refinery

Alpet Oil Filling
Facility

IPT Terminals
Aamchit

Antalya WWTP
Apec Oil Refinery
Atas Oil Refinery
Cimenterie
Nationale Lebanon
Deir-Ammar
CCGTPP
Iskenderun Iron
and Steel Factory
Jiyeh CCGTPP

Egypt

Turkey
Turkey
Turkey
Syria
Turkey
Egypt
Turkey

Lebanon

Turkey
Lebanon
Turkey

Lebanon
Lebanon

Turkey

Lebanon

30.54

36.45

36.46

36.03

34.38

36.08

31.16

36.49

34.08

36.5
34.27
36.49

34.2

34.27

36.41
33.38

31.06

35.14

28.48

35.58

36

33.32

30.05

34.43

35.37

30.35
35.51
34.41

35.43

35.53

36.12
35.24

21925

2306

80

19

1.13

0.84

131

0.59

0.04

0.15
0.04
1.42

0.26

0.17

1.64
0.20

4
(NP/ha)
1
(NP/ha)
7
(NP/ha)
3
(NP/ha)
5
(NP/ha)

4044
5500
29

361

30
499
400

550
2300

5262
3157

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO
NO
NO

NO

NO

NO
NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO
NO
NO

NO

NO

NO
NO

YES

YES

YES

YES

YES

NO

NO

NO

NO

NO
NO
NO

NO

NO

NO
NO

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES
YES
YES

YES

YES

YES
YES

NO

NO

NO

NO

NO

YES

YES

YES

YES

YES
YES
YES

YES

YES

YES
YES
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Karaduvar WWTP  Turkey  36.48
Kemer WWTP Turkey  36.35
Port Said WWTP Egypt 31.13
Soda Chemical Turkey  36.48

Industry
Tripoli WWTP Lebanon 34.27

34.42
30.34
32.17

34.43
35.5

0.17
0.03
0.57

1.02
0.24

240
250
117

2547
188

NO
NO
NO

NO
NO

NO
NO
NO

NO
NO

NO
NO
NO

NO
NO

YES
YES
YES

YES
YES

* Palmachi Air Base is military base and there is no clear information about the number of soldiers.

YES
YES
YES

YES
YES
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3.2.1 Compilation of Earthquake Data for the Study Area

As explained in Section 2.a number of earthquake catalogues are available; however,
they do not provide all of the source parameters such as fault length, fault width,
displacement, strike angle, dip angle aake angle. Based on the data requirements of
the current study, the earthquake catalogue compiled by EU funded TRANSFER
(Tsunami Risk ANd Strategies For the European Region) Project (ks Zelected
and used here. The catalogue contains all the s@&gesource parameters of historical
earthquakes with their references (see AppeAdiXAn example entry for the earthquake
numbered 6545 from TRANSFER earthquake catalogue is given in Table 3.2.

Table3.2 An example entry from TRANSFER earthquake catalogue

OBJECTID Latitude Longitude Locality Verified Date Strike
Helleni
6545 35.1 26.6 sTeme 30/04/1992 172
subduction zone
Direct Direct
Dip Rake Magnitude Depth Reference Reference
Authors Title
Deformation
d st
Bohnhoff M., 111'13'11151 ::Silsl
38 -106 6.1 20 1 .P. = .
Harjes HP the Hellenic
and T. Meier .
subduction
zone
Direct Indirect Indirect
Direct frec féirec Indirect Indirect fdirec
Reference Reference . Reference
Reference Reference Title Reference
Year Authors Year
Regional Focal Pure Appl.
J. Seismol., 9 Papazachos B.C., I\-Ie;hanisms for Geophys.
' o 2005 Kiratzi A. and E. ) (PAGEOPH), 1991
341-366 o Earthquakes in
Papadimitriou 126, 4, 405-
the Aegean Area 420
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Historical earthquake data compiled from TRANSFER project covers earthquakes from
1900 to 2013, a pexd of 113 years. 523 historical earthquakes originating in the Eastern
Mediterranean Sea are selectnd used in the Monte Carlo simulations of this study.
From here on, the collection of 523 earthquakes will be referred to as Thesis Earthquake
Data Set (TEDS). Locations of these 523 historical earthquakes are shown as red stars in
Figure 3.4.

T T §
26 28 30 32 34 36

Figure3.4 Locations of the historical earthquakes retrieved from TRANSFER project
3.3 Coastal Tsunami
Tsunami risk assessment is at the core of this study. Economic, social and environmental
risks for each EaR are calculated through Monte Carlo simulations. Calculation of risk

requires estimation of associated probabilities of the earthquakes and tkemnjuemces.

The most important consequence of a tsunami is inundation and there are also secondary
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consequences due to inundatidfirst, a large number of random earthquakes are
generated, associated tsunamis are propagated to the coast and resultatgpmlevels

at each EaR are estimated. These inundation levels are used to calculate associated
economic, social and environmental consequences. Monte Carlo simulations which are

based on this data are explained in detail in the following paragraphs.

A random earthquake (RE) is generated from TEDS in each MC simulation. An
earthquake is defined using the source parameters given in Table 3.3. Thus, to generate a
RE, random values have to be assigned to all of these source pasamb&second
column of Table 3.3 explains how numerical values are assigned to each source parameter
of the RE in a given MC simulatioithe flowchart of random earthquake generation is
given in Figure 3.5.
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Table3.3 Value assignment for each earthquake source parameter in a MC simulation

Earthquake source Approach used to assign the numerical value in eac
parameter MC simulation
Location Randomly sample onearthquake from TEDS, call th

(latitude and longitude) Earthquake_MC. Use the location of Earthquake_MC.
Strike, dip and rake Use strike, dip and rake angles of Earthquake_MC.
angles

Moment magnitude Assign a pdf to moment magnitude using mom
magnitudes of earthquakes fouma TEDS; call this
MM_pdf. Randomly sample one moment magnitude fi
MM_pdf (see Section 3.3.1 for details).

Focal depth Assign a pdf to focal depth using focal depths
earthquakes found in TEDS; call this FD_pdf. Rando
sample one focal depth fronbFpdf (see Section 3.3.1 fc
details).

Fault length and width  Using regression equations developed by Wells
Coppersmith (1994) calculate fault length and width {
Section 3.3.2 for details).

Displacement Calculate displacement using the equatioggsested by
Hanks and Kanamori (1979) (see Section 3.3.2 for det:
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Compilation of Thesis Earthquake Data Set (TEDS)
I
| ]
A 4 A 4

Fit probability density functions (PDF Fit probability density functions

| to moment magnitudé( ) of TEDS (PDF) to'Q¢ GX@n) af TEDS
I
I v
NO Apply goodness of fit test usin
KolmogorovSmirnov method
Is the fitted distribution acceptable?
[YEs
Selected PDF fo Selected PDF fo
0 "Q¢ da@n o

Sample ararthquake 2 2 Calculate fault lengttD),

from TEDS and use its Sample & Sample a fault width @ ), and

location, strike, dip, an frompitsPDF "Q¢ wWd@n fooit displacement@) using
2 rake angles its PDF empirical equations
o=
T ©
>3
Eg
" o
(SR
s Y

Prepare the source file of this randomly generated earthquake|
to carry out tsunami simulations using Namidance

Figure3.5 Flowchart of random earthquake generation

The location, strike, dip, and rake angles are fault attributes; thus, for each MC simulation
these values are taken from the sampled earthghakibhquake  MCMoment magnitude

and focal depth are the independent variables; thus, they are sampled fiittectipef.s.

Fault length, fault width and displacement are calculated using the analytic relations

developed in the literature as explained in Section 3.3.2.

To obtain robust risk estimates, sufficient number of MC simulations has to be identified.
Sufficient number of MC simulations is selected based on the change in the total economic
and social risks with respect to the number of MC simulations plot. Thik isteaof

change between the risk values means that the number of MC simulation is enough to
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obtain robust risk estimates. Total economic and social risks for 91 EaR identified at the
coasts of Eastern Mediterranean are calculated for varying number sitfdtations (i.e.

for 200, 500, 1000, 2000, d@b000 number of MC simulatiorase plotted in Figure 3.6

and Figure 3.7, respectively. Total economic and social risks are normalized with respect
to the maximum total economic and social risks calculatedrendormalized values are
used in Figure 3.6 and Figure 3.7, respectively. NAMINCE software is used to model
tsunamis and country specific dejsthmage curves are used to estimate economic risks
(Details of economic risk calculation is provided in 8®tt3.4.2.1). As can be seen in
Figure 3.6 and Figure 3.7, around 1000 MC simulations the total economic and social
risks stabilize. Thus, it is concluded that 1000 MC is enough to obtain representative

economic and social risk estimates for the study.area

Normalized Total Economic

200 1000 1800 2600 3400 4200 5000
Numberof MC simulation

Figure3.6 Change in total economic risk with the number of MC simulations
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Figure3.7 Change in total social risk with the number of MC simulations

3.3.1 Probability Density Function Assignment for Moment Magnitude and Focal
Depth

Moment magnitude and focal depth are the independent earthquake source parameters.
Thus, in each MC simulation, values for moment magnitude and focal depth are sampled
from theirrelated pdf.s. The pdf.s are developed using data from TEDS. Various sampling
distributions are fitted to moment magnitude and focal depth obtained from TEDS. Then,
Kolmogorov+Smirnov goodnessf-fit test is applied to those fitted distributions to
idenify the bestfitted distribution Depending on the results of goodnresdit test,
normal distribution and gamma distributions are selected for moment magnitude and focal
depth, respectively according to theiv@luesP-value is the calculated probabyjliwhich

shows the statistical significance level of the performed hypothesis against the null
hypothesis. For example, for the confidence interval of 5%,-treye smaller than 0.05
implies that the performed hypothesis is statistically significCBme.smaller the pralue
represents the higher the statistical significance level (Kul, 2014). Thus, normal and
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gamma distributions used for moment magnitude and focal depth, respectively had the
smallest pvalues among other tested distributions. Two samjslgilsltions and their
corresponding {values are shown for both moment magnitude and focal depth in Table
3.4. Histograms and fitted distributions for moment magnitude (MM_ pdf) and focal depth
(FD_pdf) are shown in Figure 3.8 and Figure 3.9, respectively.

Table3.4 Results of Goodnesd-fit test using Kolmogorostmirnoff method

Parameter Distribution Components p-value U-value
Moment Weibull a=5.13472, b=5.38823  3.8%F&-07 0.01-0.05
Magnitude Normal mu =4.73,sigma=1.05 2.24£-11 0.01-0.05
Focal Lognormal mu=3.4, sigma=0.87 8.19804 0.01-0.05
depth Gamma a=161, b=20.11 6.07E-08 0.01-0.05
0.6 |- Mw of TEDS
—Fitted Normal Distirbution for Mw
0.5
0.4
=
031
a)
0.2

O T T T T T T T T T T T
2 25 3 3.5 4 4.5 5 5.5 6 6.5 7
Data

Figure3.8 Histogram and fitted Normal Distribution for moment magnitude (MM_ pdf)
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Figure3.9 Histogram and fitted Gamma Distribution for focal depth (FD_pdf)

3.3.2 Calculation of Fault Length, Fault Width and Displacement

Hanks and Kanamori (1979) indicated that seismic momnt,demonstrates the
relationship between the source parameters and earthquake magnitude. For crustal faults,

seismic moment can be formulated as (Hanks and Kanamori, 1979):

0 A ®O (3.1)

whereA is the shear modulus of the crigdepends on the material typ@)is the fault

length,w is the fault width, andOis the displacement.

The relationship between the moment magnitiide (andthe seismic momenb( , of

an earthquake is fowulated as (Hanks and Kanamori, 1979):
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b S atl oK (3.2)

Relationship betweetn and0, andd0 andw are investigated by different researchers
as shown in Figure 3.10 and Figure 3.11, respectiV#lls and Coppersmith (1994)

developed the following regression equations, which are the most commonly used

relations:
0 &Y p& @€ 0 (3.3)
0 81 ¢& o £ (3.4)
8.5
8 . .
7.5 . 3
| -5 I A
o 7/ s » ¢ ¢
©
26.5
% 6 * TEDS
25 5 * Wells and Coppersmith (1994
'5 Papazachos (2004)
45  Blaser et al. (2010)
'4 » Goda et al. (2016)

0O 10 20 30 40 50 60 70 80 90 100 110 120 130
FaultLength(km)

Figure3.10 Comparison of fault length calculation from different sources
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Figure3.11 Comparison of fault width calculation from different sources

Regression equations for TEDS are developed as well:
0 OB T T W ¢ AIGD (3.5)
0 o® ¢ 0 P& p TULEW (3.6)

Since these regression equations developed for TEDS are similar to those developed by
Wells and Coppersmith (1994), without loss of generality their equations are used in this
study.Once fault length and fault width are calculated using Equations (3.3) and (3.4),

respectively, Equation (3.1) is used to estimate the displacement.

3.3.3 Tsunami Simulations

For each RE, an earthquake source file composed of earthquake source parameters of the

RE is manually prepared and fed to NABMANCE as input. The software generates a
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tsunami source based on the inputs. A sample tsunami source generated by NAMI
DANCE andthe locations of these gauges are given in Figure 3.12. Since the study area

is very large and it is not possible to obtain high resolution maps of the coasts of seven
countries, NAMIDANCE is not used to calculate the inundation levels at each EaR in

this study. Instead, tsunami wave heights at 50 m water depth offshore from the EaR is
obtained from NAMIDANCE through the gauges placed along the coastline. Then,
tsunami wave heights at 50 m water depths
Inundatian levels at each EaR are estimated using wave heights at the coast and elevations

of EaR. The details of the calculation of inundation levels at each EaR are explained in

the next section.

| Sample Source

o Gauge locations

Figure3.12 Sample earthquaksource generated by NAMDANCE software and the
locations of these gauges
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NAMI-DANCE input parameters and their descriptions are shown in Table 2.1 in Section
2.1. The outputs of tsunami simulations conducted with NAMNCE and their

descriptions used in this thesis are shown in Table 3.5.

Table3.5 NAMI-DANCE outputs

Property Description

. . o ' Estimated time of initial wave arrives to
Arrival time of initial wave (min)

the gauge point

. . . Estimated time of maximum wave arrive
Arrival time of max.wave (min)

to the gauge point

_ Maximum positive tsunami wave height
Maximum (+)ve amp.(m) _
recorded at the gauge point

_ Maximum negative tsunami wave heigh
Maximum ¢)ve amp.(m) .
recorded at thgauge point

3.3.3.1 Calculation of Inundation levels at EaR

In order to obtain reliable inundation levels at inland areas, the grid size of the bathymetry

and topographic maps of the EaR should be very fine. Such maps are very difficult to
obtain and procesgjntime of the tsunami simulations are too long due to the fine grid

sizes especially for large study areas such as the one used in this thesis. Moreover, the
goal of this study is to estimate relative overall risks throughout the whole study area.
Thus,fo t he sake of simplicity, Greends Law
recorded at the gauges implemented at 50 m water depth offshore to the coast. A similar
approach was used by Lovholt et al. (2012) and Lovholt et al. (2014) and it was concluded

that reliable results were obtained according to their investigations.
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Synolakis (1991) revealétdr eends | aw equation as foll ows

o o (3.7)

O Q
where’'© and O are the tsunami wave heights at 50 m and 1 m water depths, respectively
andQ andQ are 50 m and 1 m water depths, respectiglym this equation a tsunami
wave height at 1 niO, is estimated based on a tsunami wave hé@htat 50 m, which

is obtained from the simulation.

Tsunami wave heightsarecorded at 50 m water depth through the gauges usingNAMI
DANCE software. Then these wave heights are used to calculate tsunami wave heights at
1 m water depth using Equation 3.7 for each EaR. As a conservative approach, the tsunami
wave height at theoastline is assumed to inundate all the land below this altitude at the
coast and the inundation level is assumed to be equal to the tsunami wave height at the

coastline. An example of this assumption is introduced in Section 4.2.1.
3.4 Risk Assessment

According to ISO 31010, probability of a hazard and the consequences of that hazard

create the risk. So, risk is defined as follows:

YOI Bl ¢ OOBERE VO QR 6QE HQ (3.8)

whered ¢ ¢ | '‘Qn depreseris the impact of an event or circumstance with economic,
social and environmental dimensions and ¢ & ¢ Gs@e Crance of occurrence of that

event among the population of all events. For economic, social and environmental risks
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the consequences are referred to as economic, social and environmental damages,

respectively.

In this study, economic, social and environmental dimensions of risk are calculated for
the EaR identified in the study area. List of the EaR and considered riskgions for
each EaR is shown in Table 3.1. Economic, social and environmental damage calculations

are explained in detail in the following sections.

3.4.1 Calculation of Damages

3.4.1.1 Economic Damage

For economic risk dimension, damage on residential buildingsistrial facilities and
agricultural areas are considered separately. Country specific damage values (in Euros)
for different types of damage classes are calculated by multiplying the maximum damage
values and deptdamage functions provided by Huizingd al. (2017). Detailed
explanations on maximum damage values and d#gttege functions are given in
Section 26. Depthdamage functions at continental level and maximum damage values
for residential, industrial and agricultural damage classes used ithdsis are given in

Table C.2 in AppendiC.

