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ABSTRACT

GIS BASED TSUNAMI INUNDATION MAPS; CASE STUDIES FR®
MEDITERRANEAN

Dilmen, Derya Itr
MS., Department @fiCEngineering

Supervisor: Prof. Dr. Ahmet Cevdet Yalg ner

July 2009, 149 pages

In this thesis, detailed tsunami numerical modeling studyapa$ied to the selected
case studies, Fethiye town (Turkey) and Kiparissia-ZakiRylos (Greece) in
Mediterranean, using rupture-specific tsunami sources whitclgeaerate tsunamis
in Mediterranean. As a first step of the study, theeggndatabase of Fethiye and
Kiparissia-Zakintos-Pylos were integrated to GIS-basadironment to organize,
analyze and display reliable data from different sarc®econdly, for each
earthquake scenario, the tsunami propagation and coasfdlfieations were
computed by TUNAMI N3 to evaluate the coastal amplifisg&#i@f tsunamis and
understand the tsunami propagation for the cases. Asirtakestep, a study of
inundation areas of probable tsunamis in these regionsperdsrmed. Available
results were used to understand the effects of tsunardisassist in developing
mitigation strategies. Methods and results were predeme discussed.

Keywords: Tsunami, Fethiye, GIS, TUNAMI N3, Inundation
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CBS- TABANLI TSUNAMI BASKIN HARITALARININ HAZIRLANM ASI,
AKDENIZ UYGULAMALARI

Dilmen, Derya Itr
Yuksek Lisans,n aat Miuhendislii B&lumu

Tez Yoneticisi: Prof. Dr. Ahmet Cevdet Yalg ne

Temmuz, 2009, 149 sayfa

Bu tezde, TUNAMI N3 benzetim/canland rma program, seci¢al ma alanlar

Fethiye ve Kiparissia-Zakintos-Pylos Bdlgesi'nde kularak deprem dalgalar n n
(tsunamiler) oluumu ve hareketi arérlm , bu aratrmann sonuglarnn
kullan c lar taraf ndan daha kolay anlg youmlanabilmesine olanak damak

amac yla, CBS tabanl bask n haritalar ¢lwulmu, sonuglar gorsel velenebilir

bicimde sunulmaya callm tr.

Ik a amada, Fethiye ve Kiparissia-Zakintos-Pylos Bdlgasi ¢g itli kaynaklardan
veriler toplanarak bir veritaban olwrulmutur. kinci a amada hem deniz taban
topo rafyas hem de ky alan kara topafyas na ait say sal veriler kullan larak
benzetim icalmalar c¢in ayrnt| saysal veri taban oturulmutur. Uguinci
aamada ise olas deprem senaryolar ndan en cok tehlikealpdeaek olanlar
secilerek benzetim ve canland rma modelleri yap Ine tsunaminin hareketleri
modellenmitir. Sonuglar CBS tabanl uygulamalara aktar larak ormsknami
bask n haritalar haz rlannt r. Yuratilen yontem ve sonugclar anlat larak talm
tsunami konusunda afet etkilerinin azaltlmas igin Onlene gtratejiler

geli tirilmesine katk salanm tr

Anahtar kelimeler: Tsunami, Fethiye, GIS, TUNAMI N34k n Haritas
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CHAPTER 1

INTRODUCTION

The word “Tsunami” first introduced to the literature bydaese after the Meiji
Tsunami occurred in 1896. Shallow focus earthquakes in subducines,

landslides, volcanic or nuclear explosions and met=ire the most frequently
tsunami generated reasons. Among tsunami generated sedsothe case of
earthquake generated tsunamis, the energy of the ruptuemsderred to the water
and causes displacements in the sea level overffdeted region. This transmitted
energy results in tsunami generation and propagatestirerasource region as long

period waves.

Coastal communities can face with the tragic lossvels and extensive property
damages by tsunamis. The damage of a tsunami can be suethasiy deaths and
injuries i) property damages in different levels iii) eovimental pollution from

drifting materials, oil, or other substances iv) sprefadisease.

In recent years, the earthquake with a magnitude of 9tBeimorthwest coast of
Sumatra on December, 26, 2004 triggered such a tsunami tpahdems deaths,
injuries and property damages along the Indian Oceanlioeadthis event became a
pioneer for the scientific studies based on the exgdand enhancement of existing
data, development and utilization of available computatitools to abate the losses

of tsunamis.

Overall world, tsunamis occur most frequently in Paddicean. Despite tsunamis’
low frequency of occurrence, there are numerous tsunamssuntered in the
Mediterranean basin due to earthquakes or/and submarinmdgrailures and

volcanic eruptions of volcanoes found in this region.



The aim of thie thesis is to numerically model a ruptapecific tsunami by
articulating TUNAMI N3 tsunami simulation tool and Arc&I19.3 mapping and
analysis tool along the Fethiye (Turkey) and Pylos, ZakinKiparissia Towns
(Kiparrissia Gulf, Greece) regions to be able to comgmdtthe behavior of tsunami,
develop GIS-based tsunami inundation maps and estimatanieges caused by the
tsunami to assist in establishing mitigation strategies

Incorporation of the information generated from thenghation maps provides
geocoding of the potentially affected areas which affordisypmakers an additional
level of preparedness.

In this thesis, the computational capabilities of TUNANB numerical model were
combined with graphical abilities of GIS in spatially orgamg, analyzing and
displaying modeling results of TUNAMI N3. The general da&aswollected from
different sources and a study of inundation areas ofafiebtsunamis in Fethiye
town (Turkey) and Kiparissia-Zakintos-Pylos (Greeceg)iaes was done by given
appropriate computational tools. These regions will lrectdy affected from

tsunamis that can be triggered by the rupture of earthquakdedierranean. The
final product is the map of inundated areas for maximurplizrdes of waves

throughout these regions and the estimation of risk désut@mi in the inundation

Zone.

A literature survey was given in Chapter 2. In Chapter 3,ctbgcope and
methodology of the thesis were explained. Data praugd$sr the case study Fethiye
was stated in Chapter 4. Chapter 5 is the analysieaksults and summary for this
case study. Chapter 6 includes the discussion and cantl@hapter 7 is explaining
data processing for the case study Kiparissia-ZakinyissP Chapter 8 is the
analysis of the results and summary for this caseystnd the last chapter is the
general discussion and conclusion of the thesis studie



CHAPTER 2

LITERATURE SURVEY

The scientific investigations on GIS-based tsunami inundatwoapping in
Mediterranean can be divided into i) Analytical andp&xmental Studies on
Tsunamis i) Numerical simulation of tsunamis and iBIS-based mapping
applications of tsunamis

The analytical and experimental studies on tsunamiesi967 were given by taking
the article “Amplitude Evolution and runup of Solitary Véa on a Sloping Plane” as
a reference. Studies were done by Shuto (1967), Gjevik & R#dEr981), Pedersen
and Gjevik, (1983), Kim et. al., (1983), Synolakis (1987), Pelikpwd Mazova
(1992), Synolakis and Skjelbreia (1993), Titov (1995), Pelinowskyl. (1996),
Kanoglu (1996), Kanoglu and Synolakis (1997), Lin et. al. (1998j1i€ and Yeh
(2002). Experimental studies of solitary waves were inyatsd by Hall and Watts
(1953), Pedersen and Gjevik (1983) and Synolakis (1987), Shankalagaihtne
(2002), Lee and Raichlen, (2002).

Numerical simulations of tsunamis are essential ml&mental and applied research
activities to accomplish basic aspects of wave gewoeatpropagation and
inundation. They are commonly based either on the Boussioeson the
nondispersive shallow water equations Tinti, (1994). Ti{@995), Synolakis,
(1995a, 1995b, 1998), Imamura (1995), Yalciner et al. (2001), Dodd (2002}t Lyne
et. al. (2002), Lee and Raichlen (2002), Maiti and Sen (199%oane references of
numerical studies on tsunamis. The combination for grapliser interface with
geospatial data capabilities linked with numerical modelirigyvaoe of tsunamis has
provided modelers a new platform to transfer numerical tmgeesults into a
spatially referenced, digital environment.



There are several types of numerical models done #imating numerical
simulation of non-linear waves of tsunamis. Fivetetthese models were explained
briefly. These are: TSUNAMI CEA/DASE, TsunamiClaw,owvave, COMCOT,
UBO-TSUFD&UBO-TSUFD-VB, UBO-TSUFE, TSUNAMI-SKREDPLHD, H2D
DPWAVES, GLOBOUSS, C3 Tsunami Model, MOST, TUNAMI N12NN3 and
lastly NAMI DANCE. The following information about numeal models were
adapted from the report of EU Funded TRANSFER Project k\Rackage 5,
Deliverable 5.8

TSUNAMI CEA/DASE® is developed byAtomic Energy Commissarig€EA) and
France's Geophysical Laboratof.DG) for operational and research purposes. The
model is certified, fully tested. In the model, nonlinghallow water wave equations
are used and finite difference method are used. Okadacedgsibcation and any
surface deformation can be generated. It is observedt & include as many sub
faults as necessary. The model is developed in FORTRAfu#mge and it is being
applied for the scenarios in French Polynesia, PaCftean, Indian Ocean and
Mediterranean Sea.

The model TsunamiClawis developed byniversity of WashingtofUSA). The

model uses nonlinear shallow water equations as equatm®) figite volume,

Riemann solvers as numerical schemes and 2D+1 rectangefdr with adaptive
refinement. It allows wetting & drying. The source foe thnodel is multi segment
fault model and any surface deformation in space and fimemodel can use up to
six nested levels and adaptive mesh refinement is dadakerMhe programming
language is Fortran 77 and operating systems are Unix, LlTthexmodel is applied

to Sumatra for tsunami propagation, run-up and inundation.

The modelCoulwavé€ is developed byTexas A&M University(USA) and is
validated through benchmark problems. The model uses finitenes, fourth order,
implicit, domain decomposition of Boussinesq equations astiequgype, MPI as
numerical schemes and cartesian, structured as mestyfgeidit allows wetting &
drying. Wave breaking can be observed in the model. Thearoging language is

Fortran 90 with a command driven/batch run user interface.



The model is used by Inundation Science & Engineering p€abive and

TRANSFER partners. Cox(2008) compared the physical and rcahésunami

model simulations for Seaside, Oregon using the Lidar-meddaboratory beach
and Coulwave and STOC numerical models to see thet effemacro- roughness
and sharp topographic changes.

COMCOT® is a model developed i@ornell University USA. It is tested (compared
with both experiments and field data). The model useoshavater equations,

finite difference method and leap-frog scheme methodte€ian or spherical
coordinate systems can be chosen and grid system istdgamested grids. The
generation can be caused from a submarine landslicgijcefault model and any
surface deformation. The model is observed as fast,deldretween efficiency and
accuracy. The multi generation mechanism is also saridge. The programming
language is FORTRAN 90. The model is applied to tsunami prtipagaun-up and

inundation, tsunami mitigation fields.

The models UBO-TSUFD & UBO-TSUFD-VE are developed for research
purposes byJniversita di Bologna, Dip. di Fisica, Settore Geofisidaly. The
equations used in this model are shallow water wave egsathks the numerical
scheme, finite difference and leap frog scheme metamEsised with a rectangular
constant grid domain and with cartesian and geographical catedi Multi-fault
vertical co- seismic displacements computed through Okad@mulas and
corrected for bathymetric effects. The model is developedrFortran 90/95
programming language with a command line interface. beisg applied for the
scenarios in the Mediterranean Sea, 2004 Sumatra tsu2@déi,Java tsunami, and

scenario tsunamis in the Indian Ocean.