Based on the method proposediyzinga et al. (2017gconomic damage for inundation
level, Qs calculated as follows:

00 O 0o (3.9)
where“Qs the inundation level (.€Q 1 , 6 ,m¢ O Ois the economic damage (in

Euros) for inundation leveQ'O Is the maximum damage value (f% with 2010
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prices 0 is the deptkdamage function that specifies whatio of the maximum damage
occurs for inundation leveQat catinental level and 0 is the inundated area for

inundation levelQ

The countries where 91 EaR are located are Cyprus, Egypt, Greece, Israel, Lebanon, Syria,
and Turkey, and they are located in three continents, namely Africa, Asia, and Europe.

3.4.1.2 Sccial Damage

In this thesis, physical damage on people due to inundation caused by a tsunami is taken
as the consequence of the social rB&sed on literatureApt et al. 1989; Endoh and
Takahashi, 1995; Jonkma al. 2008, the minimum inundatiotevel, which will cause
physical damage on a person, is taken as 0.5 m in this study. The social risk calculation is
carried out by assuming that the number of people at each EaR is uniformly distributed
through the whole area of the EaR. Population dessidf the countries are used to
estimate the total number of people at each EaR. Thusptddenumberof people,(i 0

located within the area where wave height reaches 0.5 m or higher is taken as the
consequence of the social riskhe social damage foan inundation levelQ"YOis

calculated as follows:

‘Q ™Mah Tt
YO 0Oy gk 606 (3.10)

where0 0 is the number of people found in the inundated areas of EaR for inundation
level 'Gand 6 is the vulnerability coefficient. Ae total number of people found in the
inundated areas of EdBr inundation level(ls calculated using the population density of

the country and the inundated area as follows:
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60 1o (3.11)

wheren is the population density of the related EaR obtained from different databases
(i.e. TUIK, Worldbank, CIA) and is the inundated area for inundation legl

In order to realistically estimate the social risk, vulnerability of people living in different
countries are taken into consideration. In the literature, Gross Domestic Product (GDP)
per capita, literacy rate and age class are commonly used as vultbeialitators
(Brooks et al. 2005; Birkmann and Fernando, 2008; Harris, 2010). Thus, GDP per capita,
literacy rate and age class data are compiled from various sources such as Turkish
Statistical Institute (TUIK), Worldbank, and CIA (Web 3.2; Web 3.3; Vi3eh). In
addition to these three vulnerability indicators, tsunami awareness is identified as an
important factor in the literature (see Section 2.8). Tsunami awareness differs from
country to country due to their lifestyldgtalistic and denial beliefslemographic and
educational parameterSdffer et al. 2011; Baytiyeh and Naja, 2018jhus, tsunami
awarenessg; is also included into the social risk calculations as a vulnerability indicator.

A new tsunami awareness classification is proposed inhbgst for the countries in the
study area. It is proposed that tsunami awareness parameter is selected from one (low
awareness) to four (very high awareness) for the countries in the studywdnesability
indicators for the countries found in the stizdtlga are shown in Table 3.6.
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Table3.6 Vulnerability indicators for the countries

Vulnerability Indicators

Country GDP($)’ Literacy raté Age clasS” (<65)
Cyprus 23542 0.991 0.879 3
Egypt 3478 0.738 0.958 1
Greece 17891 0.977 0.781 3
Israel 37181 0.978 0.887 3
Lebanon 8257 0.939 0.932 2
Turkey 10863 0.956 0.925 2
Syria 2058 0.864 0.958 1

" Retrieved from https://data.worldbank.org/indicator/NY.GDP.PCAP.CD

™ Retrieved fromhttps://www.cia.gov/library/publications/theorld-factbook/geos/ly.html;
http://www.tuik.gov.tr/UstMenu.do?metod=temelist

™ Retrieved fromhttps://www.cia.gov/library/publications/theorld-factbook/geos/ly.html;
http://www.tuik.gov.tr/UstMenu.do?metod=temelist

" Proposed in this study based on literature survey and expert opinions

Vulnerability indicators are normalized before they are used in social damage calculations.
Normalization procedure is conducteg Hividing the vulnerability indicator to the
highest value of the related indicator among all the countries:

. 000 . aQOQl dOR .
voR Bos Y h B0l dhd Q|
(3.12)

. O QO Oi i ., €

v h 5 OBa i | YT £
wherel is the normalizedsDP at country level( R is the
normalized literacy rate at country levél, is the normalized age class
(under 65 years old) at country level,y Is the normalizedsunami awareness
parameter at country levelDO0 is the gross domestic product for country,
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0 "QO & Gi i is the age class (ratio of population under 65 years old) for country,
a"QO0 Qi O®KQ s the literacy rate for country, is the tsunami awareness
parameter for country, wheteé 6 € o Cyprus, Egypt, Greece, Israel, Lebanon, Syria,

and Turkey."OO 0 L, A0 Q1 OO , 0 Q0a ®i i, andE are the

highest gross domestic product, the highest literacy rate, the highest age class value and
the highest tsunami awareness among the countries in the study area, respectively.

Then, the vulnerability coefficieny is calculated based on these indicators:

(3.13)

-l
C
=y
Cs
5
Cc
= x
C
0

Vulnerability coefficients for each country located in the stadsa are calculated and

shown in Table 3.7.

Table3.7 Vulnerability coefficients for the countries located in the study area

Country 0

Cyprus 1.25
Egypt 1.92
Greece 1.32
Israel 1.09

Lebanon 1.52
Turkey 1.47
Syria 1.85
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3.4.1.3 Environmental Damage

Some of the EaR are identified as environmental hazards. These are Nuclear Power Plants,
Oil Refineries, Oil Filling Facilities, Chemical Industry, and Waste Water Treatment
Plarts. A binary approach igsedin calculating the environmental damage: If the EaR,
which is identified as an environmental hazard, is inundated then it is assumed that it will

cause an environmental dama@éherwise, there is no environmental damage at all.

The next stage is ¢hcalculation of three dimensions of the risk, namely economic, social

and environmental risks that are explained in the following sections.

3.4.2 Calculation of Risk Dimensions

3.4.2.1 Economic Risk Calculation

In order to calculate the corresponding risk for eaaR,Ehe probability distribution of

the damage has to be calculated first. Economic risk is determined by calculating the area
underneath the exceedance probabdi#ynage curve for residential, industrial and
agricultural components of the economic risk this study, exceedance probab#ity
damage curve is constructed for each EaR using inundation levels resulting from 1000
MC simulations.

Construction of the exceedance probabitigmage curve has three stagHsese three
stages are explained beloasing Fethiye City Centexrs the example EaR.
i.  First, the exceedance probabHityundation level curve for each EaR is calculated.
The exceedance probabiklityundation level curve fdfethiye City Centels given in

Figure 3.13 as an example.
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Figure3.13 Exceedance probabildyundation leveturve forFethiye City Center

ii.  Theninundation levellamage curve is constructed using the codnéased depth
damage function and maximum damage vaIu%f) (h 2010 pricesprovided in

Huizinga et al. (2017). The inundation lev@hmage curve for Fethiye City Center

is given inFigure 3.14 as an example.
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Figure3.14 The damagénundation level curve fdfethiye Gty Center
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ii.  Finally, the exceedancergbability-damage curve is generatagsing the
exceedance probabildyundation levelndinundation leveldamage curves. The
exceedance probabiliyamage curve foFethiye City Centers given in Figure
3.15.
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Figure3.15 The exceedance probabilitamage curve for Fethiye City Center

Finally, economic risk is calculated for each EaR by integrating the area under the
exceedance probabiliamage curve (DVWK 1985)

YQi R YO'O'O (3.14)

where YO 0 0 is the probability of the interval between two exceedance

probabilities’and 'Q p, and 00 — ‘0O ‘OO0 is the mean economic damage

corresponding to these two exceedamadbabilities.
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3.4.2.2 Social Risk Calculation

The same procedure that is used for the calculation of the economic risk is used for the
calculation of the social risk. In the first stage, exceedance probabiitgation level

curve is generated. However, thisne exceedance probability corresponding to an
inundation level of 0.5 m is set as the level that will result in a physical damage on people.
Thus, the number of people exposed to minimum 0.5 m tsunami wave are considered as
the number of physically damedj people for social risk calculations. The exceedance
probability-inundation level curve foFethiye City Centeis given in Figure 3.16 as an

example.

vel (m)

Inundation Je

Exceedance probability

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Exceedancerpbability

Figure3.16 The exceedance probabiklityundation leveturve forFethiye City Center

The damage for social risk is the multiplication of the number of physically damaged
people, 0 times the vulnerability coefficient as explained in Section 3.4.1.2. Since
vulnerability coefficient is not &unction of the inundation level, in the second stage

number of physically damage peojateindation level curve is developed. The number of
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physically damage peoplaundation level curve foFethiye City Center is given in
Figure 3.17 as an example.
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Figure3.17 Thenumber of physically damaged peoptendation leveturve for
Fethiye City Center

Finally, the exceedancergbability-number of physically damaged peoptarve is
generatedising theexceedance probabildipundation level and number of physically
damaged peopimundation level curves. The exceedancebpbility-number of
physically damaged peopler Fethiye City Centeis given inFigure 3.18 as an example.
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Figure3.18 The exceedance probabilktyumber of physically damaged people curve for
Fethiye City Center

The social risk is calculated for each EaR by integrating the area undetciéwdance
probability-number of physically danged people curve when the inundation level is

greater than 0.5 m, which is set as the depth that will cause physical damage to a person.

N Q @ah T
YQi R Q. . o (3.15)
Q ™A h Yo'YO
where YO 0O 0 is the probability of the interval between two exceedance

probabilities 'Qand Q p, and "YO - "YO "YO is the mean social damage

corresponding to these two exceedance probabilities.
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3.4.2.3 Environmental Risk Calculation

The calculation of the environmental risk is based on the binary approach. If inundation
level reaches up to the altitude of the EaR, which is identified as an environmental hazard

then environmental risk will be one. Otherwise, there will be no envirotaingsk:
YQi Q QQ,Q na h n (3.16)

3.4.2.4 Overall Risk Calculation

In order to calculate an overall risk, first all dimensions of the risk are normalized to a

range between 0 and 1. For exantpkeconomic risk for an EaR is normalized using the

maximum economic risk calculated among all E&Re normalization of the economic

risk for the EaR is conducted as:

o YRR (3.17)

YQi ] —— :
VYRR o

where 0 'YQi 'R is the normalized economic risk for EaR, Qi 'R is the

calculated economic risk for EaR, Qi R is the maximum economic risk calculated

among all the EaR in the study area.

The same procedure that used to calculate normalized social risk for each EaR
(6'YQi § as well. Normalization is not necessary for the environmental risks since
they are already calculated as zero or one (i.e. the binary approach). Normakzed
categoris are aggregated to define an overall risk for each identified EaR in the study

area. Three dimensions of risk are aggregated using different strategies:
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) to represent the worst case scenari o,
i) to represent an equamportance scenario, equal weights are used for the
aggregation, and
iii) to represent the case where the economic risk is dominating, it is weighted with
0.5 while the social and environmental risks are weighted with 0.25.
Here these three aggregation appreacére used to generate the overall risk map of the
study area. However, other aggregation approaches can be implemented based on case

specific requirements. The three aggregation strategies are explained below.
a) The Worst-Case Scenario

The fAORO isaped toaaggoegate the three dimensions of risk. This type of
aggregation presents the results of the weaise scenario by assigning the maximum of

the three risks as the overall risk:
YQi Q GO YQ R M Y@M ; AYQi Q (3.18)
b) Equal Weighted Scenario
This scenario represents the case where each dimension is equally important thus weighted

equally:

e [ r Y p e v I4 iy LIS v 4 7 e [y r Yy
YQi Q S_U‘YQI £ LV YQI € YQi R (3.19)
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c) Economic Risk Dominated Scenario

When the decisiomaker prefers to assign higher importance to the economic risk, the

overall risk can be estimated using:

YQI Q ? COYQ R GYM,  YQ R (3.20)

3.4.2.5 Overall Risk Maps

In order to present the spatial distribution of the economic, social, environmental and
overall risks throughout the study area, the risk maps are generated. For better spatial
representation, risk values are grouped into five categories. Color codes given in Table
3.8 is used in the risk maps.

Table3.8 Risk categories

0. 1 ( MediumRisk <0.20
0< Low Risk <0.10
0= No Risk

3.5 Positioning of Tsunami Early Warning Systems

In this study, reduction in social risk dimension is used to select the best TEWS location
among alternatives. Because, human survival is the first issue gotinge of natural
hazardqdHaque and Etkin, 2007Economic and Environmental risk dimensions are not
taken into consideration in the scope of this study for positioning of TEWStioning

of TEWS is investigated considering both the whole study asea(icial risk in all seven

countries) and individual countries. In other words, if one country decides to install a
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TEWS what will be the best location for the device, or what will be the best location for
a TEWS to maximize reduction of social risk ihsdven countries (i.e. the whole study
area) Country level social risk calculations given in AppenBiray be a beneficial guide

for positioning of TEWS in all seven countries.

There are a number of factors such as sufficient water depth and sleip tloaitrestrict
positioning of TEWS as explained in detail in Section 2.7. However, piracy activities,
diplomatic obstacles between countries, and theft are not taken into consideration as

TEWS positioning restrictions in the study area.

First, the studyarea is dividednto 50 km x 50 km grids using ArcGIS. Then layers
representing these two restrictions are overlaid on the map of the study area (see Figure
3.19). Red lines in Figure 3.Ehow the major shipping routes and the green lines show
the boundey where water depth is greater than 1000 m. Grids that satisfy these two

restrictions are shown with pink polygons on Figure 3.19.
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Figure3.19 Potential TEWS positioning grids

When a tsunamigenic earthquake initiates, the TEWS detects tsunami wave and a signal
is send to the tsunami early warning center which will release a tsunami warning for the
people living in the coastline of Eastern Mediterranean. This way, people llgimy the
coastline are informed before tsunami waves reach the shoreline. When there is enough
time, people may move to safe altitudes and social risk (in this study assumed to be directly
related to the number of physically damaged people from tsunaresyvaill be reduced.
Although there may be other means to reduce social risk, in this study, moving to safe
altitudes on foot is assumed to be the only alternative to reduce the number of physically
damaged people. Since high resolution data aboutmaatestructures and high rise
buildings is not available throughout the whole study area, high topographic areas are

considered as safe altitudes in this study. Thus, people who have enough time to reach a
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safe altitude is assumed to be saved from physicahdarfrom tsunami waves; thus
contribute to the reduction of the social risk.

The aim is to select the best grid (i.e. within the pink polygons in Figure 3.19) to install
the TEWS such that maximum reduction in social risk will be obtained in the stuady are

It is assumed in this study that the social risk is reduced by evacuating the people who are
located in the inundated areas to safer altitudes. Since spatial distribution of the social risk
is already calculated, a simple heuristic can be implementeditice the potential grids:

the TEWS should be placed such that people at the high social risk areas have enough
time to evacuate the inundated areas. In other words, the farther the TEWS from the high
social risk areas the more time people at these aiédsave to move to safer altitudes.

Using this heuristic, first a set of potential TEWS locations are identified and then social
risk reduction calculations are carried out for each one of these potential locations. Details

of these calculations are damed in the following sections.

3.5.1 Required Time to Reachthe Safe Altitude

Social risk without TEWS is already calculated for each EaR using the procedure
explained in Section 3.4.2.2. Now, social risk with TEWS (i.e. when a TEWS is installed)

need to b calculated in order to estimate the reduction in social risk.

When the tsunami warning is released, the most important thing is to reach a safe altitude
as soon as possible. Therefore, determination of the minimum distance to the safe altitude,
requiredtime to reach that location, and remaining time to move to the safe altitude after
the tsunami warning are vital for the people living in the risky ateastder to reach a

safe altitude, commonlgn foot is considered as the reliable alternative. Because, roads

might be either damaged due to the earthquake or jammed tta#fito(Atwater, 1999)

74



For this reason, it is assumed that the only evacuation method after the tsunami warning

is on foot. So, otlreevacuation methods are not considered in this study.

Distances to the safe altitudes for each element at social risk (from hereafter EaR which
has a social risk is referred to as element at social risk) are determined using @émundati
depth distribution at that EaR obtained from MC simulations and the topography.
Calculation procedure of maximum inundation depths for each EaR is explained in detail
in Section 3.3.3.1. People who have enough time to reach an altitude higher than the
maximum inundation depths will be saved (i.e. the social risk for those people will reduce
to zero). As an example, if a maximum inundation depth of 1 m is recorded at Cairo
Agricultural Area based on MC simulations then the people who have enough time to
walk to safe altitudes (i.e. 1 m) will not be physically damaged. Hence, first the distance
to the nearest safe altitude should be determined. Distance to the safe altitude directly
dependent on the topography of the EaR and its surrounding. For instaniceym
distance to the safe altitude for Cairo Agricultural Area may reach up to 15 km due to the
fact that Cairo Agricultural Area is surrounded by low lands below sea level. Therefore,
the people who wants to escape from tsunami waves in Cairo Agradulttea has to

walk approximately 15 km to reach the safe altitude (see Figure 3.20kr8ss section

is given in Figure 3.20 to demonstrate the topogrdplg Figure 3.20(b))n this study,

Google Earth application is used to identify safe altitudealf elements at social risk.
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Figure3.20 Altitude and distance from the coast (Retrieved from

https://www.google.com.tr/intl/tr/earth/)
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Figure3.20 (b) Topography of the-A cross section (Retrieved from

https://www.google.com.tr/intl/tr/earth/)

77



After identifying the distance to the safe altitude, required time to reach this altitude has
to be determined. In the literature, it is stated thatadtlineadult can walk around 5 km

per hour (Enright and Sherrill, 1998). Therefore, required time to reach the safe altitude
is calculated using the following formula:

where 0 is the required time (in minutes) to reach tatesltitude,® is the distance to

the safe altitude, an@  is the maximum distancetealthyadult can walk within 60

minutes which is taken as 5 km/hr in this study.

Estimated time of tsunami wave arrivals (ETAS) is one of NAMINCE outputs as
explained in Section 3.3.3 and it is recorded for all the MC simulations conducted during
the risk assessment study. The remaining time to move to the safe altitude for each EaR

after tsunami warning is releaséd,is calculated using the following formula:

6 07Y0 o 0"Yo6 o (3.22)
whereO "Yo \ o is the estimated time of tsunami wave arrival from source to
EaR andD Y0 ‘ o is the estimated time of tsunami wave arrival from source
to TEWS.

3.5.2 Social Risk Reduction by means of Tsunami Early Warning System

The socialisk is calculated for two different conditions: without and with TEWS. Social

risk reduction with the implementation of TEWS is calculated as follows:
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Yy 6.yaQip oyai R (3.22)
whereYYis the risk reduction amouni.'Y'Qi 9 andl( 'YQi @ o are
the amount of normalized social risk without and with TEWS, respectively. The
normalized social risk with TEWS is calculated using:

o'yai @ O0YQiQ 60YQi R (3.23)

where0 s the risk coefficient calculated using the required time to reach the safe altitude
(0 ) and remaining time to move to safe altitude after tsumaming 0 ). If the required

time to reach the safe altitude is smaller than the remaining time to move to safe altitude
after tsunami warning is released, it is assumed that the social risk for the EaR becomes
zero. On the contrary, if the required @no reach the safe altitude is greater than the
remaining time to move to safe altitude after tsunami warning, social risk reduces
proportional to the amount of time available to move to a safe altitude. Correspondingly,

risk coefficient,0 , is calcuhted as:

(3.24)

o

Q

AD -

<
O|O'O

whereo is therequired time to reach the safe altitude, @nds the remaining time to
move to safe altitude after tsunami warnidgallows a proportional (in term so

available time) number of people to reach to a safe altitude.
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4 RESULTS AND DISCUSSIONS

To assess economic, social, environmental risks at the Eastern MeditergdngaR, are
identified from the coastlines of seven countries basedaod use (i.e. residential,
industrial,and agriculturgl population size, anenvironmental significanc&conomic,
social and environmental risks are calculated using Monte Carlo simulations and
aggregated into an overall riskhen, based on reduction in social risk, the best buoy
location is identified among a set of potential locatidiee results are pvaded in this
chapter.

4.1 Monte Carlo Simulation Results

Earthquake source parameters used in this study are randomly generated using MC
simulations.523 historical earthquakes from 1900 to 2013 are used to generate TEDS
using the catalogue compiled in EU funded TRANSFER project. The earthquake source
parameters of the historical earthquakes are given in Appé&ndiEDSis composed of

523 historical eathquakesgatheredfrom the TRANSFER projeci(seeFigure 3.4. To
generate earthquakesthin the MC loop first 1000 earthquakes arandomly sampled

from TEDS The locations of tree1000 sampled earthquakes are shewth red starsn

Figure 4.1 Thesize of the gmbolsis proportionato the number of earthquakes sampled
from that location.
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Figure4.1 Locations of the sampled earthquakes

Thenearthquake source parametalues for each of these 10@arthquakeareassigned
following the procedure explained in Table 3%nced and'0O¢ w@a@are the
independent parameters, they are sampled from their PDFs that are assignéd @ising
and"0¢ GO@@ fPosf the earthquakes found in TEDSomparisorof histograms of
and"'0O¢ @@ of TEDS the fitted distributions to these dadad the histogram of
randomly generatel00Odata ford and’O¢ @@ fare demonstrated in Figure 4ad

Figure 4.3respectively.
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Figure4.2 Histogram ofd  of TEDS its assigned Normal Distributiandthe
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Figure4.3 Histogram of O¢ @@ iRaf TEDS its assigned Gamma Distributiand
the histogram ofandomly generateti000"0¢ @@ i@oFom the Gamma Distribution

Among 100Candonty generate@arthquakeghe random earthquake with the largest
of 8.0 islocatedon Hellenic Arc near Cretislandand has &¢ @@ iQof 11 km.The
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maximumd of TEDS is 7.2it is located on the Hellenic Arc close to Rhodes Island and
has a0¢ G@@iRof 1 km. Locations and earthquake source parameteEDS and

1000randomlygenerated earthquakir MC simulations are given in AppendiB

As can be seen from Figure24the performance of the Normal Distributions arotind

vaues of 5 is not very good. However, earthquakes with bighgenerally cause large
tsunami waves and large inundations at EaR, which directly affects the risk. Thus, proper
representation of the right tail of tbe histogram ofTEDS is more crucialrad as can be

seen from Figure.2, the Normal Distribution seems to represent these earthquakes with
high moment magnitudes properly. As stated previously, the highesalue within the

TEDS is 7.2, while as a result of 1000 MC simulatiorb10values that are higher than

7.2 is sampled. Therefore, we believe that reasonable moment magnitudes are sampled

from the Normal Distribution for risk calculations.

4.2 Risk Assessment

Risk assessment results of each dimension is provided separateljhfanstthe overall

risk results and corresponding maps are given

4.2.1 Economic RiskAssessment

Economic risk is calculated for EdBr different damage classessaasnmarizedn Table
4.1. Within the study areaconomic risks are calculatéar 41 residentiabuildings, 29
industrial facilities, and 5 agricultural regiomss given in Equation (3.9)economic
damage is estimated using the inundation depth and the inundatddwamdated area of
each EaRfor different inundation depths amalculated using digital elevation maps
(DEM) with 30m x 30m grid size. DEMareretrievedfrom Shuttle Radar Topography
Mission (SRTM)(Web 4.1.
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Table4.1 EaR at economic risk dimension

Risk Dimension Damage Class Elements at Risk

, , o City centers, summer
Residential buildings .
villages

o _ _ Airports, ports and
Economic Risk Dimensior ) o ) _
Industrial facilities marinas, factories,
industrial zones

Agricultural regions Agricultural areas

Statistical summary afconomic risks calculated for 91 EaR is provided in Table 4.2 and
the boxwhisker plot of the economic risk is given in Figure 4.4. Since most of the
economic risks are either zero or very close to zero, only the outliers can easily be seen
from the boxwhisker plot; thus a zoomed plot to the economic risk range of 0 and 0.16 is
also provided in Figure 4.As can be seen frofigure 4.4, although the meaalue of
economic risk is 0.07, economic risks larger than 0.03 are classified as oltlenes are

16 EaR which resulted in economic risks that are larger than 0.03. The maximum
economic risk is 1.62 and calculated at Cairo Agricultural Area, which is followed by 1.21
at Alexandria City Center. The third largest economic risk is 0.89 and occurretiige Fet

City Center.

Table4.2 Statistical summary of economic risk for 91 EaR

Statistics Economic Risk
Minimum 0

Mean 0.07
Median 0.000(¢
Maximum 1.62
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Figure4.4 Box-whisker plot of economic riskoomed boxwhisker plot of economic

risk is provided on the right.

In order to adjust economic risk between zero and one, economic risk values are
normalized with respect to the maximum risk (i.e. 1.68)ymalized eonomic risk map

of the study area igiven in Figure 4.5Since the study area is too big to demonstiate a
EaR in detail, economic risk mapteachcountryfound in the study arda prepared and

given in the following paragraphloreover, eonomic risk maps a number oéelected

EaRarepresenteds well
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Figure4.5 Normalized eonomic risk map of the study area
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In this study, it is assumed that a tsunami wave of h&lgigters at the coast will inundate

all the land that is beloviQmeter altitude Such an assumption is used sincéinot

possible to obtain high resolution maps for all EaR to carry editm2nsional flood
analysis. This assumption represents a wease scenario since some of the land that is
below "Qmeter altitude will not be inundated if it is not connected Wil sea. This
assumption introduces some error to economic damage estimates, thus economic damage
values obtained in this study should be used with caution. Relative risks provide more

realistic comparisons among EaR.

To investigate the error introducég this assumptigna simple analysis is conducted.

First, a hypothetical example is provided to explain the consequence of this assumption.
L e tagssme tsunami wave height of 5 m is observed at the coastline of Fefttges

at the Fethiye city centdraving altitudes up to 5 m is assumed to be inundated and the
inundation level within this area is assumed to be $me map showing all the inundated
areas at Fethiye city center is giverfFigure 4.6 Due totheassumption, some spots that

do not haveany connection with the coast are assumed to be inundated.eSamele
gridsare marked with red circles in Figure 43nce these spots which have altitudes less
than 5 m are surrounded by higher land, they should not be inundated. However, due to
the assumption these grids are incorrectly marked as inundated areas. This introduces

some error to economic and social damage calculations.
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Figure4.6 Inundated and safe areas at Fethiye city center when a tsunami with 5 m

wave height is observed at the coastlRed circles represent some grids that are

incorrectly considered to be inundated due to our assumption.

Toinvestigate the amount of ertthiat is introduced inttheresults due to thigssumption,

some of th&eaR having inundated areas that are not connected to the semlg@edn

detail. For this purpose, Fethiye, FinikedPort Said City Centers and Dalaman Airport

are examined (se€igure 4.7).In Figure 4.7, ed and yellow colors show the inundated

grids that are connected to the sea. Black color represents the grids assumed to be
inundated although not connected to the sea. In other words, these are the cells that area

classified a inundated incorrectly due to our assumption.
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Figure4.7 Examined EaR to evaluate the reliability of the assumption for Dalaman
Airport (top left), Finike City Center (top right), Fethiye City Center (bottom left) and
Port Said City Center (bottom right)

The number o€orrectly and incorrectlinundated grid$or theseEaR arecalculated and

error due to this incorrect classification is quantifiétlen, normalized economic risk
valueswith and without this assumption are calculated as well. The results are shown in
Table 4.3.This results show that the erraradto the assumption is between 2% tof6#6

the selected EaRhe results provided in this study should be evaluated considering this
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range of error. In terms of economic risk calculations, since the assumption results in
higher risks, it represents a wgérase scenario. This error can be removed if detailed
topographic maps of all EaR are obtained and inundated areas are calculated using 2
dimensional hydraulic models. However, we believe that comparative evaluation of the
current results for selected aR provide valuable risk assessment and management
information. In the following, we provide economic risk analysis for each of the seven

countries found in the study area.

Table4.3 Evaluation of the effdmf the assumption on normalized economic risk values

The The number . Normalized
) Normalized .
number of inundated ECONOMc economic
EaR of all grids that are Error . : risk value
. risk with .
inundated not connected . without
. assumption :
grids to the sea assumption
Fethiye City Center 3372 206 0.06 0.55 0.52
Finike City Center 1559 109 0.07 0.09 0.08
Port Said City cente 3166 411 0.11 0.04 0.04
Dalaman Airport 2243 89 0.04 0.46 0.44

Normalized eonomic risk mapdr Cyprus is given in Figure8.Gazimagusa Citgenter

and Paphos International Airport have NO economic risk whereas coastal parts of Larnaca
City Center have LOW economic ridkormalized eonomic risk maps of these three EaR
aregiven in Figure 8 as well.lt can be concluded that Gazimagusa Cignterlocated

at the soutkeastern part of Cyprus Islarstiays secure from tsunamigenic earthquakes
generated in Hellenic Aravhich is the main source of the earthquakes generated in the
Eastern Mediterranea@n the other handlaphos International Airpbalso seems secure

due tohaving a smallnundatedareacompared to that dhe riskiest element in the study
area.According toMC simulations,a maximumtsunami wavef 1 m hits Larnaca City
Center andertainparts of the city are inundatebhis resiltedin LOW economic damage

and LOW economic risk.
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Figure4.8 Normalized eonomic risk mapfor Gazimagusa City Centéop right)
Paphos International Airpogbottom left)and Larnaca City Centébottom right)in
Cyprus

Most of the EaR havingXTREME risks are observed in Egypt due to leege and
lowlands such as Cairo Agricultural Area and Alexandria City Ceritke largest
economic risk among all 91 EaR is calculated for Cairo Agricultural Area duedogés
size with high agricultural value. When inundated, the large agricultural land results in

large economic damage and correspondingly in EXTREME econaskic ri

Normalized eonomic risk maps for Mersa Matruh City Center BadtSaid Ciy Center

are given in Figure 4.9As can be seen from tim®rmalizedeconomic risk map of Port
Said City Center, there is LOW risk at the coast and there is a NO risk zan rtex
Further inlandthere is another LOW risk zone. This is due tddhdands behind the city

center According to the topography, the middle section of Port Said City Center is not
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inundated while further inland there is inundation, and consegqueadnomic risk. A
similar situation is observed at Mersa Matruh City Center and Alexandria City Center as

well. Some of parts of Alexandria City Center liesldl meter elevation.

Figure4.9 Normalizedeconomic risk mapfor Mersa Matruh City Centgbottom left)
and Port Said City Cent@pottom right) in Egypt

Since the study aremly covers€Eastern Mediterranean Sea, Crsland is the only place
considered for risk assessment in Greece. Geté@d is located on the Hellerdac,
whichis the most seismically active fault in the Mediterranean Sea. Therefore, Heraklion
City Center and Crete Summer Villages ha¥&sH and EXTREME economic risk,
respectively Normalized eonomic risk maps of thedgvo EaR are demonstratedn
Figure 4.10
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Figure4.10 Normalized eonomic risk maps for Heraklion City Cen{eottom left)and

Crete Summer Villagefbottom right)in Greece

Haifa, Nahariya and TéAviv City Centers, Haifa and Ashdod ports, Ashkelon Seawater
desalination plant, Haifa Airport and Herzliya Marina are taken into consideration 81 term
of economic risk dimension in Isra®dlormalized eonomic risk maps foNahariya City
Center, AshdodPort and TelAviv City Centerare given in Figure 41. While Tel-Aviv

City Center, Haifa Airport and Herzliya Marina have NO economig, ttsk rest of the

elements have LOW economic risk
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Figure4.11 Normalized eonomic risk map$or Nahariya City Centeftop right),
Ashdod Por{bottom left) andrel-Aviv City Center(bottom right)in Israel

Normalized eonomic risk map foLebanon is given in Figure 4.1Batraun, Beirut and
Tripoli City Centers, Beirut and Tripoli port8eirut International Airport, Koubba
Industrial Zone and Marina Dbayeh are considered as the elements at economic risk in
Lebanon. However, none of the elensgainundated in this countiaccording to tsunami
simulations This is becausall EaR in Lebanomre located high enough abowe sea

level so that they araot effected from tsunami wavesnother reason focOW risks in
Lebanon might beCyprus Islandacting like a breakwater for Lebanon coasts against
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tsunami waves generatatthe Hellenic ArcNormalized eonomic risk maps fofripoli
City Center, BeiruHariri International Airport and Beirut City Centare given in Figure
412

Mechm Rek
Low Risk

Figure4.12 Normalized eonomic risk map$or Tripoli City Center (top right)Beirut
Hariri International Airpor{bottom left)and Beirut City Centefbottom right)in
Lebanon

Similar situationto what isobserved in Lebanas valid for Syrian coasté&s can be seen

in Figure 4.13there is no economically risky element in Syfae reason might be again
Cyprus Island acting like a breakwater for the coasts of Shhie.other reason might be

96



the low number of earthquakesngeated along this regiqsee Figure 4.1Normalized
economic risk maps for Latakia City Center, Tartus City Center and Tartus Agricultural

Areaare given in Figure 43.
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Figure4.13 Normalized eonomicrisk maps for Latakia City Centéop right), Tartus
City Center(bottom left) andrartus Agricultural Aregbottom right)in Syria

Normalized eonomic risk map fosouthern coasts dfurkey is given in Figure 441
Turkey has the longest coastline and the most densely populated country in the Eastern
Mediterranearcompared tahe other countries located in tihegion (see Table 3.1)

Hence, 41 EaR are id&fied from Turkish coastlines and 33thEm araised in ecoomic
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risk calculations8 EaR are identified as environmental hagarel used in environmental
risk calculationsAccording totheeconomic riskcalculations, 2Elementassessed under
economic risk have NO riskQ elements have LOW risk and 2 elemératge EXTREME

risk in Turkey Fethiye City Center and Dalaman Airport have EXTREME risk because
of high tsunamwavesreachingup to 4 m hiting the coasts of these two EaR several times
in the MC simulationslt can be also concluded that the eastern sa#sturkey are less
vulnerable than the western abecause of the positive effect of Cyprus Island acting
like a breakwater against the tsunami waves coming from Hellenic Maanalized

economic risk maps fdpalaman Airport, Fethiye City Center arskénderun City Center

are given in Figure 441

Figure4.14 Normalized eonomic risk maps fdDalaman Airpori{bottom left),Fethiye
City Center(bottom middleandlskenderun City Centdbottom right)in Turkey
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Economic isk is calculated for alEaR.Information sheets containing inundation levels
versus affected area and economic damage for eabkss# EaR are given in Appendix
D. Tsunami wave height frequency @aind tsunami risk map for the worst case scenario

(see Equation (3.18%re also provided in AppendR.