UBO-TSUFE® is other model developed tyniversita di Bologna, Dip. di Fisica,
Settore Geofisica, Italfor research purposes. The equation type used in this model
is shallow water wave equations. As the numericaése finite element method
and two step time integration methods are used. Triangldanents and cartesian
coordinate system on a fixed boundary grid are used as mddkfig.



In the model, multi-fault vertical co-seismic disggaents are computed through
Okada’s formulas and corrected for bathymetric effectsarcase of an earthquake
source. Impulses are computed through UBO-TSUiNtPcase of moving body.
Loss of energy due to the interaction with the boundaaied with sea bottom is
observed. Coriolis force can be included in the model. Mbdel is developed in
Fortran 77 programming language with a command line intrfabe program is
being applied for the scenarios in the Mediterraneam (Senulation of historical
events in the Adriatic Sea, lonian Sea, Tyrrhenian $889 Izmit bay earthquake-
induced tsunami, and scenarios in the Gulf of Corinth anMexditerranean-wide
tsunamis), and in the Indian Ocean (2004 Sumatra, 2006 Jada,several

scenarios).

The model TSUNAMI-SKREDF® is developed byNorwegian Geotechnical
Institute/ ICG Norway. The model is certified and fully tested (gr&fimement,
comparison with analytic solutions, comparison witsutes from independent codes,
careful assessment of features). The equations uséd imodel are shallow water
wave equations. As the numerical scheme, finite i@iffee, second order, explicit
methods are used. Any initial sea surface deformatmescribed source functions
for slides and earthquakes or input from files are thermggion input for this model.
The model is developed in FORTRAN 77 programming languageanibrwegian
command driven interface. The model has been appliedotth NEast Atlantic,
Arctic Ocean, Norwegian Fjords, Mediterranean, Indizgean, South China Sea,
hydropower reservoirs in Norway and The Philippines.

The model 1HI is developed byepartment of Mathematics, University of @slo
ICG, Norway. It is fully tested (grid refinement, carefusassment of features, inter-
comparison of models, check against analytical solutioeschmarks). The model
uses various Boussinesq formulations & full potentiabthes equation typdinite

difference and element method, boundary integral mettolérian and Lagrangian
coordinates as numerical schemes and adaptive mesh dg8gmodesype. But

assessment of grid resolution is required. It includedibpersive effects and non-
linear effects in tsunami generation and propagation. Thgrg@mming language is

Fortran 77 and operating systems are Unix, Linux withrancand driven and mixed



language interface. The model is used by University of Q¢l, and ICG. The
model is applied to North East Atlantic, Arctic Ocedgrwegian Fjords, Indian
Ocean, and Mediterranean.

The modelH2D® is developed byJniversidad de CantabriaSpain. The shallow
water wave equations are used in calculations. Numesatedme of the program is
finite difference, implicit alter direction. Upwind féhe advective methods are used.

The coordinate system is Cartesian and the grid typectangular quadratic cells.
The generation model is Gaussian hump. The model acdour@sriolis, non linear
advection, bottom friction, horizontal eddy viscos#tyd wetting and drying. The
model is developed in FORTRAN 77 programming language with ramamd

driven interface. The model has been applied to Meditean Sea, Algerian

tsunami simulation, Alboran sea.

The modelDPWAVES® is developed byNorwegian Geotechnical Institute/ ICG,
and is validated through basin oscillations, and solitaayes. The model uses
implicit second order finite elements as numericdlesnes and regular or irregular
finite elements and adaptive mesh as mesh/grid type. & dokallow wetting &
drying. The model is flexible with respect to type ofmedats of adaptive meshes.
The programming language is Diffpack (C++ library) and ojegasystems are
Unix, Linux with a command-driven user interface. NGI agplihe model to Indian
Ocean, Paleo Barents Sea for research and to Norwiggids commercially for risk

assessment.

The model GLOBOUSS is being developecby Department of Mathematics,
University of Oslo/ IC@G\orway.lt is thoroughly tested (analysis of propertegrg]
refinement, inter-comparison of models, analyticalusohs). The model uses
various Boussinesq equations with Corilolis terms as emuatype; finite
differences, implicit method and ADI iteration for ifigit equations as numerical
schemes and Arakawa C grid, geographical and Cartesian matesias mesh/grid
type. Wetting & drying is not allowed as DPWAVES. The madeluitable code for
dispersive transoceanic propagation. The programming langsiaggin Fortran 77
and operating systems are Unix and Linux with a command rdinterface in



English. The model is used by University of Oslo, N@& &G and applied in most

oceanic regions with major fault zones worldwide.

C3 Tsunami Modeis developed byniversidad de Cantabri&pain. It is validated

through benchmark problems. The model uses shallow water agquaions as
equation type; finite difference method with leap- frogesod method (FD), finite

Volumes (VOF) applied in flooding areas (near coashwawerical schemes and
Cartesian or spherical coordinate system and embeddisdagr mesh/grid types. It
allows wetting & drying. The generation model is Okada 1985 do-seismic

tsunamis. C3 model takes advantages of the best capahiiti€OMCOT model

and TSUNAMICLAW model. C3 is a hybrid finite differenceite volume method

which balances between efficiency and accuracy. Thgramming language is
Fortran 90 and operating systems are Windows, Linux. Thlsusan input

parameter files. The model is applied in the Cadizsiestfor TRANSFER project

In 1997, Method of Splitting Tsunamis (MOST) was develofsd National
Oceanographic Atmospheric Administration NOAA/Pacific Marine Environmental
Laboratory MOSTmodel was used for the Pacific Ocean for reak tisunami
forecasting. The model's database contains 246 model gzef@r unit sources that
cover historically most active subduction zones arourd Rhacific. It stores all
simulation data for each unit solution, including amplituded velocities for each
offshore location (Titov,2005).

In this model, seismic parameter estimates and tsunaasumements are used to
analyze a pre-computed generation/propagation databaseseledt a linear
combination of scenarios that most closely matchesaibservational data. This
produces estimates of tsunami characteristics in detgr which then can be used
as initial conditions for a site-specific inundatidgaithm

Borrero et. al. (2006) computed tsunami propagation and inundatéas and flow
depths with MOST model for Sunda megathrust for two tsun@aaccurred in 1797
and 1833 and for four plausible scenarious. According tol&kiso et. al.(2009), the
inundation distance is highly dependent on bathymetry and taplogr In their

articles, they presented the inundation maps develope8dothern California by



using MOST numerical model.

In 1991, Numerical Analysis Model for Investigation ofaxdield tsunamis No.1. ,
TUNAMI-N1°, was developed by Prof. Fumihiko Imamura etraDisaster Control
Research Center in Tohoku University, Japéor Tsunami Inundation Modeling
Exchange (TIME) Project using Fortran Program. It iooied to be enhanced and
TUNAMI-N2, TUNAMI-N3 were developed for the simulatiofi ihe propagation of
long waves. The computer program TUNAMI N@etermines the tsunami source
characteristics from earthquake rupture characteristits.one of the key tools for
developing studies for propagation and coastal amplidioatf tsunamis in relation
to different initial conditions. It computes all necegsarameters of tsunami
behavior in shallow water and in the inundation zonenatig a better understanding
of the effect of tsunamis. It solves nonlinear formawfy-wave equations and depth
averaged velocities with bottom friction by finite fdifence technique for the basins
of irregular shape and bathymetry and provides us a very cemg¢aol to simulate
tsunamis. Shuto, Goto and Imamura (1990), Goto and Ogawa (199%)urm
(1995), Goto et. al. (1997), Yalciner et. al. (2001,2002), are sonhe ctudies that
used TUNAMI-N2.

NAMI DANCE is one of these computational tools develope®i" programming
language between Russian and Turkish Scientists in cominafioidentical
computational procedures and TUNAMI-N2. Non-linear shalleater equations are
used as numerical model since it gives results in leesdnd less error. The model
solves the governing equations by the finite differerehtique with leap-frog
scheme. It can compute the wave propagation at allidmsateven at shallow and
land regions within the limitations of grid size (Zahibakt 2003)

TUNAMI-N3 is developed by Disaster Control Research Center, Tohoku University,
Japan and Ocean Engineering Research Center, Middle East Technical Wyivers
(METU), Turkey, for operational and research purposes. The equationusgukin

this model is shallow water wave equations. The numkeschemes are finite
difference method and leap frog scheme. Model is genkfatefault dislocation

based on Okada, Manshinha & Smyle. The main feature of tluelns tsunami



propagation and tsunami run-up in nested grids. The model idogedewith
FORTRAN language and can be used in operating system3Nhagows or UNIX.
The model has been applied to 1833 Sumatera (Bengkulu) Tsut296i,Toli-toli
(Sulawesi) Tsunami, 1883 Krakatau Tsunami, 1996 Biak Tsunami, 193 Nor
Sumatera Tsunami, 2000 Banggai Tsunami, 1992 Flores Tsu2@&®¥ Aceh
Tsunami, 1994 East Java Tsunami, 2006 South Java TsunamayiSsdor Fethiye
and Pylos and Caribbean Ses for the use of GIS based tsunami inundation
applications, the following investigations were performed:

A history of GIS constitutes a collaboration of diffat disciplinarians starting from
1960s with Howard Fisher’s creation of SYMAP (Synaptic MagBystem). Prior
to the advent of GIS, inundation maps were developedasitputer aided drafting
software in the form of water surface elevations laeionto topographic maps. The
transition from manual map preparation to automated délmegrocedures is
becoming more practice. Through 1970, with the developmemsmputer science,
the computer handling of geographic information increased lancheéw ideas and
principles were created (Foresman, 1998). In 1981, Environhi&ygtems Research
Institute (ESRI) published Arcinfo, and in 1992 ESRI releasecviéw which
initiated the use of GIS in all fifty states.

GIS allows maps to be used in interchangeable platfandssubsequently by many
agencies. Inundation areas form multiple tsunami s@naan be overlaid within

GIS allowing for graphical comparison of scenario outputrthermore, with the

incorporation of additional geospatial datasets (buildipgpulation etc.) both risk

and damage assessments associated with a tsunami Gsilypassessed.

According to Zerger (2002), modeling of inundation for risk ag@ment strategies
is important for evacuation planning, developing urban zonag &ccounts for
inundation, using as an educational tool to inform citizdrke risks present in their
community, identifying risk for possibly establishing insuranpeemiums,

Developing building codes to minimize the impacts, cestefit analysis for
developing mitigation strategies and managing post-disestevery. GIS provides
opportunity the emegency and risk management to be igengfior to an incident.



Disaster events, can be modeled and displayed in @I&ll stages of emergency
management, the appropriate data has to be gathered,zeyaand displayed
logically to determine the size and scope of emergenapagement programs.
During an actual emergency it is critical to have tightrdata, at the right time,
displayed logically, to respond and take appropriate m@&ip utilizing a GIS, all
departments can share information through databaseswputer-generated maps in
one location.(Johnson,2000)

The integration of GIS and tsunamigenic earthquake dathecdone in three ways:
tsunamigenic earthquake data can be input for a model indepdadentIS. The
results of model can be integrated with spatial and ahendata of the selected
region. The data can be input to GIS. Both input and ougpube integrated into
GIS. In Zbindens et. al. (2003), the hazard modeling was b teking input from
WIZMAP and imported to ArcGIS environment.