4.2.2 Social Risk Assessment

Number of physically damaged people is considered as the consequence for social risk
calculations Since there is people ali EaR social risk assessment is conducted for all
identified EaR in the study areghe rumber of peopléoundin the areavhere inundation
exceeds 0.5 m (see Equation (3.15)¢alculated bynultiplying the population density
andthe inundated area ahe related EaR. Name, location, country, approximate area,
population densityand evaluated risk dimension of each EaR is given in Table 3.2 at

Section 3.

Statistical summary of social risks calculated for 91 EaR is also provided in Table 4.4 and
the bx-whisker plot of the social risk is given Figure 4.15. Since the social risks are
very low compared to the social risk value of Cairo Agricultural Area, only two of the
outliers can be seen from the bakisker plot; thus a zoomed plot to the socisit mange

of 0 and 10000 is also provided in Figure 4.15. As can be seen from Figure 4.15, although
the mean value of social risk is 2406, social risks larger than 234 are classified as outliers.
There are 11 EaR which resulted in social risks that arerléingn 234. The maximum
social risk is 199971 and calculated at Cairo Agricultural Area, which is followed by 9769
at Alexandria City Center. The third largest social risk is 2047 and occurred at Crete

Summer Villages.
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Table4.4 Statistical summary of social risk for 91 EaR

Economic Risk

Minimum 0
Mean 2406
Median 7
Maximum 199971
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Figure4.15 Box-whisker plot of social risk. Zoomed baxhisker plot of social risk is

provided on the right.

In order to adjust social risk between zero and one, social risk values are also normalized
with respect to the maximum risk (i.e. 199971). Normalized baskamap for the study

area is given in Figure 4.16. Normalized risk value of each EaR is also given in Appendix
G. Social risk assessment is conducted for all 90 EaR except Palmachi Airbase in the study
area. Because, Palmachi Airbase is a military bssgted in Israel coastline and there no

information is available about the number of soldiers/people found in this EaR.
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Figure4.16 Normalized scial risk map of the study area
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Cairo Agricultural Area is densely populated and nearly 2.5 million people is estimated to
be physically damaged based on MC simulation. Moreover, the vulnerabitiicient

of Egypt (Table 3.p is quite high and increases the social risk (Equation (3.10)).
Consequently, Cairo Agricultural Area resulted in a much larger social risk compared to
the other EaR. Thusftar normalization only Cairo Agricultural Areds classifiedas
EXTREME social risk. 86 out of ¥ EaR resulted in NO normalized social risk.
Alexandria City Center, Alanya Coastal District and Crete Summer Villages have LOW
social risks.Normalized social risk maps fagklanya Coastal District, Crete Summer

Villagesand Alexandria City Center are shown in Figurer4.1

It should be noted here that NO normalized social risk does not mean that nobody is
physically damaged at these EaR; it rather means compared to that of physically damaged
people at Cairo Agricultural Area, number of people physically damagessaEaR ae
negligible. To provide information on the total amount of affected people at each EaR,

social damage with respect to inundation level at each EaR is given in Apg2ndix
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Figure4.17 Normalized social ris mags for Alanya Coastal Distrigtop right), Crete

Summer Villagegbottom left)and Alexandria City Centébottom right)

4.2.3 Environmental Risk Assessment

For EaR that ar@entified as environmental hazardnvironmental riskare calculated

Characteristics of the elements at environmentaldisiension is given in Table 4.5

Table4.5 EaR at economic risk dimension

Risk Dimension Identification Criteria Elements at Risk

Chemical industry, Oil

_ _ filling facilities, Oll
Environmental Risk ) _ o
) ) Potential pollution refineries, Nuclear power
Dimension
plant, Waste water

treatment plants
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Binary approach is used to calculate environmental risk (i.e. each environmental EaR is
estimated either to causeXEREME or NO environmental risk). Areas of elements at
environmental risk are too small to demonstrate in the whole study area. Therefore,
environmental risk maps fdskenderun Iron and Steel Factory, Atas Oil Refinery and

Cimenterie Nationale Leban@megiven as sample maps in Figure 4.18

< Modan Rek 0l

Figure4.18 Environmental risk maps for Iskenderun Iron and Steel Factory (top right),
Atas Oil Refinery (bottom left) an@imenterie Nationale Lebanon (bottom right)

12 out of 16 environmentalazardsare estimated to causXREME environmentatisk
based on MC simulationsee Figure 4.19 More specifically,IPT terminals, Antalya
WWTP, Atas Oil Refinery and Kemer WWTP have NO environmentalwtlsle the rest

of the environmental hazards have EXTREME environmental risk
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Figure4.19 Elements at environmental risk in the study area

It can be resulted th&aRwith NO environmentalisk are all locatedat high altitudes

from the sea level. Rest of the EaR are located adjacent to the sea.

4.2.4 Overall Risk Calculations

aggregated usinthen OR 0

Overall risk maps are generated by aggregatanomic, social and environmental risk
dimensions to present a general perspective for all study Beeaomic, social and
environmental risk maps of the study areagiwven in Figure 4.5, Figure 4.16 and Figure
4.18 respectively. To obtain an overaltisk value,first three dimensionsof risk are

maximum of the three risk dimension3hen the risk maps for the woistise scenario

are produced using ArcGIBol (seeFigure 4.20.
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Figure4.20 Overall risk map of the study arg&Vorstcase saeario)
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It is cdoncluded from the risk calculations thatomomic risk dimensiortommonly
dominatedthe overall risk for residential and industrial damage classe= relative

social riskis calalated as NO risk for 87 out of 91 EaR.

EaR identified as environmental hazards either have EXTREME risk or NO risk due to
thebinary approach. Therefore, environmental risk dimensidonsinatingn theoverall

risk calculations for EaRvith environmental riskEconomic, social and environmental
damage valuesith respect to inundation levelsunami wave height frequency @and
overall risk mapsfor the worstcase scenario are given for each EaR in Appebdix
Additionally, overall risk estimates(worstcase scenariodf each EaRfor two other
scenarig, namelyequal weight and economic risk weight&gction 3.4.2.4are gvenin
AppendixE. Overall risksfor equal weight and economic risk weighted are given in
Figure 4.21andFigure 4.22respectively. As can be seen from Figdr2lequal weight
aggregation resulted fior instanceMIEDIUM risk for Alexandria City Center instead of
EXTREME risk compared tdhe overall risk mapgenerated for the worstase scenario
(see Figure 4.20 Additionally, NOrisk obtained for Cukurova Agricultural Ardéar both
equal weight and economuwgeighted overalkisk calculaions. This means that LOW
economicrisk is converted to NO risk when equal weight and economic weighted
aggregations are useRisks have been reduced by one or two levels in equal weight
calculations for all EaR comparedtte worstcase sagarioexceptfor Cairo Agricultural
Area.However,increase inmisks observed for economic weighted risk calculations due to
domination of economic risk dimension on social risk dimensionpared tohat ofequal
weight risk maps. For example, EXTRENMIBK is calculated for Alexandria City Center
both for worstcaseand economic weighted risk calculations because of the domination

of theeconomic risk dimension.
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Figure4.21 Equal weight risk map of the study area
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Figure4.22 Economic weightedisk map of the study are
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It can be concluded from thettweedifferent overall risk scenarios that thsks migh

change drastically for some of the EdRsed on the aggregation methadditionally,

loss of information is also possible feomeaggregationsuch as equal weightlence

the aggregation method has to be chosen according to the goal arspexte
conditions. e results should bevaluated and interpretedrefully and bimg aware of
potentialloss of informationl!f a proper aggregation method is use@asordance with

the final goals of the studygeneratedoverall risk maps should be beneficialfor
prioritizing the EaR that require attentiorhese overall maps might be useful especially

for the authorities and private companies to plan their future investments for the selected

region.

4.3 Positioning of Tsunami Early Warning System

The main goabf this part of the study is to reduce the overall social risk in the study area
through positioning of a TEWS 0 achieve thigjoal, the following heuristic is usedf |

the elements with considerabitygh social riskEWHSR) aredentifiedanda TEWS is
places to reduce treocial riskof these EWHSR, naturally higtocial risk reductionvill

be obtainedor the wholestudy areas well

In this study, lhe only way to reduce the social risk is assuméaféom people aEwHSR
enough before the tsunami wave arrives so that they can walksabe aaltitude as
explained in Section 3.550, required time to reach the safe altitual@ &énd remaining
time to reach the safe altitude after tsunami war@ingare calculatedor all identified

EaR in the study area. for each EaR is calculated and given in Apper@According

to these calculations, people in most EaR can reach safe altitudes lesthithan 10
minuteson foot. The EaRthat requiregreater than or equal i® minutes are considered
as EwHSRin this study.These time calculations show that only five elements are under
considerable social risEwHSRare listed in Table 8.
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Table4.6 Elementswith considerabhhigh social risk(EWHSR

Risk Dimension Elements at Risk 4 (minutes)
Alexandria Airport 28
Alexandria Oil Refinery 28
Social Risk Cairo Agricultural Area 174
Cukurova AgriculturaArea 18
Dalaman Airport 10

Locations of TEWS are selected based on the relative ss&iahtegorisof the BWHSR.
The heuristicbehind the selection of TEWS locationstligt the higher the distance
between TEWS anBwHSR the higher the social risk reduction tbese elements and
consequently foall the study area.The followingsteps are carried out $elect the best
location br theTEWSfor the study area
1 TEWS positioning restrictionaregiven in Section 2.7Additionally, Figure 319
shows these restrions on the study are@iheserestrictionsare used to reduce the
potential TEWS positioning area. Potential locations within the reduced area are
selected to place the TEWS based on the heuristic explained above to reduce the
social risk as much as podgibSix potential locations identified to be evaluated
for the TEWS are given in Figure 8.2
1 Eight critical tsunamigenic earthquakélat can cause significagiamageare
determinedamong1000 randomly generated earthquakesl demonstrated in
Figure 4.23
1 EwHSR are identified according ¢o and listed in Table 4.6
1 For each of the siXEWS positions, associated social risk reduction is calculated
using the procedure explained in Section 3.5.2. The location resulting in the

highest social risk reductias identified as the best TEWS position.
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Figure4.23 Earthquakes that could cause damadgewblSRand selectedEWS

locations

Longitude and latitude of the selectEBEWS locationscoordinates of the earthquakes
that could cause damadel As from earthquake epicenter to buoy and to EaR, social risk
coefficients according to and o after TEWS deploymenand social risk reduction
percentages foeach EwHSRare given in AppendpG. Here, social risk reduction
percentages for each EwWHSR according to the tsunamigenic earthquakes (SRyage

socailrisk reductiorfor all EWHSRare given in Table .
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Table4.7 Sccial risk reduction percentages according to TEWS

Social Risk Reduction (%)
TEWS Source Region

. Cairo Cukurova
Number (SR) A.Iexar)dna Agricultural  Agricultural Da}laman All EWHSR
Oil Refinery Airport
Area Area
SR1 100 100 100 100
SR2 0 34 100 50
SR3 100 37 100 100
1 SR4 43 25 100 0 72
SR5 64 5 100 10
SR6 100 57 100 60
SR7 100 34 100 100
SR8 100 36 100 100
SR1 100 100 100 100
SR2 100 100 100 100
SR3 100 26 100 70
2 SR4 100 35 100 80 75
SR5 0 0 100 0
SR6 100 64 100 100
SR7 0 0 100 100
SR8 100 27 100 100
SR1 100 100 100 100
SR2 0 38 100 100
SR3 100 38 100 100
SR4 39 25 100 0
3 SR5 39 1 100 0 0
SR6 100 54 100 10
SR7 100 36 100 100
SR8 100 40 100 100
SR1 100 99 100 0
SR2 100 90 100 100
SR3 100 27 100 80
SR4 100 34 100 70
4 SR5 0 0 0 0 &
SR6 100 49 100 0
SR7 100 40 100 100
SR8 100 42 100 100
SR1 100 67 100 0
SR2 100 70 100 100
SR3 57 0 100 0
5 SR4 0 6 100 0 49
SR5 100 25 100 100
SR6 0 0 100 0
SR7 0 0 0 100
SR8 29 11 100 0
SR1 100 52 100 0
SR2 29 52 100 100
SR3 100 0 100 0
6 SR4 0 3 100 0 62
SR5 100 13 100 100
SR6 100 11 100 0
SR7 100 11 100 100
SR8 71 18 100 20
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After all calculations, location ofEWS 2 was selected as the bestdtion based on
social risk reductionThe average social risk reduction percentage via positioning TEWS
at location 2 is calculated as 75% for the whole study @®=a Table 4)7 This result
shows that significant amount of social risk reduction can be achieved by posi@oning
TEWS in thestudy areaSocial risk calculations for each countmse conductedas well

to provide guidance for the country that wants to deploy a TEWS for its owrasdkée
numerical values are given AppendixF.

4.4 TEWS Positioning Based on Historical Earthquakes

In this section,hiree historicalargeearthquakes, nameB65AD Crete, 1222 Paphos and
1303 CretdFigure 24 are used to identify the best TEWS location among the previously
identified six locations. &me EwHSR listed in Table 4ae used in this analysis as well.
TEWS positioning procedure is applied for each historical earthquake and the results are

given in Table 4.8.

TEWS, 4
365 AD Earthquake %
1303 Crete Earthquake

TEWS. 5 NRIE]
1222 Paphos Earthquake
.

TEWS. 2
TEWS.3

SourceRegion TEWS_1

TEWS location
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Table4.8 Social risk reduction percentages according to TEWS for historical
earthquakes

Social Risk Reduction (%)

r
:g;igﬁ ,;:- EV\t/)S . Alexandria  Cairo Cukurova
(SR) T mPeT Alexandria Qil Agricultural - Agricultural Dalaman ,, e\ sk
Alrport Refinery Area Area Alrport

1 100 100 34 No Risk 100 67
2 100 100 56 No Risk 100 71

365 3 100 100 37 No Risk 100 67
4 0 0 0 No Risk 0 0
5 100 100 56 No Risk 100 71
6 100 100 56 No Risk 100 71
1 46 46 1 100 10 41
2 71 71 5 100 80 65
3 18 18 0 100 0 27

1222 4 0 0 0 22 0 4
5 100 100 22 100 100 84
6 100 100 13 100 100 83
1 100 100 54 100 100 91
2 0 0 0 100 0 20
3 100 100 58 100 100 92

1303 4 0 0 13 100 0 23
5 68 68 30 100 0 53
6 0 0 19 100 0 24

As can be seen from Table8, TEWS 2, TEWS 5 and TEWS 6 resulted inrtaximum

social risk reductionf 71%for 365AD CreteearthquakeOn the other hand, TEWS 5 is
identified as the best location for 1222 Paphos Earthquake. Whereas, TEWS_3 is selected
as the best position for @3 Crete earthquakd@hese results can shed ligh future

TEWS site selection studies iBastern Mediterranean. Historical earthquakes, TEWSs
and social risk reduction percentages according to the locations of the TEW&bkeand

supplemental informationsed in this analysis are givenAppendixH.
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5 CONCLUSION

In this thesisa multtdimensionalisk assessmestudy is conducted.dgial, economic,

and environmental riskare calculatedor 91 EaR located in7 countries (i.e. Cyprus,
Egypt, Greece, Israel, Lebanon, Turkey, and Sy@ae thousandandomearthquake

are generated, tsunamis due to these earthquakes are modeled usind) NRGE
software andIC simulationsare conducted for risk assessment. @Veisks for each of

the 91 EaR are calculated by aggregating economic, social and environmental risks.
Overall risk maps of the study area are prepared. Moreover, a number of TEWS positions

are evaluated in terms of social risk reduction in the study are

Economic and social damage is directly related with ithndated areasThus, the
topography of the coastlinesd the EaPplay a significant rolen economic and social
risk calculations The results showed thaltttough EaR in theEuropean countries and
Israel have high damage values, the inundated areas are tocemadiredo the EaR
especially in Egypt. Therefore, most of the EaR hatiX§ REME risks are observed in
Egypt due to itsargelow-lying lands.

In terms of economidsk, a total number of 41 residential buildings (i.e. city centers and
summer villages), 29 industrial facilities (i.e. industrial zones, pudasnas and airports)
and 5 agricultural regions are taken into considera#d@sording tothe economic risk
assessment results, 45 EaR hia@risk, 24 EaR haveOW risk, 1 EaR haHIGH risk,

while 5 EaR haveEXTREME risk values. Elements &XTREME economic risk are
Cairo Agricultural Area, Alexandria City Center, Fethiye City Center, Crete Summer

Villages and Dalaman Airport.
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Social risk assessment i®nductedfor 90 EaR Palmachi Air Basedid not have
population information, thus excluded frohetanalysisSince the number of physically
damaged peoplies used as the consequence of social risk calculations, densely populated
EaR such as Cairo Agricultural Ardapproximately2.5 million peoplg resulted in
EXTREME social risk Additionally, Alexandria City Center, Alanya Coastal Distrartd

Crete Summer Villages have LOW normalized social ttsk.concluded thatormalized

social risk in other EaRare negligible in comparison with that is observed in Cairo

Agricultural Area

Binary approachs used in this study for environmental risk calculations due to

environmental pollution risk both for the soil and the sea. 16 EaR (i.e. oil filling facilities,

oil refineries, nuclear power plant construction site, chemical industry, wastewater
treatmentplants and factories) are considered as environmental Iseaatdl2 of them

resulted INEXTREME risk while the remaining foudo not have any environmental risk.

Overall risk maps and numerical results are also presented in this study. By aggregating
economic, social and environmental risk dimensigsisg different aggregation methods
(,e.worstc as e/ t he [fequR waghtanda@dormmic weightederall risk maps

are generatedt is believed thathe overall maps will beiseful forthe authaities in
developing disaster management strategies and fqritrede companies for their future

investmend.

One potential use of the results of risk assessment calculati@i &SNS positioning.
Reduction in social risk is used to evaluate potefitalVS locations to provide reliable
tsunami early warning for the arda.this study, a number of potential TEWS locations
are evaluated fosix critical earthquakeselected from 1000 MC simulatiorend
TEWS 2 (35.45°N/28.21°E¥ identified as the besbcation among the selected set. A
similar analysis is conducted fthiree historical earthquakes (i.e. 365 Albete 1222
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Paphosand 1303Crete as well. The besSIEWS locatiors are identified based on social
risk reductons of hese three earthquakesisitoncludel from the social risk reduction
percentages that TEWS (36.06°N/31.38°Ejs the best TEWS location f@5AD Crete
and 1222 Paphos earthquakes. TEWS (25.45°N/28.21°E) and TEWS 6
(33.19°N/30.16°Ebocationsresult nthe same social risk reduction percentage for 365AD
Crete earthquakas well Whereas the location of TEWS i8 identified asthe best
location for 1303 Crete earthquake.

A scientific researchwas initiated byNorth-Eastern Atlantic, Mediterraneannd
connected sea¥sunami Information Centre (NEAMTIC) 2011 at North-Eastern

Atlantic, Mediterranean and connected saathe deployment of a tsunami early warning
systemin the Mediterranean Sea WedpNEAMT I C6s project 1is sti
believed that theesults of the current study may provide valuable input for NEAM

It can be concluded from the results of this study that, Eastern Mediterranean Sea and the
countrieshaving coastline along this region are under economic, social and environmental
risk due to probable tsunami hazard. Results of this study will provide critical information

in developing disaster management and risk minimization strategies especidhg for
authorities in Cyprus, Egypt, Greece, Israel, Lebanon, Syria and Turkey.
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APPENDIX A - HISTORICAL EARTHQUAKE DATA OBTAINED FROM
TRANSFER PROJECT

This appendix includes 523 historical earthquake source parameters that are used in this
study to conduct tsunami simulations in the study area.dakee is compiled from EU
funded TRANSFER (Tsunami Risk ANd Strategies For the European Region) Project
(Web 2.4).
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TableA.1 523 historical earthquake data obtained from TRANSFER project

Object
ID
450
451
4103
98
1714
1242
1243
5522
5524
4953
60
2265
6846
6795
6864
2612
6168
5766
65
5764
5765
6688
6920
6921
1239
1240
3965
1747
97
454
43
1638
6689
6690
6691
6977
1166
72

Latitude Longitude Strike Q)

36.50
36.50
36.70
35.50
37.90
36.40
36.40
34.49
34.49
32.90
35.75
37.60
34.56
32.20
34.70
36.70
33.75
34.40
35.79
34.40
34.40
34.90
34.90
34.90
36.40
36.40
36.60
37.00
35.50
36.53
36.10
37.65
34.90
34.90
34.90
35.30
36.20
35.80

28.60
28.60
25.80
27.00
30.40
28.60
28.60
32.12
32.12
29.80
25.00
27.25
32.13
29.60
24.70
27.40
28.50
24.50
26.62
24.50
24.50
27.40
27.40
27.40
27.30
27.30
28.30
28.50
27.00
35.33
29.20
29.72
32.20
32.20
32.20
24.50
28.90
29.70

58
304
65
190
222
233
114
40
40
215
270
55
48
315
320
60
220
268
18
127
162
294
56
54
13
8
89
8
325
50
100
64
150
26
145
239
193
216

134

Dip ()
85
58
45
62
42
14
29
64
64
72
69
51
77
59
80
45
45
75
35
25
19
31
67
70
77
22
62
40
70
85
74
50
23
64
67
42
24
40

Rake )

19
-175
-90
-90
-107
126
28
162
162
22
112
-137
170
36
-164
-90
90
-163
-163
51
82
26
-168
176
172
-154
90
-3
90
10
82
-75
-34
171
13
-20
3
-13

Mw

7.2
7.2
7.2
7.1
7.0
6.9
6.9
6.8
6.8
6.7
6.7
6.7
6.6
6.6
6.5
6.5
6.5
6.5
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.3
6.3
6.2
6.2
6.2
6.2
6.2
6.2
6.2
6.2
6.2
6.2

Focal Depth
(km)
1
40

85
85

80

33

80

88



Object
ID
5523
2340
5916
6545
6546
1076
5521
6926
896
3186
1713
1605
6712
1253
653
436
6711
5770
5767
1215
5359
6852
5915
3964
5776
108
825
2266
5162
1152
2297
4660
6805
6794
6826
218
3973
3993
4981
6847

Latitude Longitude Strike Q)

34.49
37.70
35.10
35.10
35.10
36.07
34.49
34.92
35.58
37.20
37.90
36.88
35.40
36.60
36.15
36.41
35.40
34.40
34.40
36.36
35.04
34.59
35.10
36.60
35.07
35.55
36.24
37.60
34.31
36.18
37.91
34.53
33.39
32.20
35.18
36.05
36.63
36.35
34.75
34.56

32.12
28.89
26.60
26.60
26.60
27.46
32.12
24.27
24.72
28.20
29.60
35.31
27.90
26.90
27.10
31.75
27.90
28.90
24.95
26.95
32.27
32.21
26.60
27.00
26.71
28.16
31.34
29.70
32.33
31.51
28.53
24.44
35.45
29.50
25.36
27.76
24.27
29.39
33.04
32.21

48
276
172
172
172

9
125

63
177

65

64
321
314

57
196

48
314

60
163
339
239

56
214
140
172
348
132

73
118
150
325
172
104

35
358
103
258

94

92
139

135

Dip (°)

77
69
38
38
38
53
12
76
63
45
50
75
25
46
38
27
25
35
50
32
21
68
52
82
38
67
64
14
87
75
42
4
35
25
39
46
80
75
64
53

Rake )

170
-131
-106
-106
-106
-114

-73

157

22

-90

-75

171

119

-72
-102
-133

119

80
44
-177

140

175

-47

30
-106
-179

155

-90

-12

90

-36

-20
-167

90

131

24
177
104
67
12

Mw

6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.0
6.0
6.0
6.0
6.0
6.0
5.9
5.9
5.9
5.8
5.8
5.8
5.8
5.8
5.8
5.8
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.7
5.6
5.6
5.6
5.6
5.6
5.6
5.6

Focal Depth
(km)
23
4
20
20
20
12
25
24
77

33
27
7
33
98
7
31
132
15
76
7
17
50
67
41
79
9
33
10
75
85
97
22

11
33



Object
ID
6881
6090
81
91
6863
5913
42
1173
6775
6420
6995
6837
4656
2366
2615
2236
2744
1065
1066
6892
6680
710
4844
5163
4000
6547
280
3998
3999
5596
6830
4659
3970
6091
2691
1151
5167
6839
5360
6445

Latitude Longitude Strike Q)

35.00
35.20
35.86
35.50
34.70
35.10
36.10
36.10
30.50
34.96
35.40
34.42
34.51
36.69
37.20
37.96
37.84
37.80
37.80
34.82
34.06
36.25
34.22
34.31
36.30
35.10
36.10
36.30
36.30
31.40
35.19
34.53
36.62
35.20
36.56
36.17
34.37
34.43
35.04
35.27

33.90
33.60
25.96
25.50
24.10
24.60
27.40
27.40
35.50
24.24
25.90
26.38
26.59
26.96
36.17
28.59
29.33
29.40
29.40
26.28
24.68
35.95
25.69
32.33
27.50
26.60
26.80
27.50
27.50
27.67
26.25
24.38
27.09
35.60
30.71
31.81
26.35
26.24
32.31
27.12

95
248
225
130
55
240
350
350
176
216
7
132
135
312
22
320
87
189
81
245
67
243
276
97
118
214
275
246
246
154
209
30
315
259
178
65
284
234
71
234

136

Dip ()
45
46
73
75
58
65
30
30
36
11
16
46
76
46
39
57
48
2
10
36
53
39
43
76
84
52
85
21
21
44
75
37
44
69
30
20
53

34
41

Rake )

110
144
-160
90
117
34
142
142
19
10
114
110
13
162
-61
-39
-125
146
44
-33
29
-15
80
-11
38
-47
174
-11
-11
89
131
71
173
0
4
-90
38
58
-9
-23

Mw

5.6
5.6
5.6
5.6
5.6
5.6
5.6
5.6
5.6
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.5
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4

Focal Depth
(km)

25

73
73
33
10
30
59
159
5
24
33

18
33
10
38
33
89
7
33
89
89
10
72
74
159
10
70
106
10
10
10
24



Object
ID
5528
6853
6088
1241
452
6548
2611
5679
5166
5961
6968
899
62
1652
619
1565
1153
1277
6778
6879
692
4657
18
34
6838
4847
1259
3969
5520
5325
6808
6865
94
95
96
5683
5684
5685
4292
4293

Latitude Longitude Strike Q)

34.50
34.60
35.20
36.40
36.50
35.10
36.70
34.79
34.36
34.74
35.06
35.95
35.76
37.04
37.06
37.30
36.18
36.80
30.75
35.00
36.90
34.51
35.65
35.70
34.42
34.30
36.65
36.62
34.48
35.29
33.60
34.80
35.50
35.50
35.50
34.80
34.80
34.80
37.30
37.30

25.26
25.50
27.70
27.70
35.70
27.20
26.30
32.94
26.03
34.41
32.26
27.42
28.64
28.21
28.29
36.30
31.51
29.40
30.50
27.10
28.50
26.59
29.80
25.00
26.57
26.10
26.27
24.55
32.13
28.67
27.50
32.90
26.40
26.40
26.40
24.10
24.10
24.10
29.90
29.90

225
230
200
194
15
149
74
302
289
343
224
53
342
103
92
181
67
336
245
188
175
227
104
238
107
103
71
105
14
25
42
100
61
61
61
289
289
289
206
263

137

Dip (°)

14
68
69
67
30
81
54
42
38
27
20
19
73
27
36
34
23
49
71
31
27
37
8
29
76
8
25
36
53
32
59
40
35
35
35
22
22
22
64
12

Rake )

40
-148
4
167
-60
8
46
124
110
133
133
-129
177
-74
-94
-122
-149
48
-145
21
-130
23
-72
33
169
-68
-83
-81
165
-152
-169
100
-40
-40
-40
75
75
75
-179
-155

Mw

5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.4
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.3
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2

Focal Depth
(km)
42

100
32
10
25
13
10
10
33

11
11
11
25
25
25



Object
ID
6378
6891
6929
652
13
215
6127
1223
1255
3212
826
6857
1911
6998
775
784
5165
1165
4843
4794
6813
1276
6917
6918
5
5768
5527
6854
2739
6860
6
35
6374
4658
5161
6174
4704
6890
4795
6129

Latitude Longitude Strike Q)

34.79
34.82
34.92
36.83
35.63
36.04
35.16
36.37
36.63
37.02
36.24
34.63
37.02
35.48
37.00
37.01
34.35
36.20
34.21
34.39
33.74
36.80
34.90
34.90
35.60
34.40
34.50
34.60
37.83
34.64
35.60
35.70
34.77
34.51
34.19
34.00
34.50
34.81
34.85
35.16

24.15
24.28
26.75
27.82
27.49
26.91
27.15
28.04
26.92
27.72
35.92
28.36
27.92
26.32
29.64
28.25
26.16
27.10
26.16
28.30
35.46
29.30
26.30
26.30
24.50
25.20
25.10
26.30
27.00
25.59
27.00
30.60
26.37
26.65
26.15
25.50
32.06
32.86
32.29
27.26

319
235
129
63
353
213
234
12
92
60
224
99
271
61
65
90
119
104
83
67
87
160
144
144
191
120
286
143
262
77
146
302
252
15
292
296
62
307
147
147

138

Dip ()
6
39
27
27
38
38
77
30
71
43
52
37
37
35
47
41
45
72
10
48
43
65
70
70
65
63
75
69
41
10
46
69
22
55
40
37
48
26
62
44

Rake )

123
-8
-106
-115
-80
-67
4
176
8
-108
-35
-53
-92
-40
-114
-101
114
-167
37
-34
-178
180
86
86
-79
90
-107
85
-127
-118
110
165

-11

96
111
-168
116

-117

Mw

5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.2
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1

Focal Depth
(km)
15
33
33
10
17
25
33
75
155
2
10
10
9
33
10
11
7
10
15
10
2
2
13
33
33
33
33
17
75
75
10
12
20
33
33
33
33
10



Object
ID
691
202
76
4703
4950
6859
1112
1258
509
2306
2212
2339
709
6880
5686
1187
4475
693
5771
1671
2619
6900
5599
6893
6928
17
1284
687
6710
9
4258
2827
6437
5598
5687
64
6086
6702
6841
6910

Latitude Longitude Strike Q)

36.90
36.02
35.81
34.50
32.75
34.64
37.40
36.65
36.95
37.92
37.47
37.70
36.25
35.00
34.80
36.87
37.95
36.90
34.40
37.76
37.21
34.85
31.60
34.83
34.92
35.65
36.83
36.89
35.40
35.62
36.73
36.77
35.24
31.50
34.80
35.78
35.20
35.34
34.44
35.12

27.90
28.39
29.75
25.60
24.37
25.50
36.20
24.53
30.92
29.05
35.85
27.80
28.28
27.48
24.70
35.32
26.74
29.09
32.11
29.44
36.01
25.06
30.20
24.25
26.26
26.18
27.83
27.85
27.62
27.68
28.24
28.13
27.12
35.50
27.40
29.70
26.70
27.47
26.50
27.81

83
10
207
133
326
3
156
113
130
135
141
83
38
214
264
72
42
139
324
113
160
256
307
289
223
93
68
71
212
43
275
316

161
34
207
306
309
184

139

Dip (°)

36
34
39
21
40
38
30
45
41
28
90
27
55
60
61
55
75
36
73
39
27
65
7
22
19
20
36
31
45
59
52
54
10
71
67
75
78
32
46
39

Rake )

-103
-116
-34
115
-7
150
-159
-90
125
-93
180
-90
170
-34
44
8
172
-83
-17
77
-136
-11
-110
76
33
-94
-100
-99
-29
21
-34
137
8
-113
157
8
-90
98
-40
-146

Mw

5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.1
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0

Focal Depth
(km)
33
72
20
14
10
33
39
11
112
8
41
29
33
33
33
33
16
17
33
44
10
19
60
87
10
20
30
33
33
88
31
10
51
33
45
21
10



Object
ID
6175
5580
2613
688
655
6858
36
5763
4966
4979
2743
1254
6169
678
620
2220
134
2316
1274
5688
4849
6379
37
3595
1799
4975
5769
3997
4254
93
6784
5160
6878
4792
6966
5960
5164
39
6128
57

Latitude Longitude Strike Q)

34.01
34.20
37.20
36.90
36.15
34.63
35.70
34.40
35.08
34.71
37.84
36.60
33.80
36.97
37.06
37.52
36.88
37.99
36.80
34.80
34.30
34.80
35.70
35.91
37.80
34.70
34.40
36.30
36.30
35.50
31.80
34.19
35.00
34.98
35.06
34.74
34.33
35.72
35.16
35.74

25.88
25.80
29.00
35.44
27.22
33.86
30.80
24.20
26.52
32.89
26.81
26.90
25.62
35.46
36.13
36.20
31.54
30.92
26.40
32.10
32.50
32.10
30.80
30.61
27.60
25.25
26.10
26.70
26.70
26.00
33.50
25.80
26.50
26.25
25.96
24.85
33.25
31.57
27.17
27.83