Wood and Good (2004) claim that GIS is an ideal tool togmate natural,
socioeconomic and hazards information. Because opthigerty, it is also ideal for
supporting community hazard planning efforts. Therefore #ir tarticles they
assessed the vulnerability of an Oregon port and hadoomeinity to earthquake
and tsunamis. Joy Sanyal and Xi Lu (2009) make a qualitaixarti intensity study
of Gangetic West Bengal, India by using GIS in flood héizaapping to show the
flood prone areas in the region. According to resultthis study, using GIS is a
simple and cost effective way to create flood hazand. ma

Chandrasekar et.al. (2007) investigates tsunami inundated fareKanyakumari
district, India using GIS techniques to determine the efiédsunami on coastal
environment. Inundation distances were carried out by congbtadastral data and
satellite images. Tsunami height was measured manwddipg coastline by
collecting data with GPS, leveling and surveying equipmemtsé data were added
to superimpose cadastral data and satellite image oégfient Tsunami inundation
was higher in shallow near shore bathymetry and fiahore topography since such

regions are not unable to resist tsunami impact.



‘Human life and other values (property, habitat, wildlifetc.) at risk from
emergencies can be quickly identified and targeted for gire¢e action. Once
information is mapped and data is linked to the map, emergeanagement
planning can begin. GIS allows emergency management neddsidentified prior
to an incident. Disaster events, such as wildfiresnami, floods, earthquakes,
hurricanes, epidemics, chemical cloud dispersion, drspils, can be modeled and
displayed in GIS. Emergency management personnel @madeling for training,
for actual tactical deployment during a disaster, om@ya&e the consequences of a
possible disaster. The use of this technology takes enwrgeanagement planning
information off the shelf for utilization by respongersonnel for real-world
operations. In short, the thoughtful application ofI& @an take much of the panic
and surprise our of emergencies”(Johnson,2000).

In this thesis, all stages of GIS-based tsunami inundatapping was conveyed and
given in the following sections for Fethiye (southtves Turkey) and Pylos-
Zakintos- Kiparissia (northwest of Greece) Towns.



CHAPTER 3

METHODOLOGY

Tsunami modeling and inundation mapping needs accurate, eelddih and
computational tools. The necessary data consists of bathgftopographic data
and rupture parameters. The computational tools must be atadidverified. The
methodology was tried to be explained with flow chans phases.

Flow chart of the GIS-based tsunami inundation mapping skasvn inFigure 1.
The spatial data processing, tsunamigenic earthquake datasgnggemodel
visualization and analysis results, satellite image gssiag, data integration and
analysis, inundation mapping are the main componentamiiabe discussed with
the applications to different study areas in the folignsections.

Since the most effective way to model, analysis and hmsudhe results of
numerical models are by geographical position in GIS, irstaljes of this thesis,
GIS based applications were used. Input data were intdgiate GIS based
environment. The available results were incorporated wGE 9.3 to develop
inundation maps and determine the level of impact and tifreerable areas to
improve the accuracy and effectiveness of decision mgakiechanisms for public
safety in study regions.
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Figure 1: Flow chart

The following phases were considered during theishe

Phase 1: Catalogue and literature survey on therhigl tsunamis

i) The historical time for which tsunami reportglaecords covered

i) Evaluation of reliability of the historical doments of each event. This

information can be taken from the respective cagtas or publications

iii) Estimates of run-up heights and inundatiortahses of historical events from the
collected data and information. The paleotsunanmlies (coastal trench study) by
the expert paleotsunami geologist(s) at the sedeegion(s) must be also kept in the

agenda which may provide additional findings alitet deposits of some historical

tsunami events for comparison and assessment tétakeof historical events.




Phase 2: Data Processing

The reliable bathymetric and topographic data in highestlutgsn are the most
important parameter for accurate modeling efforts. Thia datst be collected from
available navigational charts, conventional and multinbdmthymetric nearshore
and offshore measurements (if available), digital alem models, satellite images.
Additionally, the coordinates of existing shoreline, isbare bathymetry and land
topography must be measured directly at site and to be addend tbathymetry

topography database. The database must also be in suffiegolution in GIS,

especially nearshore and shallow regions. The digited of bathymetry/topography
data for a specified region must be developed

Phase 3: Development of the urban city plan

The distribution of land, coastal and marine structurest ipe located in the plans.
An example list of important marine structures of eaclt can be; residential,

official building(s), social centers, reactor buildisg(industrial plants, open areas,
health services, fire station, communication centewastal structures (piers,

breakwaters, berthing structures, coastal protection stesctarbor, shelters), areas
of solid wastes, treatment plants, etc.

Digital database of coastal, marine and other impodaunictures in GIS must be
covered.



Phase 4: Estimation of Tsunamigenic Data and Simukation

Characteristics, dimensions and locations of neat &at far field submarine and/or
coastal faults and landslide prone regions must be ightifhis is a difficult task
and needs consultation from marine geologists and earntists in international
level since uncertainties in the underlying fault rupturé &mdslide processes are
quite high. The fault maps, possible characteristiosach fault or segment of each

fault must be covered.

Phase 5: Computation of the tsunami source parametars dsbimated rupture

characteristics

Some tsunami models directly compute the tsunami soyne#ial fluid
displacements) and velocity fields. If the availaldee does not have the module to
determine tsunami source, the user must compute the s&rorcethe rupture
parameters separately by other codes. In any caseutienti source of any selected
scenario must be described with figures.

Phase 7: Determination of study domain(s) for numenealelling of tsunami

The borders of the nested study domains covering near fieldaa field must be
determined. The spatial grid size of each domain must l@neldt It is suggested
that the grid size of largest domain can be maximum 2ramate (~3700m) and

smallest domain can be around 20 m.

Digital data of bathymetry and topography of each studyalonm sufficient
accuracy and required format must be covered in the regtbrtdiscussions. It is
strongly recommended that the shoreline data used imolgel must fit well with
the real shoreline.

Phase 8: Simulation and computation of all necessanatsi parameters

Data of the initial conditions of tsunami source (iieitjial fluid displacements and
velocity fields) provided from Phase 7, will be used fog propagation of tsunamis
in the open sea and their coastal amplification and ruatigthallower regions and



on land in the study regions. This phase is the most tapophase of tsunami
modeling, since it will give the base data of inundati@pping.

Phase 9: Inundation Mapping

The maps providing the information of the estimated lthzames and must be
prepared according to the numerical outputs of tsunami nmgdediming from Phase
8. These maps provide information for the risk assedsameihmitigation strategies.



CHAPTER 4

GIS-BASED TSUNAMI INUNDATION MAPPING FOR THE FETHIY E
TOWN (TURKEY)

In this chapter, geological background of the study regida, gl@cess, estimation
of tsunamigenic earthquake data and numerical tsunamiaiond. The first four
phases given in the methodology were applied and discustad chapter.

4.1 Geological Background of the Study Region (Fethiye)

Fethiye is situated in the eastern reaches of Meditean Coast of Turkey. Due to
its proximity to the subduction zone of Eurosian platé African plate, it is highly
prone to eartquakes, volcanic activities and proceedingrtssnvghich motivate this
research and makes this study worthwile for mitigationppses along Fethiye
Region.The boundaries of the study region (Fethiye ) wasignTable 1.



Figure 2: Google Earth (left) and Quickbird (right) images of ththiye

Table 1: Boundaries of the study area (Fethiye)

Coordinate System GCS_WGS 84
Longitude 29.0848234% 29.12561811E
Latitude 36.61809557N 36.66064482N

The investigation of historical tsunami events are necgssal effective tools for
appropriate tsunami numerical modeling. Historical documeand geological
investigations in the Eastern Mediterranean basin relietketirthquakes, submarine
landslides and tsunamis have been occurred because lmfthseismicity, volcanic
eruptions and steep slope in Mediterranean region over B#3. Evidences of
tsunami deposits were found in Fethiye Bay by Cita et(1896), Yalciner et.al.
(2007), Papadopoulos et.al. (2009) as a result of geologiestigations.



The compilation of reliable tsunami database especidlly the Eastern
Mediterranean region is essential in tsunami-relatediet of wave numerical
simulation, inundation mapping and risk assessment. Tsanamthe Eastern
Mediterranean were investigated by Soloviev (1989), Papaz&tBeg), Cita and
Rimoldi (1996), Cita et. al. (1996), Guidoboni (1997), Tinti andrariaai (1998),
Yalciner et.al. (1999), Mckoy and Heiken (2000), Minoura e{2000), Rebesco
et.al (2000), Cita and Aloisi (2000), Altinok et.al. (2001), Papad@s et.al.
(2001), Dawson et al. (2003), Salamon et.al (2007). Tsunanlogaé&s for the
Mediterranean Sea were compiled by Galanopoulos (1960), a&seys (1962),
Antonopoulos (1979), Papadopoulos and Chalkis (1984), Amirah @994), Tinti
and Maramai (1996), Soloviev et.al. (2000), Papadopoulos (2002}, dma
Maramai (2004), Fokaefs and Papadopoulos (2005), Yolsal et.al. (ZR€3ntly,
Altinok (2008) compiled historical documents in the Easieadliterranean between
BC 1410-AC 1999 with inclusion of distant, local, volcanic ¢amtislide generated
tsunamis. It includes the list of them with date, ragiause, relevancy, approximate
epicenter and magnitude of tsunamigenic earthquakes and tibgering
mechanisms (Altinok(2000), Papadopoulos(2001), Papadopoulos(2007ijjokAlt
also modified the reliability level classificatiori @ tsunami which was investigated
by lida (1984), Soloviev (1990) and, Tinti and Maramai (1996). Agnb30 events,
65 events are well-documented and 44 events affected thigd-eegion. These 45
events were extracted from historical documents oihélt (Table 2).Reliability
levels were given according to studies of Modied lidaa®c(1984), Soloviev
(1990), Tinti and Maramai (1996).

Table 2: Tsunamis along the Fethiye Bay, from BC 1410 to 2002

Time Regior Reliability = Cause Latitude Longitude EQ
Magnitude
BC 141( Aegean Sea, Northeast 3 VA 36.5 25
Crete
B.C. Rhodes, Cyprus,Corin 2 ER 36.F 28 7.E

220/222/227



Table 2 Tsunamis along the Fethiye E (cont.,

1 VA 36.5 255 6.5

Demre, Pata-Lycia EA

261-262 Southern coasts
Anatolia

34€-34¢ Beirut-Leban

551 Lebanese coa 33.¢ 35.1

Damascus, Baalbe 2-3

Damascus regic

Aloppa-Tripoli

Rhodes, sou-westerr
coasts of Anatolia, Crete

Eastern Mediterrene

Northern Cret

1672/167. Santorini and Cyclade
Bozcada, Kos Isl.

Chios, Foc




Table 2 Tsunamis along the Fethiye E (cont.]