138
122
275
60
222
70
30
296
105
285
271
315
242
224
207
30
350
158
231
190
270
190
5
185
a7
127
151
279
278
272
44
262
264
268
209
125
335
43
333
349

140

Dip ()
80
15
41
90
36
35
70
59
72
16
49
50
78
71
42
41
47
45
84
52
70
52
65
60
71
86
70
89
86
12
42
40
41
78
41
3
27
10
56
45

Rake )

178
119
-139
20
-78
50
170
a7
-177
71
-132
164
9
-12
-80
-79
134
-129
-180
63
-160
63
130
10
147
-11
144
179
-176
132
114
102
16

-78
-64
133
172
-157
-76

Mw

5.0
5.0
5.0
5.0
5.0
5.0
5.0
5.0
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.9
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8

Focal Depth
(km)
15
10
37
33

33
54
33
10
142
10
10
10

10
135

175
100
10
10
33
33
41
50
52
10
10



Object
ID
1288
5321
6439
5357
6888
6776
6684
6685
2208
1663
4255
4297
411
4976
6443
6844
6997
4978
965
5821
4661
6894
5694
823
449
6438
5525
6549
4288
1798
6171
1569
1903
194
6919
1275
1086
6840
6896
6851

Latitude Longitude Strike Q)

36.84
35.28
35.24
35.04
34.81
30.59
34.12
34.14
37.39
37.05
36.70
37.42
36.93
34.70
35.25
34.46
35.40
34.71
37.93
34.47
34.53
34.83
35.14
36.23
36.50
35.24
34.49
35.10
37.28
37.80
33.88
37.31
37.01
36.00
34.90
36.80
36.14
34.44
34.84
34.59

27.85
27.79
27.36
27.43
27.20
31.64
25.75
25.72
36.34
36.08
35.88
36.20
35.89
26.30
35.43
26.09
26.42
24.28
28.67
26.58
24.94
24.59
27.71
28.45
27.07
27.18
32.72
30.54
35.88
24.20
24.16
24.67
28.32
27.45
26.90
26.70
31.16
26.51
25.80
26.19

83
325
294
323
40
54
305
58
231
10
204
170
285
200
219
306
31
357
295
185
176
360
315
11
334
216
125
265
89
224
179
256
93
199
227
124
70
309
180
23

141

Dip (°)

23
42
49
73
70
52
44
51
58
45
28
40
85
58
43
33
70
48
34
40
78
49
82
26
54
39
50
68
62
41
72
50
32
50
44
26
79
74
41
50

Rake )

-83
-140
134
162
2
-151
124
42
-37
-106
-93
-90
-140
88
-10
116
101
-128
-88
-27
-171
155
174
.57
-160
-27
131
-171
26
168
-14
16
-85
.52
7
72
-4
-177
-96
-151

Mw

4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.8
4.7
4.7
4.7
4.7
4.7
4.7
4.7

Focal Depth
(km)
10
29
58
68
33
33
10
8
10
41
14
32
33
27
34
33
15
5
33
33
56
33
67
166
24
33
33
12
18
10
174
10
9
42
66
20
33
66



Object
ID
6991
3205
5358
2686
1265
6883
405
6930
1788
6969
3861
2203
6901
6687
4848
4793
6962
6873
1260
1175
699
5695
6831
222
700
6807
40
6889
4797
66
5772
869
1646
1904
2614
1256
1635
133
82
207

Latitude Longitude Strike Q)

35.38
36.32
35.04
36.54
36.79
35.01
36.79
34.92
37.76
35.07
36.48
37.37
34.85
34.16
34.30
34.38
35.06
35.00
36.67
36.13
36.27
35.14
35.19
36.07
36.27
33.55
35.97
34.81
34.86
35.79
34.40
37.13
37.70
37.01
37.20
36.63
37.10
36.88
35.87
36.03

27.28
28.27
27.46
27.88
34.35
24.68
27.83
25.18
26.70
24.32
28.11
36.25
25.36
26.16
26.17
26.23
25.39
24.22
28.03
27.52
27.17
27.82
27.54
27.34
27.78
33.13
30.58
27.28
26.07
28.49
32.29
28.80
29.18
28.34
35.10
31.41
30.85
27.70
36.28
32.32

133
315
51
345
26
279
73
173
231
311
117
350
248
104
8
219
281
314
239
170
211
248
62
235
342
93
21
255
5
78
55
96
153
276
161
188
117
60
295
326

142

Dip ()
52
41
48
62
15
55
34
47
75
66
40
40
61
77
40
38
65
73
29
32
40
65
75
67
70
73
45
74
35
61
35
47
41
41
34
37
38
37
85
75

Rake )

-168
-93
-29
172
-95
-35
-99

-144

-172
a7

85
-100
1
173
-159
30
16

-174

-105
-62
-31

-1
12
24
161
-6

-147
-17
120
-24
177

-110
-41
-56

-175

94
-112

-173

Mw

4.7
4.7
4.7
4.7
4.7
4.7
4.7
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.6
4.5
4.5
4.5

Focal Depth
(km)
20
33
70
77
9
27
9
12
15
20
63
15
11
18
33
33
33
62
5
19
28
33
33
56
67
33
61
68
39
68
34
33
8
10
100
124
124
10
33
33



Object
ID
1564
6843
6967
6849
4232
1079
6087
99
820
1653
6809
4257
4845
6717
2617
5526
6789
6925
6862
2365
16
1906
206
38
6777
618
4947
6683
1208
5908
1559
1550
6791
5820
5356
6799
6696
5355
6371
6373

Latitude Longitude Strike Q)

37.26
34.45
35.06
34.58
35.92
36.08
35.20
35.51
36.23
37.04
33.65
36.72
34.23
35.44
37.20
34.49
32.05
34.91
34.69
36.69
35.65
37.01
36.03
35.71
30.69
37.06
32.48
35.05
37.00
35.09
37.25
36.99
32.12
35.05
35.04
33.05
34.91
35.04
34.76
34.77

26.89
25.64
26.41
24.77
27.18
26.48
27.12
25.86
35.28
35.85
25.50
27.51
25.25
24.81
35.77
32.07
35.05
24.72
32.96
26.21
25.99
35.58
27.02
29.30
31.69
28.21
35.46
26.11
26.79
26.12
26.91
26.81
35.39
26.11
27.23
34.58
24.80
26.12
25.81
25.82

70
78
78
47
347
328
244
246
65
35
345
193
110
155
125
44
13
321
240
157
179
65
189
192
295
92
255
40
20
254
109
88
100
70
56
311
142
240
35
54

143

Dip (°)

40
77
64
34
35
64
57
56
45
75
85
65
33
68
85
86
72
89
31
49
57
80
42
25
14
38
41
90
49
71
49
51
60
71
67
82
22
85
50
58

Rake )

-90
6
-21
-115
-111
-169
-5
-11
-10
-10
-179
162
-83
-21
150
-173
3
-3
47
-31
-68
20
-72
-43
-178
-85
-130
175
-41
-66
-90
-69
-80
16
10
40
-35
-60
150
-42

Mw

4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.1
4.1
4.0
4.0
4.0
4.0
3.9
3.9
3.9
3.9
3.9
3.9

Focal Depth
(km)
20
27
12
33
5
90
18
6
6
23
30
57
21
28
15
21
19
18
12
18
25
22
9
31
9
12
19
16
24
16
13
2
22
24
25
20
22
44
45



Object
ID
6814
4945
4971
4980
2
1549
6812
6370
6868
1558
680
3976
6790
6797
6823
6939
908
660
391
6793
4946
6800
6950
4972
4285
6875
5637
654
2364
63
6909
77
6982
6092
6885
4970
456
6958
4965
47

Latitude Longitude Strike Q)

34.88
32.35
35.09
34.75
35.59
36.99
33.74
34.73
34.81
37.25
36.98
37.77
32.09
32.29
35.17
34.94
36.82
36.16
37.63
32.16
32.46
33.11
34.98
35.09
37.27
35.00
35.03
36.15
36.69
35.77
35.12
35.82
35.31
35.21
35.03
35.09
36.59
35.06
35.08
36.11

25.75
35.47
26.07
25.74
26.99
26.80
35.19
25.82
25.81
26.87
26.81
26.89
35.49
35.41
25.77
26.10
27.25
28.14
26.72
35.27
35.28
34.74
25.69
26.11
26.88
25.09
24.93
27.20
25.74
25.39
25.05
24.97
27.38
26.01
25.82
26.04
25.56
24.92
26.20
27.21

40
349
267

18
310
109
130

24

40
260

10
344
120

1

12

90
329
130

10
330
301
141

75
238

99

85
150
130
280
160
140
140
150

75
186

58

99
335
292

0

144

Dip ()
49
81
81
76
44
41
85
58
50
49
44
54
70
71
48
65
75
49
49
85
35
85
70
74
49
55
35
40
70
60
49
49
80
70
58
80
49
30
75
40

Rake )

-90
-5
-20
117
98
-70
10
-42
140
-98
-82
93
-40
-26
-59
-170
90
97
108
20
-59
-60
-30
-70
77
-100
11
-148
-47
-138
119
-90
0
150
42
15
-128
-90
-42
-114

Mw

3.8
3.8
3.8
3.8
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.7
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.6
3.5
3.5
3.5
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.4
3.3
3.3
3.3
3.3

Focal Depth
(km)
7
11
22
42
13
15
12
41
50
10
15
32
12
12
13
35
18
19
21
12
12
24
17
22
19
9
11
14
15
16
20
24
25
16
17
20
8
29
13



Object
ID
6996
92
656
4094
56
659
48
5638
6861
30
281
6961
6867
5773
6934
5353
6946
1209
6973
5188
6874
5352
5774
5633
5775
6829
6940
5928
5817
6964
5354
5914
2545
6421
6965
6975
6085
6697
6422
5632

Latitude Longitude Strike Q)

35.40
35.50
36.15
35.24
35.73
36.16
36.11
35.03
34.67
35.69
36.10
35.06
34.81
35.07
34.93
35.04
34.95
37.00
35.07
34.76
35.00
35.04
35.07
35.02
35.07
35.19
34.94
35.16
35.04
35.06
35.04
35.10
34.75
34.96
35.06
35.07
35.20
34.91
34.96
35.02

26.18
25.76
27.51
26.01
24.68
27.26
27.38
25.08
24.88
25.71
27.23
25.07
25.39
25.89
25.04
26.10
26.10
26.80
24.94
25.46
24.70
25.92
26.04
25.94
26.11
25.16
26.12
25.17
24.57
25.89
26.10
26.12
24.77
25.05
25.92
25.87
25.96
25.40
25.25
25.31

0
192
184
15
240
140
94
20
180
157
295
320
140
242
359
50
340
305
205
185
233
50
70
205
85
60
36
70
143
40
100
230
55
150
5
55
25
75
46
230

145

Dip (°)

20
41
70
55
80
30
54
85
40
49
10
50
50
74
26
45
55
60
80
15
76
45
85
70
80
90
33
20
14
40
65
80
35
85
30
50
70
7
62
70

Rake )

40
-73
-90
80
25
90
86
-150
60
-108
93
41
-119
70
76
30
-30
-138
-20
-60
69
-10
0
40
60
-180
-28
0
-45
-50
50
-30
-70
40
-40
0
50
45
-66
-180

Mw

3.3
3.3
3.3
3.3
3.2
3.2
3.2
3.2
3.2
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.1
3.0
3.0
3.0
3.0
3.0
2.9
2.9
2.9
2.9
29
2.9
29
2.8

Focal Depth
(km)
17
24
33
18
18
18
22
9
24
8
12
9
23
14
15
18
39
11
4
7
16
18
18
19
22
27
38
7
4
15
17
22
24
28
15
15
20
4
11
27



Object
ID
6877
4964
6974
6976
5818
4091
4092
6444
6914
6698
6924
5819
5782
6916
6963
6960
6442
4801
6943
6822
6424
6425
6552
4234
6959
6923
5813
5814
6426
6947
6933
6922
4796
6903
6876
6999
6945
5917
6949
6944

Latitude Longitude Strike Q)

35.00
35.08
35.07
35.16
35.04
35.23
35.23
35.26
34.89
34.91
34.91
35.04
35.08
34.90
35.06
35.06
35.25
34.88
34.95
35.17
34.97
34.97
35.11
35.93
35.06
34.91
34.99
34.99
34.97
34.97
34.93
34.91
34.86
34.89
35.00
35.49
34.95
35.15
34.98
34.95

25.25
26.02
25.73
25.17
24.77
25.23
25.24
25.07
24.86
25.42
25.46
25.08
25.88
24.65
25.77
24.94
25.24
25.43
25.25
25.16
25.15
25.24
25.32
24.89
24.93
25.43
25.10
25.10
25.25
25.25
24.84
25.43
24.68
24.79
25.12
25.33
25.56
25.14
25.27
25.26

75
40
89
65
75
120
100
140
190
14
100
290
58
265
125
50
55
127
221
65
14
331
111
18
260
280
147
315
38
38
41
280
223
169
45
350
160
60
314
160

146

Dip ()
30
40
30
50
60
65
80
30
75
10
40
90
51
85
54
60
45
18
55
35
45
84
46
55
60
35
35
42
68
68
83
85
80
55
60
45
75
85
77
75

Rake ) My
50 2.8
30 2.8
82 2.7
-40 2.7
-110 2.7
-11 2.7
-30 2.7
-139 2.7
-139 2.7
90 2.7
5 2.7
180 2.7
13 2.7
75 2.7
89 2.6
40 2.6
-120 2.6
-56 2.6
64 2.6
-10 2.5
-40 2.5
-55 2.5
57 2.5
-37 2.5
-140 25
48 2.5
-42 2.5
-54 2.5
-79 2.5
-79 2.5
-20 2.5
85 2.4
24 2.4
-30 2.3
-110 2.3
31 2.3
80 2.3
90 2.2
-69 2.2
80 2.1

Focal Depth
(km)
5
18

e = e w
Rog~ouollERoooFossnsn

e
a1

24



Object
ID
6942
6948
5926
6884
6927

Latitude Longitude Strike Q)

34.95
34.97
35.16
35.01
34.92

2491
25.27
24.82
24.94
24.89

309
320
173
33
55

147

Dip (°)

56
88
50
84
78

Rake )

-72
-75
-14
14
-21

Mw

2.1
2.1
2.1
2.1
1.9

Focal Depth
(km)
10
10
12
26
32
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APPENDIX B - RANDOMLY GENERATED EARTHQUAKE SOURCE
PARAMETERS USING MONTE CARLO SIMULATIONS

This appendix includes earthquake source parameters that used in this study to conduct
tsunami simulations in the study arda, ands = 1B & = ard treated as independent
parameters of the earthquake and through Monte Carlo simulations raatlees for

these parameters are sampled from fitted distributiods.ofndg = -5 g w4t are
generated using 523 historical earthquake data obtained from TRANSFER project.
Different distributions are fitted to historical data and the gesdnof fit of these
distributions are tested using KolmogotBmirnov test. Finally, normal and gamma
distributions are selected as the best fitted distributions!forand g = J-H & e« ||
respectively. The MATLAB codes used to fit a distributéord perform a goodness of fit

test for! | ands - 4™ g —=ard given as follows:

For moment magnitude:

pd=fitdist(Historical Magnitude,'Normal’)
RandomMagnitudeNormal=normrnd(4.73113,1.04878,[1000,1]);
[h,p,ks2stat] = kstest2(Historical Magmile,Random Magnitude Normal)

For focal depth:

pd=fitdist(Historical Focal Depth,"Gamma’)
RandomFocalDepth=gamrnd(1.61392,20.1152,[1000,1]);

[h,p,ks2stat] = kstest2(Historical Focal Depth,Random Focal Depth)

Using Normal and Gamma distributions fér, ands - 4+¥ & - «dfpectively 1000
random earthquakes with 1000 randdm ands = 3-M & —awalies are generated and
given in Table B.1. The rest of the earthquake source parameters given in Table B.1 are
coming either directly from #hrandomly sampled earthquake from Thesis Earthquake
Data Set (TEDS) (see Section 3.2.1) or calculated using empirical equations as explained
in Section 3.3.2.
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ON