184¢ Izmir, Aegean Se 2 ER
1851 Fethiye, Kay-Mugla, 4 ER 35.t 28.7 7.1
Rhodes

1851 Fethiye Gulf, Rhode 3 ER 36.2 28.7

1851 Rhode 3 ER 36.4 28.7

185¢ Fethiye Gul 4 ER 36.€ 29.1

185¢ Rhodes, Crete, Chi 4 ER 35.¢ 2€ 8.2
186: Rhode 1 ER 36.5 28

186¢ Santorini Isl 2 ER 36.4 25.C 6
186¢ Chios 3 ER 38.2¢ 26.2¢

1867 Lesvos 4 ER 39.1 26.5 6.€
192¢ Rhodes, Southeast 4 ER 8

Turkey, Fethiye,
Heraklion
193t Kos Islant 2 ER 36.¢ 27.3 6.€
194¢ Karpatho-Dodocanes 4 ER 35.t 27.2 7.1
195:% South coasts of Turk 1 ER 35 32 6.2
195¢ Greek Archipelagc 4 ER 36.6¢ 25.9¢ 7.5
Amargos, Astypalaea
Isls., Fethiye
1961 Marmaris, Rhodes, Izmi 3 ER 36.7 28.t 6.4
Aegean Sea
200z City of Rhode 4 GS 36.4¢ 28.2

Reliability levels are:

(0) Occurrence Improbable: The event has been documenteds bopossible to
confirm and there is no general agreement.

(1) Doubtful credibility. Insufficient data or evidence fwwnfirmation are available.

(2) Probable tsunamis noted in various sources and catalodugs,with
discrepancies, or confirmed in a single source of doutgthability.

(3) Sources specific and reliable, but occurrence dates addrdpancies present in

some sources and catalogues. Reliable report, but confirmendly a limited
number of sources.

(4) The most reliable tsunamis which took place more recehtiytiple reliable



sources: historic documents, church manuscripts, manusdoyptyarious
authors, state archives, biographies, essays, privaterslettnagazines and

reports.

Since Altinok, (2009) study was the most recent one,a wiso modified in this
Thesis and a GIS based spatial database was prepatbd @®lineation of potential
tsunami risk sites in the Eastern Mediterranean.Thetefa Mediterranean Sea
tsunami triggered events were classified according tahcpaake magnitudes
overlaid with digital elevation model (DEM) generatednfi program GEBC®in
1800m grid size were given Figure 3 Totally 124 tsunamis were located in this

figure.
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Figure 3: Tsunami triggered earthquakes in the Eastern Mediterranean



Figure 3 shows that Easterm Mediterranean is highly prone taatsign Therefore
future tsunamis may cause devastating damages in thelamasta of Greece and
Turkey.

4.2 Data Processing applied to the Fethiye Bay

The most challenging part of inundation mapping and tsuags@ssment studies is
data processing. In this study, Fethiye town is selecdedre of the case studies.
The main data for this work is bathymetric and topograpif@rmation, data of
coastal utilization, marine structures, transportatine,and types of administrative,
public and private structures. Therefore two different tyfesell defined data is
necessary.They are spatial data and tsunamigenic datehditaeteristics of the data
are given inTable 3. The data are the combinations of the works of Fethiye
Municipality, Korfez Haritac | k, Kandilli Observator|\IK Systems (private firm),
METU Geodetic and Geographic Information Technologies {3GInd Ocean
Engineering Research Center (OERC).

The computational tools used are i) ArcGIS ©9.®r data management and
processing, i) TUNAMI- N3 for tsunami simulation and wédization iii) Surfer-8
for gridding and plotting program iv) GEBEOor hydrographic and topographic
data v) ERDAS Imagine for the mosaic process of satellite images.

Table 3: The characteristics of the data used

Production S Accuracy
Name Date Method Source Projection o, On
: GCS_WGS_19¢  20cm  20cn
DEM of the Fethiye
: 2005 ARCGIS 9.3 - Transverse
city center Municipality
Mercator
. GCS_WGS_19¢- 0.3mr 0.5
Urban City “Korfez
2005 Netcad ] Transverse
Map Haritac | k”

Mercator



Table 4: The characteristics of the datad

Quickbird - GCS_WGS_19¢- 2.44m  3.66nm
. Se
multispectral 2004p Erdas Imagine NIK Systems Transverse
image Mercator
. METU GGIT GCS _WGS 19¢- <lm <lm
Shoreline
2007 GPS and OERC Transverse
Data
Mercator
Historical - . ;
Kandilli
Earthquake 2008 ARCGIS 9.3 GCS_WGS 1984
Observatory
Data
. GCS _WGS 19¢- - -
Inundation
2007 TUNAMI N3 Transverse
Data
Mercator
GEBCO, METU, 3.7k 5m
: : GCS_WGS _1984-
Bathymetric Direct OERC and
2007 Transverse
Data Measurements “Korfez
. Mercator
DEM Haritac | k”
Buildings, Direct METU GGIT GCS WGS 19¢ 0.3m  0.5m
irec
Floor Height 2007 and OERC Transverse
Measurements
Values Mercator

Genera GCS_WGS 19¢  7.5m 5m

Contour Data 1/25000 ARCGIS 9.3 Command of Transverse
Mapping Mercator

Spatial data must be spatially correct to ensure nuaiendeling results and
subsequent inundation files represent observed condifldves.uncertainity in the
data will directly affect the risk assessment of tbgion. Therefore it is tried to be

form a data which will be enough to evaluate risk asserstan

In the case of this thesis, high resolution airbomtelste imagery was used to
generate a highly accurate, digital elevation model thiye town. DEM provided

information of the terrain, expressing geomorphologituies that might be related
to tsunami propagation and run up. Field surveys were cormbuct@assess the
vertical accuracy of the datasets. Spatial data usddusinttesis, was acquired from

Fethiye Municipality.



Horizontal Coordinate System of data taken from “Korfearitdcilik” was
“‘GCS_WGS 1984” Projection: ED 50 Transverse Mercator. Tdwre the
coordinate system of all layers was converted to saca projection system with
the original data as “GCS_WGS_1984” Projection: ED 50 Trasswdercator.

For accurate modeling of tsunami inundation and run-up, aletet@odel of near
shore bathymetry and coastal topography is preferable.efbinerthe data were
valuated, compared with aerial photography and manuallystet] as needed to
reflect more accurately the coastal topography in th@mneof the Fethiye. Since the
data acquired from “Korfez Haritacilik” has higher reg@n at the residential areas
of the Fethiye, the specific study was modeled with 946rai8columns grid size,
horizontal resolution of 20cm and vertical accuracy asnR20c

The bathymetric and topographic data in digital formamnfimvailable navigational
charts, bathymetric measurements, contour maps, deégahtion models, satellite
images, bathymetric /topographic data taken from “Kofagtacilik” and previous
studies performed for the Fethiye region for European Urkidh) funded Tsunami
Risk and Assessment for European Region (TRANSFEReE&reyere combined
and bathymetry/topography for the region were developed. dEt@base was in
sufficient resolution in GIS based format, especiallynaar shore and shallow
regions. This formed “xyz” data of bathymetry and toppgyawere in sufficient

accuracy.

DEM acquired from “Korfez Haritac | k” was converted tegular points. The
regular points and previously developed bathymetric data gatreered in ArcGIS
9.3°. Since the combined DEM does not include the elevationkeobuildings in
the Fethiye Region, the buildings elevation data vegngended to it. From the new
combination of spatial data, a new DEM of the study aras delineated in ArcGIS
9.3° with inverse distance weighted method and it is showfigare 4. At inland,
the horizontal accuracy of the DEM is 7.5m and theicedraccuracy is 5m and in

the sea, it is 3.7km and 5m respectively.



Figure 4 is the combination of all bathymetric/topographic data medufrom
different sources with different resolution and accigscAccording td=igure 4 the
water is about 30m deep in the middle of the bay and dmfs4im as it goes to
coastal zones. The topography is nearly flat in théhseastern part of the Fethiye
Bay.

Digital Elevation Model (DEM) of the Fethiye Bay

DEM Elevation Values

IDW-Fethiye
¥ £ Value

- High : 44.687
ecimal Degrees

O — — D
[0.0002925 0.005 0.0075 0.01 B Low : -195.951

Figure 4: DEM of the Fethiye Region

ArcGIS offers several methods for creating surfadégse methods include trend
surfaces (TREND), inverse distance weighted (IDWangulation (CREATETIN),

and kriging (KRIGING). Each of these methods has itsn oadvantages and
disadvantages in terms of data interpolation. No ort@ade~orks universally as the



best for all data set. Selection of a particular mettdepends on the distribution of
data points and the study objectives. In this thesis, quisement of DEM in
ArcMAP 9.3 the inverse distance weighted method was used due tmjithcity of
principle, the speed of calculation, and the ease ofjrproming and reasonable

results.

Urban city planning map of the Fethiye in NetCAD formagrev extacted in
ArcMAP 9.3 and the Fethiye-specific layers were overlayed VifeM of the

coastal zone. These layers are roads, coast, dogkymamt, parks, pools, ruins,
schools, sport centers, buildings, greenhouse, histoptates, mosque, and
autoparks were extracted and the attributes of the layere modified. 655
buildings were integrated into the ArcMAP 8.@ith attribute information of floor
heights. The hot spots can be identified with theserdaye order to be used in

emergency risk management.



GIS-based Layers in Fethiye Bay(closer) |
Legend F

—— ROADS

——— COAST

—— DOCK

——— MONUMENT
[ IPaRK

[ |pooLs

[ IRums

[ ]scHooLs

[ | SPORT_CENTERS
[ | BUILDINGS

[ | GREENHOUSE
[ | HISTORICAL_PLACES

[ Imosaue

[ ] OFF_BUILDINGS

[ ]oToParks

Figure 5: Closer view to GIS based layer
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Figure 6: Layers and DEM along the coastal zone of the Fethiye Bay

The elevation values of the data were taken by direcsuneeents in the Fethiye
Bay. Measurements were compared with the building etavatalues given in
1/1000 city NetCAD urban city planning map.

4.3 Estimation of Tsunamigenic Data and Simulations

Since data from past tsunamis is usually insufficieiténathe only way to determine
the potential run ups and inundation from a local or digunami is to use tsunami
simulations together with the estimation of tsunamigedata. It is one of the
efficient procedures for tsunami assessments. In tsursamilation, tsunami
generation, propagation, coastal amplification and inumwlatan be modeled and
visualized. Accurate and reliable applications in tsunamulgation need valid and



verified tsunami model and high resolution and reliablmasiigenic data (tsunami

source parameters, bathymetry and topography).

Numerical models usually solve similar equations but nofeamploy different
numerical techniques and are applied to different segnudritee total problem of
tsunami propagation from generation regions to disteasaof runup. For example,
several numerical models have been used to simukaiatédraction of tsunamis with
islands. These models have used finite difference, felitenent, and boundary
integral methods to solve the linear long wave equstibhese models solve these
relatively simple equations and provide reasonable sironktof tsunamis for
engineering purposes. The main equations in tsunami numeraziling are non

linear form of shallow water equations with frictionrterMain equations were given

below:
I "#$
$% %" & "$ $% %" "H$ "l
# % ' &(

& %" )%) "$%'& " & ) #* " "# $# ""$



4.3.1. Estimation of Probable Tsunami Source Mechanisms foné¢ Fethiye
Region

Tsunami source means point or area of tsunami origin,llystie site of an
earthquake, volcanic eruption, or landslide that causgd-kcale rapid displacement
of the water to initiate the tsunami waves. Severahipaters describe a tsunami
source commonly used for tsunami simulations; epicerftéheofault axis, length
and width of the fault, strike, dip and slip angles, faegpth etc.

Historical data are often very limited for most caasg. Since the location of the
sources is seldom accurately known, the sources weneagsd as rupture specific
worst case scenarios. Characteristics, dimensiothdogations of near field and far
field submarine and/or coastal faults and landslide pregmns was identified and
i) inventory of near (<50 km) and far (>50 km) tsunamigesaurces, ii)

characterization of tsunami faults, iii) charactatian of identified unstable bodies,
submarine landslides and possible tsunamigenic seafloor dgfons were

determined. This was a difficult task and it was neededhnadigscussion among
marine geologists and earth scientists, since unceesim the underlying fault

rupture and landslide processes were large.

In this thesis, source parameters were estimated by MEJd¢an Engineering
Research Center (OERC) and Foundation for Researci egtthology — Hellas
(FORTH) and National Observatory of Athens, Institutéseodynamics (NOAGI).
Since there is no sufficient information available absotirce parameters of the
earthquake taken from the sources of the FORTH, thendlislgp angle of the faults
were justified to give worst case conditions of tsunsources. These sources were

given inTable 5.



Table 5: Selected Sources taken from FORTH,METU-OERC and NOAGI

FORTH From 500 years event

Name L W U
Long. (E) Lat. (N) Dip(deg) | Rake(deg)| Strike(deg) Deptimi) | Mw References
(Area) (km) | (km) | (m)
20 28.461758 | 36.447044 27 99 294 7.5 7.71 86 43 2.49 Moratto et. al. 2007, Papaioanoa&drdqms 200(
18 28.433968 | 36.077436 47 262 184 7.5 758 70 35 2.00 Moratto et. al. 2007, PapaioancaZdtiws 200(
19 28.392994 | 35.821452 25 90 303 7.5 745 64 32 1.85 Moratto et. al. 2007, Papaioanoa&drdqms 200(
FORTH From 1000 years event
20 28.461758 | 36.447044 27 99 294 7.5 8.04 126 63 3.65 Moratto et. al. 2007, PapaioancaZdtiws 200(
18 28.433968 | 36.077436 47 262 184 7.5 7.84 10 5( 2.90 Moratto et. al. 2007, Papaioancazdeaps 200(
19 28.392994 | 35.821452 25 90 303 7.5 776 91 45 2.70
FORTH Worst Case Scenari
- 28.400000 | 35.500000 20 90 55 7.5 8.3% 19(¢ 90 5.00 E.Okal (Personal Communication)




Table 6: Selected Sources taken from FORTH,METU-OERC and NOA@it(c

- 28.400000 35.500000 20 90 55 10 8.12 140 7( 4.00 E.Okal (Personal Communication)
- 29.000000 36.200000 20 90 300| 7.5 8.01 150 35 5.00 E.Okal (Personal Communication)
METU - OERC
26-2 29.00 36.66 10 110 210 50 - 173.6 6( 10 Yalciner et. al.(2008)
29-1 27.78 34.2 45 45 60 40 - 136.052 4( 6 Yalciner et. al.(2008)
29-2 28.48 35.16 45 45 60 4( - 121.56 10 6 Yalciner et. al.(2008)
NOAGI
- 28.2 36.0 20| 90| 135 20 7.5 86 25 1.3{2 Papadoupulos (2009)
- 28.5 36.35 20 90 285 20 7.5 86 25 1.3;2 Papadoupulos (2009)




4.3.2 Tsunami Simulations for the case study Fethyie

Models can be initialized with potential worst &atenarios for the tsunami
sources or for the waves just offshore to determinegesponding worst case
scenarios for runup and inundation. Models can alsiibalized with smaller
sources to understand the severity of the hazard foledse extreme but more
frequent events. This information is then the basiscfeating tsunami evacuation
maps and procedures. At present, such modelling has only begedoout for a
small fraction of the coastal areas at risk. Suffifieaccurate modelling techniques
have only been available in recent years, and thesgelmaoequire training to
understand and use correctly, as well as input of ddtaiathymetric and

topographic data in the area being modeled.

Consequently, numerical modelling may be the only waystonate the tsunami
propagation and the risk. Techniques now exist to carrytluat assessment.
Computer software and the training necessary to conduchdtuslling are available
through programmes such as the simualtion tool TUNAMI N3eldped on the
frame of I0C Tsunami Inundation Modelling Exchange (T)MErogramme.
TUNAMI N3 uses the nonlinear shallow water equationgl¢ivier et. al, 2005)

In the stage of tsunami simulation of this thesis, M N3 was used as
propagation model and computed the sea state at diff@rensteps. Time histories
of water surface oscillations, the maximum positive @@gative amplitudes at every
grid point were determined and plotted by using GRAPHER and FEBR
Programs. As a result of a 180 min tsunami simulatioapshots were taken for the
1, 2 and 3 hours at Domain B, Domain C and at Domain D.

4.3.2.1 Rupture Specific Simulations
In this type of simulation, predefined earthquake sourcanpeters were identified

according to the reports of Foundation for Research aswhriblogy — Hellas
(FORTH) and National Observatory of Athens, InstitoteSGeodynamics (NOAGI)



prepared for the TRANSFER Project Work package 5 and METBORBbout
tsunamigenic earthquake sources estimated for the EastediteManean. The
source parameters of FORTH, NOAGI and OERC givehainle 4were modeled to
see and compare the initial source wave amplitudeshent@b¢tation of the sources
with respect toFethiye Bay. Figure7 is the resource that was estimated as a
consequence of the collaborated work done by METU-OERG Bogazici
University, Kandilli Observatory. The return periods rapture parameters taken
from FORTH are 500 and 1000 years. The worst case scepnétios FORTH have

a return period greater than 1000 years. METU and NOAGIViell a deterministic
approach in determination of the initial source parameters

This chapter briefly covers tsunami scenarios, simuilatid predefined tsunami
scenarios and their analysis and distribution of daflon distances.
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Figure 7: The sources in the Eastern Mediterranean estimat&adigilli and OERC

From the giverTable 5 six of the sources were selected as worst case sxenad
their parameters were taken from this table. Thesewarest case scenarios
1(WCS1), 3(WCS3) and 4(WCS4) from FORTH sources; Z226-2, Z29-17328eP
from METU and Scenarios 1 and 2 from NOAGI. The infvave sources are given
in Figure 8, 9, 10 11, and 12, 13 and 14.these figures, the red color shows the

positive wave amplitudes and blue color shows the negatve amplitudes.
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Figure 8: Estimated source, WCS1 Scenario

The initial maximum positive wave amplitude for thersméo WCS1 i2.40mand

maximum negative wave amplitude-g&s70m.
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Figure 9: The source of WCS3 Scenario




The initial maximum positive wave amplitude for the WC&&nario isl.84mand
maximum negative wave amplitude-s52m
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Figure 10 The source of WCS4 Scenario

The initial maximum positive wave amplitude 2s14m and maximum negative
wave amplitude is0.7m
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Figure 11: The source of Z26-2 Scenario

The initial maximum positive wave amplitude is for Z26-2efario 2.12m and
maximum negative wave amplitude-is24mat the initial the source, Z26-2
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Figure 12 The source of Z29-1 Scenario



The initial maximum positive wave amplitude 1sO5m and maximum negative
wave amplitude is0.15mat the initial source, Z29-1.
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Figure 13.The Scenario 1 from NOAGI

The initial maximum positive wave amplitude @s51m and maximum negative
wave amplitude is0.17mat the scenario 1 of NOAGI.
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Figure 14.The scenario 2 from NOAGI

The initial maximum positive wave amplitude @s51m and maximum negative

wave amplitude is0.17mat the scenario 2 of NOAGI.

From these eight events, the most critical and biglisources were selected for
tsunami propagation by looking the location and initial seuparameters. The

simulation of predefined selected most critical and bédidour tsunami scenarios,

WCS1, WCS3, WCS4 and 26-2, and their analysis were dorigNAMI N3.

4.3.2.1.1 Tsunami Simulation of WCS1

The rupture-specific simulation time of TUNAMI N3 wakeéa as 180 min of real-
time computation for 135m 45m and 15m nested grid size®ibtimains B, C and
D respectively Figure 15. This time was sufficient to see the maximum effaict
the probable tsunamis in the Fethiye Bay. Same domains usad in tsunami
simulations of WCS3, WCS4, Z26-2, Z29-1 and Z29-2. The maximuoesdbr
each grid were mapped $URFER 8.
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Figure 15: The structure of nested Domains (Domain B, Domaim€2omain D) for the simulation
of the Fethiye Region



Propagation of the WCS1 Scenairo
Domain B

Wave propagation of the selected tsunami with estimatedireiparameters was
simulated. The sea state at different time steps 80120 and 180min) were given
in Figure 16 Maximum positive tsunami wave amplitude420m and maximum
negative tsunami wave amplitude-&20minin the Domain B at the point of 30m
deep located in front of the “Sovalye” Island.

Source WCS1 |
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-1100
-1400
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-2600
-3200
-3600
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28 285 29 295 30 305 . . 30 30.5

Figure 16: The sea state at different time steps, distributionaf. (+) and max. (-) tsunami wave
amplitudes



Domain C

Distributions of wave propagations for different sintiola time steps (0, 60, 120,
180min) and maximum positive and maximum negative tsunamliitaades were
given inFigure 17.Maximum positive and maximum negative tsunami amplitudes
are2.00mand-2.17mrespectively in the Domain C in front of the “Sovaligand.
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Source b

36.75

36.65-{F 02

36.66

(m)

b
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Figure 17: The sea state at different time steps, distributiomsaX. (+) and max. (-) tsunami wave

amplitudes



Domain D

Distributions of wave propagations for different simigattime steps and maximum
positive and maximum negative tsunami amplitudes were gineRigure 18.
Maximum positive and maximum negative tsunami amplitudesl&&m and -

1.95mrespectively in the Domain D at the gauges in froriSofvalye” Island.

t= 1hour

(m)

.115 29.12 29.125  20.085 29.09 29.095 29.1 29.105 29. 1115 29.12 29.125

29.085 29.09

Figure 18: The sea state at different time steps, max. (+) and (f) tsunami wave amplitudes in the
Domain D



Gauge Locations

Gauge locations were identified to store the water sairfdactuations and
understand the arrival time and magnitude of the tsunaaaesvaffecting Fethiye
Bay. Coordinates of the selected gauges were giv&abte 5. Figure 19 and Figure
20 are showing the gauges j, k and SovalyeW in the Domaimsl ©® aespectively.

Table 7: Coordinates of the selected gauges in the Domain ©amdin D

Domains Domain C Domain D

Gauges ] k SovalyeW
Longitude (degree) 29.0801883777E 29.0902779384E 29.0903934386E
Latitude (degree)  36.6529221356N 36.6525966683N  36.6589043074N

36 751
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g

36.65 -+

36.55

28.85 289 2895 29 29.05 29.1

Figure 19: Gauge location in the domain c and time histories oém&irface elevations for gauges j
and k



As it is seen irFigure 19 at the entrance of the bay, in Domain C, the mamimu
positive and maximum negative water surface elevationth@®gaugeg andk are
2.10m 1.968m,and-2.55m, -2.54nmrespectively. First wave arrives to the Fethiye

Bay in 7min after tsunami occurred.