TableB.1 Randomly generated earthquake sopaemeters using Monte Carlo

simulations

m — o _ 0

28 2 2 ¢ o Fe S 2 9 502 2
28 5§ ¢ 28 3 3 3 B8 4 @
D 3 @ o B - ~ e - <
> @ o=

1 3494 26.12 80 1.1E+28 11 265 56 245 36 33 -28
2 36.83 2782 7.8 49E+27 38 186 44 2.00 63 27 -115
3 35.04 2723 75 24E+27 36 134 36 166 56 67 10
4 36.88 27.70 7.5 1.8E+27 10 118 33 154 60 37 -112
5 35.04 3227 7.4 16E+27 11 112 32 1.49 239 21 140
6 35.70 25.00 7.4 1.6E+27 8 111 31 149 238 29 33
7 3540 2790 7.4 15E+27 55 108 31 1.46 314 25 119
8 37.76 26.70 7.4 1.2E+27 23 100 29 140 231 75 -172
9 34.86 26.07 7.3 9.9E+26 14 91 27 132 5 35 120
10 34.76 25.46 7.3 8.6E+26 32 85 26 128 185 15 -60
11 35.10 26.60 7.2 6.1E+26 15 73 24 117 172 38 -106
12 33.80 25.62 7.1 5.2E+26 50 68 23 112 242 78 9
13 36.14 31.16 7.1 4.3E+26 21 62 21 107 70 79 -4
14 34.80 2740 7.0 3.9E+26 10 60 21 104 34 67 157
15 34.75 25.74 7.0 3.5E+26 72 57 20 102 18 76 117
16 36.27 27.78 6.9 2.2E+26 11 46 18 0.90 342 70 161
17 3550 26.40 6.8 2.1E+26 21 45 17 0.89 61 35 -40
18 3490 32.20 6.8 2.0E+26 11 44 17 0.88 145 67 13
19 36.62 27.09 6.8 2.0E+26 38 44 17 0.87 315 44 173
20 35.24 27.36 6.8 1.9E+26 34 43 17 0.86 294 49 134
21 3653 35.33 6.8 1.7E+26 5 41 16 085 50 85 10
22 34.23 25.25 6.8 1.7E+26 2 41 16 0.84 110 33 -83
23 37.77 26.89 6.8 1.7E+26 99 41 16 0.84 344 54 93
24 3446 26.09 6.8 16E+26 26 40 16 0.83 306 33 116
25 35.30 31.20 6.7 1.5E+26 40 39 16 0.81 160 30 111
26 35,50 27.00 6.7 1.4E+26 26 37 15 080 325 70 90
27 36.00 30.00 6.7 1.3E+26 11 36 15 0.78 145 50 60
28 35.73 2468 6.7 1.2E+26 12 35 15 0.77 240 80 25
29 33.74 35.19 6.7 1.1E+26 18 33 14 0.75 130 85 10
30 36.02 28.39 6.6 96E+25 70 32 14 0.73 10 34 -116
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apnuyen

35.97
34.40
34.35
35.80
36.70
36.18
37.00
34.12
36.35
35.16
34.75
34.40
35.79
35.93
32.90
34.44
34.91
35.82
37.63
35.59
34.76
35.24
33.74
34.7
35.49
34.42
35.14
35.97
34.63
34.3
34.9
34.86
35.04

apnibuo

30.58
24.95
26.16
31.00
26.30
31.51
26.80
25.75
29.39
27.15
24.77
24.50
28.49
30.77
29.80
26.50
25.40
24.97
26.72
26.99
25.81
27.18
35.19
26.3
25.33
26.38
27.82
30.58
33.86
32.5
26.3
24.68
27.23

6.6
6.6
6.6
6.6
6.6
6.6
6.6
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.5
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.4
6.3
6.3
6.3
6.3

8.9E+25
8.6E+25
8.3E+25
8.1E+25
8.1E+25
7.9E+25
7.7TE+25
7.3E+25
7.2E+25
7.1E+25
6.7E+25
6.5E+25
6.5E+25
6.1E+25
5.9E+25
5.8E+25
5.6E+25
5.5E+25
5.5E+25
5.4E+25
5.4E+25
5.2E+25
4 9E+25
4.6E+25
4.6E+25
4 5E+25
4 5E+25
4.3E+25
4.3E+25
3.6E+25
3.3E+25
3.2E+25
3.2E+25
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(w) o,

0.71
0.71
0.70
0.70
0.70
0.69
0.69
0.68
0.68
0.68
0.66
0.66
0.66
0.65
0.64
0.64
0.63
0.63
0.63
0.63
0.63
0.62
0.61
0.60
0.60
0.60
0.60
0.59
0.59
0.57
0.55
0.55
0.55

() NS

162

165
215
184
75
140
10
310
35
216
130
200
350
132
248
21
70
270
144
223
56

110

-147
50
-160
86
24
10
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apnuyen

36.04
35.8
35.1

35.02

34.81

34.64
34.7

34.96

36.36

34.89

35.49
35.1

34.31
34.5
32.2

35.16

36.05

31.91
36.5
35.4

34.33
35.7

35.76

34.36
35.1
34.2

33.85

34.49

34.95
34.9

34.46
32.9

35.31

apnibuo

26.91
31.2
26.6

25.94

25.39
25.5
24.7

24.24

26.95

24.79

25.33
26.6

32.33

32.06
29.6

27.17

27.76

35.54
35.7
27.9

33.25
30.6

28.64

26.03
24.6
25.8

35.73

32.12

25.25
27.4

26.09
29.8

27.38

6.3
6.3
6.3
6.3
6.3
6.3
6.2
6.2
6.2
6.2
6.2
6.2
6.2
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.1
6.0
6.0
6.0
6.0
6.0
6.0

3.2E+25
2.9E+25
2.9E+25
2.9E+25
2.7TE+25
2.7E+25
2.5E+25
2.3E+25
2.3E+25
2.3E+25
2.0E+25
2.0E+25
1.9E+25
1.8E+25
1.8E+25
1.7E+25
1.7E+25
1.7E+25
1.7E+25
1.6E+25
1.6E+25
1.6E+25
1.5E+25
1.4E+25
1.4E+25
1.4E+25
1.4E+25
1.3E+25
1.3E+25
1.3E+25
1.3E+25
1.2E+25
1.2E+25

(wy)
DPO 30,

-
107

152

(wx) a

19

19
19
18
18
18
17
17
17
16
16
16
15
15
15
15
15
15
14
14
14
14
14
14
13
13
13
13
13
13
13
13

~ ~ 0O 0O CO 0O CO 0O 0O 0O 0O 0O 0O O O O O O O O ©W ©W W OV OV © ©V ©v ©

(w) o,

0.55
0.54
0.53
0.53
0.53
0.53
0.52
0.51
0.50
0.50
0.49
0.48
0.48
0.47
0.47
0.47
0.47
0.46
0.46
0.46
0.46
0.46
0.45
0.45
0.44
0.44
0.44
0.44
0.44
0.44
0.43
0.43
0.43

() s

315
333
103
25
15
314
335
302
342
289
240
122
110
125
221
294
306
215
150

-168

-157
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N DNDNDDNDNDDNDNDDNDNDDNDNDDNDNDDNDNDDNDNDDNDONDDNONDDNONDNDNONDNONDNDNONDNDNONDNONDNDNONDNDNDNNDNNDNNDNNDNNDNNDNDNDNDNNDDNDDN

(w) o,

0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

() NS

256
127
230
347
185
173
275
311
135
50
55
155
235
234
239

10
240
314
316

78

50

10

57
225
113
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ayenbyue]
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[6)]
O
N

593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624

apnuyen

36.5
36.17
34.9
36.62
34.92
34.1
34.8
36.2
34.9
34.82
34.8
36.69
35.04
34.49
37.8
34.83
35.44
35.1
36.11
35.81
37.26
37.95
35.6
34.31
34.9
35.5
36.99
35.28
34.35
35.74
35.4
35.4
34.37

apnibuo

28.6
31.81
26.9
27.09
26.75
32.4
24.7
27.1
26.9
26.28
27.4
25.74
26.12
32.12
24.2
24.59
24.81
26.6
27.38
29.75
26.89
26.74
27
32.33
32.26
26.4
26.81
27.79
26.16
27.83
27.9
27.62
26.35

4.5
4.5
4.5
4.5
4.5
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4
4.4

5.5E+22
5.5E+22
5.4E+22
5.4E+22
5.3E+22
5.3E+22
5.3E+22
5.3E+22
5.2E+22
5.2E+22
5.2E+22
5.2E+22
5.1E+22
5.0E+22
5.0E+22
4.9E+22
4.9E+22
4.9E+22
4.8E+22
4.8E+22
4.8E+22
4.8E+22
4.8E+22
4.8E+22
4.8E+22
4.8E+22
4.7E+22
4.7E+22
4.6E+22
4.6E+22
4.2E+22
4.1E+22
4.1E+22

117
10
26
19
55
14
19
70
15
29

(o]

168

(wx) a

PR RPRRPRRRPRRPRRPRRRPRRPRRPREPRRRPRRPRRRPRRPRRRPERRRERLR

(wy) ™

P RPRPRPRRPRPRRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPREPREPRPRPREPRPRPRPRPRPREPRENN

(w) o,

0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

() s

146

340
61
88

325

119

349

314

212

284



ON
ayenbyueg

wopuey

(o))
N
)

626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657

apnuyen

34.53
34.69
36.16
35.4
34.98
34.81
34.9
35.24
36.3
34.8
34.7
36.54
31.96
34.21
36.54
35.59
35.04
36.72
33.11
34.51
34.53
36.15
35.78
36.08
35.65
35.04
34.76
34.73
35.82
34.36
35.51
34.33
34.81

apnibuo

2444 4.4
32.964 4.4
28.14 4.4
2762 4.4
26.25 4.4
272 44
2465 4.4
26.01 44
26.7 4.4
33.67 4.3
25.25 4.3
27.88 4.3
35.574 4.3
26.16 4.3
27.88 4.3
26.99 4.3
2457 4.3
27.505 4.3
34.74 4.3
26.59 4.3
2494 4.3
271 4.3
29.7 43
26.475 4.3
298 43
26.1 43
25.46 4.3
25.82 4.3
2497 4.3
26.03 4.3
25.862 4.3
33.25 43
25.39 4.3

4.1E+22
3.9E+22
3.9E+22
3.9E+22
3.9E+22
3.8E+22
3.8E+22
3.8E+22
3.8E+22
3.7E+22
3.7E+22
3.6E+22
3.6E+22
3.6E+22
3.6E+22
3.5E+22
3.5E+22
3.5E+22
3.4E+22
3.4E+22
3.4E+22
3.3E+22
3.3E+22
3.3E+22
3.3E+22
3.2E+22
3.2E+22
3.2E+22
3.1E+22
3.1E+22
3.1E+22
3.1E+22
3.0E+22

S _ .
= € = = 2
28 3 3 3

e ~ =

=
48 1 1 0.10
79 1 1 0.10
51 1 1 0.10
66 1 1 0.10
49 1 1 0.10
17 1 1 0.10

6 1 1 0.10
35 1 1 0.10
27 1 1 0.10
17 1 1 0.10
49 1 1 0.10

8 1 1 0.10
44 1 1 0.10
99 1 1 0.10
15 1 1 0.10
35 1 1 0.10
13 1 1 0.10

9 1 1 0.10
37 1 1 0.10
12 1 1 0.09
44 1 1 0.09
10 1 1 0.09
23 1 1 0.09
32 1 1 0.09

5 1 1 0.09
65 1 1 0.09
17 1 1 0.09
46 1 1 0.09
53 1 1 0.09
25 1 1 0.09
14 1 1 0.09
18 1 1 0.09
21 1 1 0.09

169

() NS
(» dig

279
241
127
345
90
83
345
310
143
193
141
135
176
196
207
328
104
50
185
24
140
289
246
335
140

78

179
132
-11
172
168
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ayenbyue]

wopuey

D
[6)]
(o)

659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

apnuyen

36.3
36.89
34.49

34.5
34.49
35.29

36.3
35.31

36.3
35.48
34.06
36.63
34.49

34.7
34.47

36.1
35.97

31.8
36.59

35.7
35.01
35.55
34.83
36.59
34.76
36.72
36.84
33.11

34.9
34.77
33.11
35.59
35.07

apnibuo

27.5
27.85
32.12

25.1

32.071
35.32

27.5
27.38

27.5
26.32
24.68
26.92
32.72
25.25
26.58

29.2
30.58

33.5
25.56

30.8
24.68
35.25
24.59
25.56
25.81

27.505
27.85
34.74

27.4
25.82
34.74
26.99
26.04

4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.3
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2

3.0E+22
3.0E+22
3.0E+22
3.0E+22
3.0E+22
3.0E+22
2.9E+22
2.9E+22
2.9E+22
2.9E+22
2.9E+22
2.9E+22
2.8E+22
2.8E+22
2.8E+22
2.8E+22
2.7TE+22
2.7TE+22
2.7TE+22
2.7TE+22
2.7TE+22
2.7TE+22
2.7TE+22
2.6E+22
2.6E+22
2.5E+22
2.5E+22
2.5E+22
2.5E+22
2.5E+22
2.5E+22
2.4E+22
2.4E+22

(W)

> °{BEo 30,

19
35
55
25
16
12
30
17
41
20
20
41
13

25
44
37
54
23
22
34
31
34
51

94
56

40
34

170

(wx) a

PR RPRRPRRRPRRPRRPRRRPRRPRRPREPRRRPRRPRRRPRRPRRRPERRRERLR

(wy) ™

P RPRRPRPRPRPRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPREPREPRPREPRPRPRRPRPRPRERRERLERELR

(w) o,

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09

() s

125
127
185
100
21
44
99
30
279
163
360
99
35
193
83
141
56
54
141
310

0.09 70 85

131
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D O
O ©
N -

693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723

apnuyen

34.3
34.4
35.2
34.71
34.83
36.4
35.1
34.1
36.05
35.72
36.23
34.49
34.76
36.65
34.91
34.88
35.73
36.18
35.5
34.81
34.75
34.42
35.04
35.92
35.55
34.95
35.5
35
34.95
34.49
33.74
36.9

apnibuo

32.5
24.95
32.8
24.28
24.25
27.3
24.6
32.4
27.76
31.57
28.45
32.12
25.81
26.27
25.46
25.43
24.68
31.51
26.4
27.28
25.74
26.38
26.1
27.18
28.16
25.56
26
24.22
25.26
32.071
35.46
27.9

4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2
4.2

345 2526 4.2

2.3E+22
2.3E+22
2.3E+22
2.3E+22
2.3E+22
2.3E+22
2.3E+22
2.3E+22
2.2E+22
2.2E+22
2.2E+22
2.2E+22
2.2E+22
2.2E+22
2.2E+22
2.2E+22
2.1E+22
2.1E+22
2.1E+22
2.1E+22
2.1E+22
2.1E+22
2.0E+22
2.0E+22
2.0E+22
2.0E+22
2.0E+22
2.0E+22
2.0E+22
2.0E+22
1.9E+22
1.9E+22
1.9E+22

132
14
10

16
27
83

31
24

36
42

171

(wx) 0

P RPRRPRPRPRPRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPREPREPRPREPRPRPRRPRPRPRERRERLERELR

(wy) ™

P RPRRPRPRPRPRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPREPREPRPREPRPRPRRPRPRPRERRERLERELR

(w) o,

0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.09
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

() NS

103

100
127
240
67
61
255
18
132
50
347
348
160
272
314
160
44
87
83
225
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724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
147
748
749
750
751
752
753
754
755
756

apnuyen

34.85
34.77
36.15
35.04
35.1
35.8
34.67
34.48
34.53
36
34.67
35.04
34.56
37.27
36.14
34.89
35.6
35.04
35.78
34.9
33.75
34.53
35.3
35
37
36.1
35.1
34.63
36.25
35.5
34.35
34.39
35.4

apnibuo

25.36
26.37
27.22
27.43
26.6
31
24.88
32.13
24.94
27.447
24.88
25.08
32.13
26.88
31.16
24.86
27
32.31
29.7
27.4
28.5
33.6
31.2
33.9
26.8
26.8
30.54
28.36
28.28
26.4
26.16
28.3
25.9

4.2
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1
4.1

1.9E+22
1.9E+22
1.8E+22
1.8E+22
1.8E+22
1.8E+22
1.8E+22
1.8E+22
1.7E+22
1.7E+22
1.7E+22
1.7E+22
1.7E+22
1.7E+22
1.7E+22
1.6E+22
1.6E+22
1.6E+22
1.5E+22
1.5E+22
1.5E+22
1.5E+22
1.5E+22
1.5E+22
1.4E+22
1.4E+22
1.4E+22
1.4E+22
1.4E+22
1.4E+22
1.4E+22
1.4E+22
1.4E+22

172

(wx) a

PR RPRRPRRRPRRPRRPRRRPRRPRRPREPRRRPRRPRRRPRRPRRRPERRRERLR

(wy) ™

P RPRRPRPRPRPRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPREPREPRPREPRPRPRRPRPRPRERRERLERELR

(w) o,

0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08
0.08

() s

176
199
180
290
48
99
70
190
146
71
207
294
220
280
160
95
305
275
265
99
38
61
119
67
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~N
g1 ol
o

759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
7
778
779
780
781
782
783
784
785
786
787
788
789

apnuyen

34.46
35.58
35.62
32.2
36.79
35.1
35.97
34.2
35.4
36.2
36.16
35.1
35.12
36.77
34.81
34.63
35.34
34.19
33.65
36.1
36.23
35.08
34.64
34.79
34.98
36.14
34.73
34.86
35.75
34.5
34.4
34.44
37

apnibuo

26.09
24.72
27.68
29.6
27.826
26.6
30.58
25.8
25.9
27.1
28.14
27.2
27.81
28.13
25.81
33.86
27.47
26.15
25.501
27.4
28.45
26.52
25.5
32.94
26.25
31.16
25.82
26.07
25
25.1
32.11
26.51
26.8