Since the locations of the gauges selected in thealdob is different, there is a
decrease in water surface elevations depending on bathymetditions. At the
gauges in the Domain D, the maximum water surface eleveati the selected
gauges in the bay ae2m. The maximum positive and maximum negative water

surface elevatios for the gauge Sovalyai1.81mand 1.90mrespectively.
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Figure 20 Gauge locations in the Domain D and time histories ¢émsurface elevations for gauges



4.3.2.1.2 Tsunami simulation of WCS3

The same procedure is also valid for the simulatiowGS3. For the propagation of
this scenario, the values Trable 12were used. The simulation time step was taken
as 60min Output time intervals of the simulation was 603ée results of the
simulations were given in the following subsections. Teximum values for each
grid were mapped witBURFER &.The time histories of water surface fluctuations
were drawn ilGRAPHER.

Propagation of WCS3 Scenario
Domain B

Distributions of wave propagations for different simigattime steps and maximum
positive and maximum negative tsunami amplitudes were gineRigure 19.
Maximum positive and maximum negative tsunami amplitudeslaf8m and -
2.02m respectively in the Domain B at the point of 30m deep éxtat front of the
“Sovalye” Island.
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Figure 21: The sea state at different time steps (t=0, 60, 120 &®dnin), and max. (+) and max. (-)

tsunami wave amplitudes in the Domain B



Domain C

Distributions of wave propagations for different simigattime steps and maximum
positive and maximum negative tsunami amplitudes were gineRigure 22.
Maximum positive and maximum negative tsunami amplitudesl&8m and -

1.75mrespectively in the Domain C in front of the “Sopedl Island.

Figure 22: The sea state at different time steps (t=0, 60, 120 anchit§pand max. (+) and max. (-)

tsunami wave amplitudes in the Domain C.



Domain D

Distributions of wave propagations for different simigattime steps and maximum
positive and maximum negative tsunami amplitudes were ginefrigure23.
Maximum positive and maximum negative tsunami amplitudeslatgém and -

1.58mrespectively in the Domain D at the gauges in froriSofvalye” Island.

Figure 23: The sea state at different time steps (t=0, 60, 120 anthit§ptsunami amplitudes in the
Domain D.



Gauge Locations

The same gauges were selected in order to compare tifts iddifferent scenarios.
At the entrance of the bay, in Domain C, the maximumsitpe and maximum
negative water surface elevations for the gaygasdk are1.78m 1.67m, and -
2.51m, -2.13mrespectively. First wave arrives to the Fethiye Bay/min after
tsunami occurred. Results were giverrigure 24andFigure 25.

Figure 24: Gauge locations at Domain C and time histories fogtheges j and k.

In the Domain D of scenario WCS3, at the gauge SovalyesXimum positive and
maximum negative tsunami wave amplitudeslasd mand-1.58mrespectively.



Figure 25: Gauge locations at Domain D and time histories fogth@e SovalyeW



4.3.2.1.3 Tsunami Simulation of WCS4

The simulation of WCS4 followed the same procedure. piapagation of the
tsunami waves were performed according to rupture paramefetBe source
WCS4.Snapshots were taken for 1, 2 and 3 hours. Maximuttiveasnd maximum
water surface elevations in the nesed domains were plottS8/RFER 8 Water
surface elevation values for specific gauge points wemengio be able to compare
the results of simulations done by using different scesar

Propagations of WCS4 Scenario

The same grid sizes and domains were used in the propagfitios scenario. The
maximum values for each grid were mapped Bit/RFER 8.

Domain B

Distributions of wave propagations for different sintidla time steps (t=0, 60, 120
and 180 min)and maximum positive and maximum negative tsunami amplitudes
were given inFigure 26. Maximum positive and maximum negative tsunami
amplitudes ar®.08m and-1.10mrespectively in the Domain B at a point of 30m
deep located in front of the “Sovalye” Island.



Figure 26 The sea state at different time steps, max. (+) and fjasunami wave amplitudes in the

Domain B

Domain C

Distributions of wave propagations for different simigattime steps and maximum
positive and maximum negative tsunami amplitudes were ginekigure 27.
Maximum positive and maximum negative tsunami amplitudesl&®m and -

1.00mrespectively in the Domain C in front of the “Sopedl Island.



Figure 27. The sea state at different time steps (t=0, 60, 120 ancht§0max. (+) and max. (-)
tsunami wave amplitudes in the Domain C.



Domain D

Distributions of wave propagations for different sintidla time steps (t=0, 60, 120
and 180 min), and maximum positive and maximum negative tsuaspiitudes
were given inFigure 28. Maximum positive and maximum negative tsunami

amplitudes aré.78mand-0.87mrespectively in the Domain D.

Figure 28: The sea state at different time steps, max. (+) and (A tsunami wave amplitudes in

the Domain D.



Gauge Locations

The same gauges were selected in order to compare tifts iddifferent scenarios.
At the entrance of the bay, in Domain C, the maximumsitpe and maximum
negative water surface elevations for the gaygasdk are2.42m 2.18m, and -
1.31m, -1.49nrespectivelyFigure 29andFigure 30give the location of the gauges
and the graph of water surface elevations at these gauges.

Figure 29: Gauge locations at Domain C and time histories fogthges j and k

In Domain D of WCS4, the maximum positive and maximuigatige water surface
elevations for the gauge SovalyeWLig8mand-1.90m



Figure 30: Gauge locations at Domain D and time histories for thigg&ovalyeW



4.3.2.1.4 Tsunami Simulation of Z26-2

Propagation of Z26-2 Scenario
Domain B

Distributions of wave propagations for different sintida time steps(t=0, 60, 120
and 180 min), and maximum positive and maximum negative tsuarapiitudes
were given inFigure 31. Maximum positive and maximum negative tsunami
amplitudes ar&.72mand-3.58mrespectively in the Domain B at the point of 30m

deep located in front of the “Sovalye” Island.



Figure 31: The sea state at different time steps and maxn@yex. (-) tsunami wave amplitudes in

the Domain B.



Domain C

Distributions of wave propagations for different sintidla time steps (t=0, 60, 120
and 180 min), and maximum positive and maximum negative tsuaspiitudes
were given inFigure 32. Maximum positive and maximum negative tsunami
amplitudes are2.10m and -1.30m respectively in the Domain C in front of the

“Sovalye” Island.

Figure 32: The sea state at different time steps max. (+) and(fhésunami wave amplitudes in the
Domain C.



Domain D

Distributions of wave propagations for different simigattime steps and maximum
positive and maximum negative tsunami amplitudes were gineRigure 33.
Maximum positive and maximum negative tsunami amplitudesl&®m and -

1.16mrespectively in the Domain D.

Figure 33 The sea state at different time steps (t=0, 60, 1888 min), max. (+) and max (-)
tsunami wave amplitudes in the Domain D



Gauge Locations

In Domain C of WCS4, the maximum positive and maximugahge water surface
elevations for the gauggsndk are2.02m, 1.90mand-1.46m and -1.47mThe out
time hisotries of gauges j and k for Domain C are giveh thie figure of selected
gauges below.The graphs and location of the gauges wereigivgure 34 and 35.

Figure 34: Gauge locations at Domain C and time histories fogthges j and k.

In Domain D of Z26-2, the maximum positive and maximum negatiater surface

elevations for the gauge SovalyeWLi81mand-1.90m



Figure 35 Gauge locations at Domain D of Z26-2 and time histodethie gauges



CHAPTER 5

SUMMARY OF TSUNAMI SOURCES AND SIMULATIONS

Inundation refers to the horizontal distance therevpenetrates inland. Depending

on land use, either run-up or inundation are relgva@nd most often both

Inundation is one of the most important aspectsaiami impact. Inundation maps
should give all relevant and necessary informatioa way that novice users can
also understand them. An inundation map includdme corresponding to the
maximum penetration of tsunami wave triggered be téwvent under study
(Synolakis, 2002).

In recent years, the trend of executing the mapgragress using Geographic
Information Systems (GIS) has led to the develogn@ninformation generated

from the inundation mapping.

The brief summary of the processes done in the sasly of Fethiye are given in

Figure 34.

Data Tsunami \ Inundation

Processing | Simulation ) Mapping

Figure 36: Brief Summary of the applied processes



In Table 6 the water surface elevation values acquired fromlaimns of WCS1,
WCS3, WCS4 and Z26-2 Scenarios were compared.

Table 8: Summary of rupture specific simulations performedtier Fethiye

Summary of Rupture Specific Simulation at Gauge Points

Sources  Arrival Arrival Max.(+) wave amp.
time of time of (meter)
initial max.

_ _ Sov SovalyeW t Sov-
wave(min) wave(min)

E-3 W2
WCS1 20 30 1.2¢ 1.07 1.81 1.21 1.0C
WCS3 20 30 1.1z 0.8¢ 1.41 1.07 0.7¢
WCS4 15 30 1.3 1.0¢ 1.7¢ 1.21 1.04
Z26-2 5 60 1.4C 1.1C 1.9C 1.2¢ 1.0t

According toTable § the water surface elevations are the greatestne Z26-2
therefore the most critical scenario is Z26-2. Theftoe depths and inundations
were prepared according to simulation results of Z26-Zhcase study, Fethiye.



CHAPTER 6

INUNDATION MAPPING FOR THE CASE STUDY FETHIYE

The simulation results gave us the propagation and atiomdof tsunami waves. The
inundation data obtained as a result of simulationse wetegrated into ArcGIS
environment in order to develop inundation map of the FeBaye

The extent of the city development is through nortleastoasts and associated
population at risk depends on the inundation zones of thenrég Figure 37, low
danger zones were deliniated with blue tones; high dangerszeere deliniated
with red tones. The greatest inundation distances eddar“Sovalye” Island. Since
“Sovalye ” Island decreases the tsunami wave effeetetwill be no significant loss
of human lives at the center of the Fethiye. But sutsuaami can cause material
losses along Fethiye Bay. The results of the sceshaw those 20 residential areas,
two historical places, 5 commercial auto parks, 1 mosqde9amonuments and
berthing places at city center would be hit from inuihat Tsunami wave
amplitudes and currents would damage the boats insideathespecially in Ece
marina along Fethiye town.

The final inundation maps were given kigure 36 and Figure 37.These maps
provide valuable information for the decision makers teetdgp mitigation strategies
and save lives in future tsunamis. These results aresmlgticant in relocating the
public buildings, schools, hospitals and other placeswhitl be important in an

emergency case.



Figure 37:Inundated areas overlayed with Quickbird image in aréstaat



Figure 38: Inundation areas as a result of simulation Z26-2



CHAPTER 7

DISCUSSION OF RESULTS AND CONCLUSION FOR THE FETHIY E BAY

The spatial data and tsunamigenic data were arranged in @datgbase. A
geodatabase was generated (built) that contained hatansgenic (water surface
elevations and inundation) and spatial data.The hedilite duildings located at the
center of the city was also appended to the topographytheneffects of these
buildings to the simulations and results were alsadaoted in this thesis. Without
building height effect, the waves could penetrate inlanade. The grid size of the
smallest data was taken as 15m which is accurate aableefor tsunami inundation

maps. From these data, tsunami inundation maps were @depar

Prasetya et. al. (2008) states that the slope of the djnoland and topography is
strongly related with tsunami inundation distance.thair articles, according to
numerical model results of 3DD, it is concluded tle gently sloping regions in
Banda Aceh has low run ups and greater inundations compatiesl dceas that have
steeper slopes. Since the eastern part of the towfoWwas slopes, the inundation
distance is more. Computational maximum tsunami run ugoend 1.5m. The

damping effect of “Sovalye” Island causes a wave heigtitedse in the Bay.

The initiative of the risk analysis covers seven sus&h as determining the threat,
preparedness, timely and effective warnings, mitigation, @ublitreach and
communication, research, and international coordinatSince risk assessment is
included in the first step of the initiative, which is “d@bening threat”, just this part
was analyzed in this thesis. The potential tsunamicesuwere determined and the
realistic models were developed.



CHAPTER 8

GIS-BASED TSUNAMI INUNDATION MAPPING FOR THE ZAKINT OS,
KIPARISSIA AND PYLOS TOWNS (TURKEY)

Until this chapter, the processes were applied to FeBaye Starting with Chapter
8, inundation mappng procedure for Zakintos-Kiparissi@®ygion was perfomerd

by fllowing the same procedure with the case study Fethiye.

8.1 Geological History of Zakintos-Kiparissia-Pylos Region

The western part of the Hellenic Arc, between ZakintGparissia and Pylos, has
been repeatedly affected by large magnitude earthquakedaryhisat have caused
severe destruction and human loss in these areas. Toastal regions are
significant for the touristic income of Greece. But thuildings in the coastal zones
were not built according to building earthquake standardghirconstructions.
Therefore they are very vulnerable to forces of eardkes and tsunamis. This needs
to an effective risk management and mitigation planningegfied for Zakintos,
Kiparissia and Pylos regions.

The earth's lithosphere beneath the eastern Medigama constitutes a broad
boundary region between three major tectonic plates,Burasian, African, and
Arabian plates. The motions of the major plates drivaller plates, and it is the
shapes and motions of these smaller plates that deteth@nlecations and focal
mechanisms of earthquakes in the region. Greece is tis¢ seismically active
country in Europe, accounting for more than half of thetinent’s seismic energy
release and exhibits the highest seismic activity inwhele Mediterranean area



(Slejko, 2008b).The seismic tectonics of southern Greegeverned primarily by
the motion of the Africa plates with respect to temtively small Aegean Sea plate.
Most shallow earthquakes in central and northern Grédsaths less than 50 km)
result from interaction between the Eurasia plate e small Aegean Sea plate,
which is moving southwest with respect to the Eurasiee plath a velocity of about
30 mm/year. The boundary between the Aegean plate an&utasian plate in
central and northern Greece is diffuse. Seismicitgoscentrated in east-trending
and northeast-trending zones of deformation. The temsting zones are most
prominent in mainland Greece, are characterized by predotly normal faulting,
and have produced earthquakes with magnitudes of about 7. oftheast-trending
belts are characterized by predominately strike-slip eafthquakes. A northeast-
trending zone of predominantly strike-slip earthquakes fstlef west coasts of
Cephalonia and Lefkada, western Greece, and other astitiending zones occur
beneath the Aegean Sea east of the Greek mainlangad®&@oulos (2001),
Papadopoulos and Fokaefs (2005), Papadopoulos et. al, (2007), S, (Z1B8),
Zaytsev et. al., (2008))

According to Ambraseys and Jackson (1990), a 100 years’ elath sarthquakes in
central Greece is inadequate for either a reasonaldesassnt of seismic hazard or
for a confident estimation of maximum magnitude. Nthadess, it is probable that
the maximum magnitude is restricted by the maximum lenftfaut segments,
which appears to be around 15-20 km. The earthquakbt of5.8 during 1890-
1988 can account for an N-S displacement of around 45-70 din rfvaiximum and
minimum estimates a factor of two greater and smafian this) across part of an
1890-1900 triangulation network in central Greece that wasrveged in 1988.
Considering that the contribution of smaller eventy marease this displacement
by about 50 per cent, this cumulative seismic displaoceneg similar to that
estimated from the geodetic work (of about 100 cm).Theamegiart of the Hellenic
Arc between Pirgos and Pylos, western Peloponnesusg isfdhe most seismically
active areas in the entire Mediterranean region. Binga has been repeatedly
affected by large magnitude earthquakes that have cause@ smstruction and
human loss (i.e. 1886 Philiatra M7.3, 1893 Zante-Keri M6.5, 1899%isga M6.5,
1947 Pylos M7.0, and 1997 Gargaliani M6.6). Some of the largesnedsunamis



in the Mediterranean Sea have also been observed irtid&so with large
earthquakes (i.e. 1630 and 1866, southwestern Hellenic Aregtiafi near-field as
well as remote coastal segments in western Peloponn€sete, and as far as
Alexandria, Adriatic Sea and east Sicily.

In this chapter, a case study was provided for Zakintgsari§sia and Pylos. 13
tsunamigenic earthquake sources were estimated accordisgisimic report of
Slejko, 2009. The simulations of the sources P01 and P04 pesfermed with
NAMI DANCE 4.6 and GIS based inundation maps were eckftr these scenarios.
The aim of this report is to determine characteristic§aults for Western part of
Greece, especially for Pylos-Zakinthos (including Ptidiaand Kiparissia) area and
estimate the possible tsunami sources by using the outputse final reports,”
Seismic Hazard Assessment” written by Slejko (2008b and 2009)

The method of this report is to collect and enhancabiglidata, apply numerical
tools and models to this data to estimate the chardaersf probable tsunamis
(PO1 and P04 Faults) selected from the region and understanesults for the
comparison of tsunami's effects to Pylos-Zakinthopeafissia Region. For further
step, the available results of modeling will be integtateGIS based applications to
analyze, organize and display the output in order to é&kpfl to develop
preparedness and mitigation strategies for the region.

The boundaries of the study regions were givenaible 7.

Table 9: Boundaries of the study area (Pylos-Zakinthos-Kipeiss

Coordinate System GCS_WGS 84
Longitude 19°E 22.5E
Latitude 36°N 3N

8.2 Data Processing

The general bathymetric/topographic data of the regiae wequired from different
sources as it was done in the data processing stadpe 6kethiye case. But in this



case, the available data was limited with Advanced Spaceblhermal Emission
and Reflection Radiometer (ASTER) image and GEBCO. ddtte vector map of the
region could not be acquired from local authorities.er€fore GIS based
applications were used only in organizing, analyzing of théadpmata taken from
GEBCO and ASTER. The characteristics of the data us#uds study were given in
Table 8below:

Table 10: Characteristics of the data used

Production o
Name Date Source Projection
Method
ASTER 3A _
» Fethiye GCS_WGS 1984
DEM 2005 orthorectified -
_ Municipality
image
Bathymetry/topography METU- GCS_WGS_1984
2009 GEBCO B N
data OERC

High accuracy bathymetric data was needed for the casbeotvestern part of
Greece specifically for Zakinthos, Kiparissia, dgosregions. Therefore, OERC
collected and purchased available bathymetric and topographic dat

Specifically, the followings were completed:

-Collection of bathymetry/topography data with 1 min (1800 gize ) resolution
from GEBCO (General Bathymetric Chart of the Oceans) tloé British

Oceanographic Data Centre.

-Purchase of Advanced Spaceborne Thermal Emission aftectiten Radiometer
ASTER) 3A 60km* 60km, 14 band orthorectified satellite imagesh a
radiometric resolution of 8 bit in 3 different piecasalving different regions from

NIK Systems. These three were combined.

-Comparison of new data with the existing METU-OERC amathidata which was
formerly developed for the previously completed Pylgsre using nautical charts
with various scales and resolutions (OERC, 2008b)



The aim of this part of the thesis is to form a dataledathymetry, topography and
shoreline data of the region with “xyz” coordinatesusyng data as accurate and as
precise as possible by performing the following steps; tiljngeprojection system,

i) creating DEM and adding “xyz” coordinates iii) digitizing overlay operations

The coordinate system of all layers in data processsegd in the project was
converted to same projection system as “GCS_ WGS_1984.Hlidesanage in the
file format of “ASTER.3A .dat” was analyzed with so#ive Program” PCI
Geomatica’. The satellite images that are combinekarsbftware are orthorectified
by using ground control points of the region exported tbile format.

The dataset formed was transferred to ArcGIS Environniigital Elevation Model
(DEM) of the regions is obtained. Points with 20nemal are settled at the centre of
each cell of DEM. In this way the values of “xyz” coomt®s of these points are
extracted from DEM in “.dbf” file format.

By changing the visible band coordination given in ASTERd®) the coastal zones
of Zakintos, Kiparissia, and Pylogsere digitized. Polyline and polygon types of
shape files are formed with the same coordinates ajenfiar coastal strip of main

land and islands, respectively and a buffer zone of 2Gtardie is used in the

landward of the coastal strip in order to analyze the™xpordinate values in these
coastal areas

For the final step of data analysis processing, the baéfees created with
20m horizontal distance and polygon and polyline shape Wese overlaid in
ArcMAP 9.3 to extract the points on coastal stripeAftollecting and combining the
data, the modeling stage of the work was explained ifotloaving sections.

8.3 Estimation of Tsunamigenic Data and Simulations
The valid and reliable tsunamigenic data is needed fostimaimi simulation. In this

subsection, first, the way of estimating tsunami soureehanisms were explained.
Second, selected worst case tsunami scenarios weratachbly TUNAMI N3



8.3.1 Estimation of Probable Tsunami Source Mechanisms for éhKiparissia-
Pylos-Zakintos region

In this thesis, source parameters were estimated hatlcdllobaration of METU,
Ocean Engineering Research Center (OERC) and SEAHELOLRRrtners’ report,
Slejko, 2009. Since there is no sufficient informatiovaiable about source
parameters of the earthquake taken from the sources &l¢fko report, the dip and
slip angles of the faults were justified to give therst case conditions of tsunami
source mechanisms. The fault map showing the surfielahsc zones and their
names in the shape of red line in the western partreéce Figure 39)was taken
from the Slejko, 2009 report. By using this fault map, OERSS prepared 12
probable tsunami sources and has estimated rupture chatadeior Zakinthos-
Kiparissia-Philiatra-Pylos region by taking into consadlem the WP5 (Slejko,
2008b and 2009eports of SEAHELLARC and Okada (1985).

Figure 39: Surficial Seismic Zones. Main faults (red linesid &arthquakes (Mw 6) in the
SEAHELLARC project. (Slejko, 2009)



The estimated rupture parameters have been presentedhdorreview of
SEAHELLARC partners. The general summary of the rupparameters were given
in Table 9below. Their locations and rupture parameters of possbleami sources
were given in details in the followirfigures (40, 41, 42 and 48ndTable 12.

Table 11: Estimated rupture parameters for the Western Greece




Figure 40: Estimated rupture parameters for the zones p01, p02, p03



Figure 41: Estimated rupture parameters for the zones p04, p05, p06



Figure 42: Estimated rupture parameters for the zones p10, p11, p12



Figure 43: Estimated rupture parameters for the zones p13, p14, p18



8.3.2 Tsunami Simulation for the case region Zakintos-Kiparsia-Pylos

The initial wave amplitudes and the locations with resgecthe study region

Zakintos-Kiparrisia and Pylos were investigated and it Wasd that the most

critical tsunami sources are P01 and P04. Thereforeuharts simulations of these
source were decided to be done. The rupture characten$tfasilts PO1 and P04
were used to generate the initial wave parameters oissunami around Pylos-
Zakintos-Kiparissia areas witftUNAMI NZ Simulation program. Tsunamigenic
data were taken from Slejko (2009) report which is a resuheodiscussions made
by geologists in the SEAHELLARC annual meeting in June 2009.