4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
4.0
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9

1.3E+22
1.3E+22
1.3E+22
1.3E+22
1.3E+22
1.2E+22
1.2E+22
1.2E+22
1.2E+22
1.2E+22
1.2E+22
1.1E+22
1.1E+22
1.1E+22
1.0E+22
1.0E+22
9.9E+21
9.7E+21
9.6E+21
9.4E+21
9.3E+21
9.0E+21
9.0E+21
8.8E+21
8.7E+21
8.7E+21
8.4E+21
8.2E+21
8.2E+21
8.1E+21
8.1E+21
8.0E+21
7.7E+21

173

(wx) 0

OO0 00000000 RRRRRRRRRPRRPRRRERRRPRRRERRRRERRRER

(wy) ™

P RPRRPRPRPRPRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPREPREPRPREPRPRPRRPRPRPRERRERLERELR

(w) o,

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.06

() NS

309
292
345
350
11
105

302
268
70
24

270
286
324
309
305



ON
ayenbyue]

wopuey

~
© ©
= O

792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822

apnuyen

34.91
37.95
34.82
34.71
36.4
34.91
34.95
31.8
35.69
34.94
36.11
34.93
34.71
34.94
35.8
35.16
35.05
35.2
34.95
36.27
36.35
34.51
34.19
34.64
37.95
36.63
36.6
36.4
34.19
35.16
34.91
34.82
36.54

N
~ apnybuo
(0]

26.74
26.28
33.5
28.6
25.43
26.1
33.5
25.71
26.1
27.21
25.04
24.28
26.1
29.7
27.15
26.11
32.8
26.1
27.17
29.39
26.59
25.8
25.59
26.74
24.27
26.9
28.6
25.8
27.26
24.8
24.28
27.88

Q

3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8
3.8

7.6E+21
7.4E+21
7.4E+21
7.3E+21
7.1E+21
7.0E+21
7.0E+21
6.8E+21
6.8E+21
6.6E+21
6.5E+21
6.5E+21
6.5E+21
6.4E+21
6.4E+21
6.4E+21
6.3E+21
6.2E+21
6.1E+21
6.0E+21
6.0E+21
5.8E+21
5.7E+21
5.6E+21
5.5E+21
5.3E+21
5.3E+21
5.3E+21
5.3E+21
5.2E+21
5.1E+21
5.0E+21
5.0E+21

111
13
27
24
31
25
48
21

40
29

64
37

17
43
14

16
24
41
30

174

(wx) a

OO OO0 OO0 O0OO0D0D0O0D0O0D0D0D0D0D0D0D0D0D0D0D0D0D0D0DO0ODO0OO0OO0OOoO0OoOo

(wy) ™

P RPRRPRPRPRPRPRRPRRPRPRPRPRPRPRPRPRPRPRPRPREPREPRPREPRPRPRRPRPRPRERRERLERELR

(w) o,

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

() s

359
357
90
216
234
70
80
340
211
94
227
262
77
42
258
315
233
262
147
142
235
345



ON
ayenbyueg

wopuey

(o)
N
w

824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855

apnuyen

34.75
34.92
36.2
34.9
36.6
35.29
37.31
34.81
36.6
31.96
35.07
35.7
35.04
36.2
35.04
35.58
36.18
33.88
36.27
35.6
34.81
35.95
34.4
36.15
35.62
36.1
35.1
36.88
32.9
35.5
34.91
37.63
34.8

apnibuo

33.04
24.89
28.9
26.3
26.9
35.32
24.67
25.81
28.3
35.574
26.71
30.6
25.08
27.1
32.27
24.72
31.51
24.16
27.17
24.5
25.39
27.42
24.5
27.2
27.68
27.23
26.6
27.7
29.8
26.4
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APPENDIX C - DEPTH-DAMAGE FUNCTIONS AND MAXIMUM DAMAGE
VALUES

In risk assessment procedure, calculation of damage values with respect to tsunami wave
height at the coast for differedamage classes (i.e. residential, industrial, agricultural,
and environmental) are conducted using the methodology proposed by Huizinga et. al.,
(2017). Deptldamage functions provided by Huizinga et al. (2017) at continental level
are given in Table C.Depth-damage functions for Africa, Asia and Europe are used to
calculate damage values of each damage classes in this study. The maximum damage
values are required to calculate degdmage values for each country. The maximum
damage values provided in Ringa et al. (2017) for the countries used in this study are

given in Table C.2. for all damage classes.
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TableC.1 Depthhrdamage functions for all damage classes at continental levelifgai

et al. 2017)
Flood Damage function Standard deviation
Damage depth, Centr&South Centr&South
class [r] EUROPE North AMERICA AMERICA ASIA AFRICA OCEANIA GLOBAL|EUROPE North AMERICA AMERICA ASIA AFRICA OCEANIA GLOBAL

” 0l 000 0.20 0.00 0.00 000 0.00 - - 0.17 0.00 000 0.00 0.09 -
2 05 025 0.44 049 033 022 048 - - 0.14 0.21 025 0.04 0.14 -
b 1 040 0.58 071 049 038 064 - - 0.14 0.14 022 011 0.16 -
2 15 050 0.68 0.84 062 053 0.7 - - 0.17 0.08 021 020 0.17 -
2| 060 0.78 085 072 064 0.79 - - 0.14 0.08 021 021 0.17 -
5 3 075 0.85 0.8 087 082 0.83 - - 0.13 0.02 017 021 0.11 -
2 4 085 0.92 100 093 080 0.97 - - 0.10 0.00 012 014 0.06 -
e 5 095 0.96 100 098 096 0.98 - - 0.06 0.00 005 0.08 0.04 -
6] 1.00 1.00 1.00 1.00  1.00 1.00 - - 0.00 0.00 0.00 0.0 0.00 -

o 0.00 0.02 0.00 0.00 - 0.00 0.00 - - 0.00 0.00 - 0.00 -

2y 05| 025 0.24 0.61 0.38 - 0.24 0.34 - - 0.08 0.24 - 0.14 -
% 1 040 0.37 0.84 0.54 - 048 0.53 - - 0.04 024 - 0.20 -
E 15 050 0.47 082 0.66 - 0.67 0.64 - - 0.03 0.24 - 0.19 -
2( 060 0.55 089 0.76 - 0.86 0.75 - - 0.02 0.25 - 0.18 -
@ 3| 075 0.69 1.00 0.88 - 1.00 0.86 - - 0.00 0.17 - 0.00 -
E 4 085 0.82 1.00 0.54 - 1.00 0.92 - - 0.00 0.11 - 0.00 -
8 51 09 091 1.00 098 - 1.00 097 - - 0.00 005 - 0.00 -
bl 100 1.00 1.00 1.00 - 1.00 1.00 - - 0.00 0.00 - 0.00 -

of 0.00 0.03 0.00 0.00 0.00 - 0.00 - - 0 0.00 - - -

» 05| 025 032 0.67 028 006 - 0.32 - - 0.17 0.24 - - -
E 1| 040 0.51 0.89 048 025 - 0.51 - - 0.10 030 - - -
% 151 050 0.64 09 063 040 - 0.62 - - 0.05 030 - - -
2| 060 0.74 1.00 072 049 - 0.71 - - 0 027 - - -
% 3| 075 0.86 1.00 086 068 - 0.83 - - 0 0.23 - -
'§ 4 085 0.94 1.00 091 092 - 0.92 - - 0 0.16 - -
- 51 095 0.98 1.00 056 100 - 0.8 - - 0 0.08 - -
6] 1.00 1.00 1.00 1.00 100 - 1.00 - - 0 0.00 - -

of 0.00 - 0.00 0.00 - - 0.00 - - - 0.00 - -

05| 025 - 0.09 0.36 - - 0.23 - - - 030 - - -

1| 040 - 0.18 0.57 - - 0.38 - - - 0.28 - - -

E_ 15 050 - 0.60 0.73 - - 0.61 - - - 0.25 - - -
2 2] 0560 - 0.84 0.85 - - 0.76 - - - 0.17 - - -
3| 075 - 1.00 1.00 - - 0.92 - - - 0.00 - - -
4 085 - 1.00 1.00 - - 0.85 - - - 0.00 - - -

51 095 - 1.00 1.00 - - 0.98 - - - 0.00 - - -

6] 100 - 1.00 100 - - 1.00 - - - 0.00 - - -

0] 0.00 - - 0.00 - 0.00 - - - 0.00 - -

2 05| 025 - - 0.21 - - 0.23 - - - 0.07 - - -
1| 040 - - 037 - - 039 - - - 0.07 - - -
° 151 050 - - 0.60 - - 0.55 - - - 0.21 - - -
E 2| 060 - - 0 - - 065 - - - 027 - - -
g 31 075 - - 0.81 - - 0.78 - - - 0.22 - - -
4 085 - - 0.89 - - 0.87 - - - 0.13 - - -
£ 51 095 - - 0.7 - - 0.86 - - - 0.06 - - -
6] 100 - - 1.00 - - 1.00 - - - 0.00 - - -

0| 000 0.02 - 000 000 - 0.00 - - - 000 0.00 - -

051 025 0.27 - 014 024 - 0.22 - - - 019 0.10 - -

o 1| 040 0.47 - 037 047 - 043 - - - 035 018 - -
é 15] 050 0.55 - 052 074 - 0.58 - - - 048 0.25 - -
E 2| 060 0.60 - 0.56 092 - 0.67 - - - 046 0.4 - -
Eﬂ 31 075 0.76 - 066 100 - 0.79 - - - 036 0.00 - -
4 085 0.87 - 083 100 - 0.89 - - - 016 0.00 - -

51 095 0.95 - 059 100 - 0.7 - - - 003 0.00 - -

6] 100 1.00 - 100 100 - 1.00 - - - 000 0.00 - -
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TableC.2 Maximum damage values of damage classes for each country in the study area
(Huizinga et al. 2017)

Damage Classes

Country Residential aﬁ) Industrial g) Agricultural (l%g
Cyprus 134 232 2930
Egypt 55 110 6077
Greece 132 229 838
Israel 139 238 6451
Lebanon 86 159 1849
Syria 70 133 681
Turkey 91 167 1161
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APPENDIX D - INFORMATION SHEETS FOR EACH ELEMENTS AT RISK

Economic, social and environmental risk dimensions are calculated using exceedance
probability and damage values for all 91 EaR. Detailed information about social,
economic and environmental damage values, tsunami wave heightnicexsuebtained

from 1000 Monte Carlo experiments, and probabilistic tsunami risk map for the worst case

scenario (see Section 3.4.2.4) for each EaR is given in Information sheets D.1 to D.91.
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D.1 Information sheet for Akdeniz Summ€¢illages

TableD.1 Economicand Social Damages Valufes Akdeniz Summer Villages

Inundation level
(m)
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FigureD.1.1 Tsunamiwave height frequency pléor Akdeniz Summer Villages
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FigureD.1.2 Tsunami risk major Akdeniz Summer Villages
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D.2 Informationsheet for Al Arish City Centre
TableD.2 Economicand Social Damages Valuts Al Arish City Centre

Inundation level

(m)

Social damage

Affected area () Economic damage (1*£0 ) (NP)

0.50 -

1.00 0

2.00 948600
3.00
4.00
5.00
6.00

1460

7805

coocodlo:

oNoNeNe
oNoNoNe

1000

800

(=)
[=]
<

931

Frequency

=
=
<

3]
(=]
(=]

- 0 1 0 0 0 0
0.0 0.5 1.0 2.0 3.0 4.0 5.0 6.0
Tsunami wave height (m)

(=]

Figure D.21 Tsunamiwave height frequency pléor Al Arish City Centre

0100 Medium Risk <020
0< Low Risk <0.10
0= No Risk

Figure D.22 Tsunami risk magor Al Arish City Centre
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D.3 Information sheet for Alanya Coastal District
TableD.3 Economic and Social Damages Val@@sAlanya Coastal District

Inundation level
(m)
0.50 -
1.00 0 -
2.00 561600 100 25806
3.00
4.00
5.00
6.00

Social damage
(NP)
8164

Affected area () Economic damage (1*£0 )

OCOOCOQOO!

oNoNeNe
oNoNoNe

1000

800

600
922

Frequency

400

77
0 0 1 0 0 0 0

0.0 0.5 1.0 2.0 3.0 4.0 5.0 6.0
Tsunami wave height (m)

FigureD.3.1 Tsunami wave height frequency pfot Alanya Coastal District

‘
‘ 0100 MediumRisk  <0.20
|[o<  LowRisk <010
o= No Risk

Figure D.32 Tsunami risk magor Alanya Coastal District
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D.4 Information sheet for Alexandria City Center
TableD.4 Economicand Social Damages Valufes Alexandria City Center

Social
Inundation leve(m) Affected area (f) Economic damage (1*#0 ) damage
(NP)
0.50 - - 55099
1.00 57998700 1207 110198
2.00 0 0 0
3.00 0 0 0
4.00 0 0 0
5.00 0 0 0
6.00 0 0 0
1000
800
% 600
% 908
2400
200
91
0 1 0 0 0 0 0

0.0 0.5 1.0 2.0 3.0 4.0 5.0 6.0
Tsunami wave height (i)

FigureD.4.1 Tsunamiwave height frequengylot for Alexandria City Center

Figure D.42 Tsunami risk major Alexandria City Center
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D.5 Information sheet for Anamur coastal district
TableD.5 Economic and Social Damages Val@i@sAnamur coastal district

Social
Inundation level (m) Affected area () Economic damage (1*#0 ) damage
(NP)

0.50 -
1.00 144000
2.00
3.00
4.00
5.00

29
58
0
0
0
0
6.00 0

eoNololNeNe
[oNeNeNolNolo) Iy

1000

800

600

919
400

Frequency

80
0 1 0 0 0 0 0

0.0 0.5 1.0 2.0 3.0 4.0 5.0 6.0
Tsunami wave height (m)

FigureD.5.1 Tsunami wavéeight frequency pldior Anamur coastal district

0100 Medium Risk <020
0< Low Risk <0.10
0= No Risk

Figure D5.21 Tsunami risk majpor Anamur coastal district
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D.6 Information sheet for Antalya Konyaalti
TableD.6 Economic and Social Damages Vald@sAntalya Konyaalti

Social
Inundation level (m) Affected area () Economic damage (1*#0 ) damage
(NP)
0.50 - - 390
1.00 284400 13 779
2.00 0 0 0
3.00 0 0 0
4.00 0 0 0
5.00 0 0 0
6.00 0 0 0
1000
800
% 600
& 925
2400
200
0 e 1 0 0 0 0 0
0.0 0.5 1.0 2.0 3.0 4.0 5.0 6.0

Tsunami wave height (i)

FigureD.6.1 Tsunami wave height frequency pfot Antalya Konyaalti

0100 MediumRisk <020
0< Low Risk <0.10
\ 0= NoRisk

Figure D6.2 Tsunami risk magpor Antalya Konyaali
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D.7 Information sheet for Arsuz Summer Villages
TableD.7 Economic and Social Damages Val@@sArsuz Summer Villages

Social
Inundation level (m) Affected area () Economic damage (1*#0 ) damage
(NP)
0.50 - - 8
1.00 0 0 0
2.00 0 0 0
3.00 0 0 0
4.00 0 0 0
5.00 0 0 0
6.00 0 0 0
1000
800
% 600
& 940
2400
200
0 i 0 0 0 0 0 0
0.0 0.5 1.0 2.0 3.0 40 5.0 6.0

Tsunami wave height (m)

FigureD.7.1 Tsunami wave height frequency pfot Arsuz Summer Villages

‘
|[0100 Medium Risk <020
{Jo<  LowRisk <010
I[o=_ NoRisk

Figure D7.2 Tsunami risk major Arsuz Summer Villages
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D.8 Information sheet for Batraun City Center
TableD.8 Economic and Social Damages ValtesBatraun City Center

Social
Inundation level (m) Affected area () Economic damage (1*#0 ) damage
(NP)
0.50 - - 4
1.00 0 0 0
2.00 0 0 0
3.00 0 0 0
4.00 0 0 0
5.00 0 0 0
6.00 0 0 0
1000
800
% 600
& 928
2400
200
0 &2 0 0 0 0 0 0
0.0 0.5 1.0 2.0 3.0 40 5.0 6.0

Tsunami wave height (i)

FigureD.8.1 Tsunami wave height frequency pfot Batraun City Center

0100 Medium Risk <020
0< Low Risk <0.10
0= No Risk

Figure D8.2 Tsunami risk majpor Batraun City Center
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D.9 Information sheet for Beirut City Center

TableD.9 Economic and Social Damages ValdesBeirut City Center

Social
Inundation level (m) Affected area () Economic damage (1*#0 ) damage

(NP)
0.50 - - 318
1.00 0 0 0
2.00 0 0 0
3.00 0 0 0
4.00 0 0 0
5.00 0 0 0
6.00 0 0 0

FigureD.9.1 Tsunami wave height frequency pfot Beirut City Center

Figure D9.2 Tsunami risk major Beirut City Center
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