8.3.2.1 Tsunami Simulation of PO1

The simulations of nested domains are done WitthNAMI N3 Program for P01
and P04 at duration of 90 minutes as a nested grid to undersgacdastal wave
amplifications of tsunami at certain locations. Thime was enough to see the
distribution of water surface elevations and coastagldications. Domain B covers
western coast of Greece with 180 m grid size. Domain & Wermed near
Zakinthos, Kiparissia, Philiatra, Pylos and neighborireas with 60m grid sizand
the D Domains cover Zakinthos, Kiparissia, PhiliaBglos harbors and towns with
20m grid size. These study domain’s locations were mappEdjimes 44, 45 and
46. The coordinates of the domains were showifable 12.The simulation time
step was taken as 12 sec. The output files of TUNAMI NB8ewetegrated into
SURFER 8&ndGRAPHER 8Golden Software Programs. The distribution of water
surface elevations wengresented only for t=0, t=16, t=32, t=48, t=80min for each
domain and regions by usif§URFER 8. The distributions of maximum positive
and negative water amplitudes values for each grid wererapped wittSURFER

8°. Gauges were placed to specific locations to be abl®npare the maximum
positive and maximum negative wave amplitude values atdgaolin coming from
P01 and P04 simulation results. The graphs of the gaugesivesva nGRAPHER

8.



Table 12: Study Domains
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Figure 44: The structure of nested Domains (Domain B, DomaimRomain D) for the simulation
of Kiparissia-Philiatra Region



Figure 45: The structure of nested Domains (Domain B, DomaindCZomain D) for the
simulation of Pylos Region

Figure 46: The structure of nested Domains (Domain B, DomaimdRomain D) for the
simulation of Zakinthos Region



Propagation of the PO1 Scenario in Kiparissia-Philiatra Region

Domain B
In order to compare the time histories of water surtdegations near Kiparissia-
Philiatra, several gauge points are selected and the siaface elevations, time of

arrival of waves to these points Domain B.

Wave propagation of the selected tsunami with estimatedireitarameters was
simulated. Maximum positive wave amplitude 6534m and maximum negative
wave amplitude is5.83m in the Domain B. Figure 47 is a summary of wave

propagation in Domain B.

Figure 47.The sea state at different time steps and maximum yositid maximum negative

tsunami amplitudes in the Domain B (Kiparissia-Ph#iatr



Domain C
Wave propagation of the selected tsunami with estimatedireitarameters was
simulated. Maximum positive wave amplitude2i®m and maximum negative wave

amplitude is1.80min the Domain C.

Gauge Locations at Domain C

In order to compare the time histories of water surtdegations near Kiparissia-
Philiatra, several gauge points are selected and the siaface elevations, time of
arrival of waves to these points are showrFigure 48.1.5m positive and-1.5m

negative water amplitudes occur at Kiparissia7 Gauge pidietwave first arrives at

point nearly 24 minutes after the rupture.



Figure 48: The time histories of water surface elevationfurs) at selected gauge points at Domain C



Domain D

The sea state at different time steps (t=0, 16, 32, d@8@min), maximum positive
and maximum negative tsunami amplitudes in the Domain D wees ¢n Figure
49. According to this figuremaximum positive and maximum negative amplitudes

arel.7mand-1.9mrespectively.

Figure 49 The sea state at different time steps and maximumv@oaitd maximum negative
tsunami amplitudes in the Domain D (Kiparissia-Philjatra



Gauge Locations at Domain D

Several gauge points are selected and the water sulésegi@ns, time of arrival of

waves to these points are shownFigure 50 As it is seen from the figure, the
maximum positive water amplitude of tsunami 1I20m at gauge kip2, while

maximum negative amplitude 4%.70mat kip8.



Figure 50: The time histories of water surface elevations lecsed gauge points at Domain D



Propagations of PO1 Scenario in Pylos Region

Domain B

Since the propagation of the tsunami is same for DoB@iven in simulation of
Kiparissia-Philiatra region, the simulation and propagadibtine tsunami was only
shown for Domain C and Domain D at this section.

Domain C

Wave Propagation of the selected tsunami with estimatptine parameters was
simulated for Domain C at Pylos Region. Maximum positwave amplitude is

2.30mand maximum negative wave amplitude2zss4min the Domain C.

Gauge Locations at Domain C

Several gauge points are selected which are shotigume 51as well as Domain D
near Kiparissia-Philiatra Region. As it is seen frtdm Figure 52 the maximum
positive water amplitude of tsunamidsA4m while maximum negative amplitude is
-0.43m The water surface elevations, time of arrival @ves to these points are
shown inFigure 53 The wave first arrives at point nearly 36 minutesratte

rupture.
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Figure 51: The time histories of water surface elevations ¢ark) at selected gauge points at Domain C



Domain D

The sea state at different time steps (t=0, 16, 32, d@8@min), maximum positive
and maximum negative tsunami amplitudes in the Domain Qiae® inFigure 52
below. According to this figure, the maximum positive #tagde of tsunami is
1.78m and maximum negative amplitude268m

Figure 52 Propagation of tsunami for specific times (t=16, 32, 488ihihin), max (+) and max (-)
tsunami wave amplitudes



Gauge Locations at Domain D

Several gauge points are selected which are shoviigire 53 The maximum
positive amplitude of tsunami 8.42m while maximum negative amplitude is
0.63m The water surface elevations, time of arrival of @sato these points are also
shown inFigure 53.



Figure 53: The time histories of water surface elevations @ark) at selected gauge points at Domain D, Pylos



Propagation of PO1 Scenario for Zakinthos Region

Domain B

Wave Propagation of the selected tsunami with estimatptine parameters was
simulated for Zakinthos Region with given domains dreldame source PO1. Since
the propagation of the tsunami is same for Domain B giesimulation of
Kiparissia-Philiatra region, the simulation and propagatof the tsunami for
Zakinthos region was only shown for Domain C and Donaat this section.

Domain C
The maximum positive and maximum negative tsunami amp$tudéhe Domain C
were simulated. The maximum positive amplitude of tsun@m#.26m and

maximum negative amplitude 42.36m

Gauge Locations at Domain C

Several gauge points are selected which are shoviigire 54 The maximum
positive amplitude of tsunami .246m while maximum negative amplitude s
1.70m for selected gauge points. The water surface elevations, df arrival of
waves to these points were showirigure 54
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Figure 54: The time histories of water surface elevations (iarGpat selected gauge points at Domain C, Zakinthos



Domain D

The sea state at different time steps (t=0, 16, 32, d@8@min), maximum positive
and maximum negative tsunami amplitudes in the Domain Qigesn inFigure 55
below. According to this figure, the maximum positive #itade of tsunami is
1.89m and maximum negative amplitude-200m

Figure 55 Propagation of tsunami for specific times, maximumtp@sand maximum negative
wave amplitude in the Domain D

Gauge Locations at Domain D

Several gauge points that are selected are showkfigure 56 The maximum

positive amplitude of tsunami 8.97m while maximum negative amplitude is



1.43m The water surface elevations, time of arrival of @sato these points are
shown inFigure 56



Figure 56: The time histories of water surface elevations @ark) at selected gauge points at Domain D, Zakinthos



8.3.2.2 Tsunami Simulation of P04

If an earthquake in this region generates tsunami, the peoloblacteristics of
tsunami source can be estimated by the following ruptuaeacteristics. By using
the rupture characteristics &able 9 the initial wave parameters were generated
with TUNAMI-N3

Propagation of PO4 scenario in Kiparissia-Philiatra Region

Domain B
Wave Propagation of the selected tsunami with estimatptline parameters was
simulated. Maximum Positive wave amplitude53%9m and maximum negative

wave amplitude is4.47min the Domain B.

Domain C
Maximum positive wave amplitude 494mand maximum negative wave amplitude

is-3.62min the Domain C

Gauge Locations at Domain C

In order to compare the time histories of water surtdegations near Kiparissia-
Philiatra, several gauge points are selected and the siaface elevations, time of
arrival of waves to these points are showrFigure 57.4.1m positive and-2.2m

negative water amplitudes occur at Philiatra 1 Gauge pHiat wave first arrives at

point nearly 12 minutes after the rupture.



Figure 57: The time histories of water surface elevations @ark) at selected gauge points at Domain C



Domain D

The sea state at different time steps (t=0, 16, 32, d@8@min), maximum positive
and maximum negative tsunami amplitudes in the Domain D wees ¢n Figure
58. Maximum positive and maximum negative tsunami amplituiiélse Domain D

(Kiparissia-Philiatra) ar@.62mand-2.14mrespectively.

Figure 58: The Sea State at Different Time Steps and maxn(@)naax (-) tsunami amplitudes in the
Domain D



Gauge Locations at Domain D

Several gauge points are selected and the water sulésegi@ns, time of arrival of

waves to these points are shownFigure 59 As it is seen from the figure, the
maximum positive water amplitude of tsunami 2s30m at gauge Kkip2, while

maximum negative amplitude 4i%.90mat kip8.



Figure 59: The time histories of water surface elevationekgcsed gauge points at Domain D



Propagation of PO4 Scenario in Pylos Region

In this section, simulation of tsunamigenic earthqualema&co was made with the
same source P04 and Domain B, but different C and D donelewexd specifically
for the Pylos Region.

Domain B

Since the propagation of the tsunami is same for DoB@iven in simulation of
Kiparissia-Philiatra region, the simulation and propagadibtine tsunami is only
shown for Domain C and Domain D in this section.

Domain C
Maximum positive wave amplitude %63mand maximum negative wave amplitude

is-4.57min the Domain C.

Gauge Locations at Domain C

Several gauge points were selected which were showagure 60. As it is seen
from the figure, the maximum positive water amplitudesofhami is1.62m while
maximum negative amplitude i€.80m at gauge point e. The water surface
elevations, time of arrival of waves to these poamtsshown irFigure 60.The wave

first arrives at point nearly 36 minutes after the rupture



Figure 60 The time histories of water surface elevation$(ors) at selected gauge points at Domain C



Domain D

The sea state at different time steps (t=0, 16, 32, d@8@min), maximum positive
and maximum negative tsunami amplitudes in the Domain Qiae® inFigure 61

below. According to this figure, the maximum positive #itade of tsunami is

3.82m and maximum negative amplitude&68m

Figure 61: Propagation of tsunami for specific times. Distributiohmax. (+) and max. (-) tsunami
wave amplitude.



Gauge Locations at Domain D

Several gauge points are selected which are shoviigimre 62 The maximum
positive amplitude of tsunami 8.77m while maximum negative amplitude is
1.00m at gauge point f. The water surface elevations, timaroval of waves to
these points are shownhigure 62



Figure 62: The time histories of water surface elevations @ark) at selected gauge points at Domain D, Pylos



Propagation of P04 Scenario in Zakintos Region

Domain B

Wave propagation of the selected tsunami with estimatedireitarameters was
simulated for Zakintos Region with given domains and déwne source P04. The
propagation of the Domain B is same with the simulatbiylos and Kiparissia-
Philiatra

Domain C
The maximum positive amplitude of tsunami8sl4m and maximum negative

amplitude is4.63m

Gauge Locations at Domain C

Several gauge points are selected which are shown in Figur€éh&8maximum
positive amplitude of tsunami B70mat gauge point p, while maximum negative
amplitude is-2.40m at gauge poinfor selected gauge points. The water surface
elevations, time of arrival of waves to these poingsshhown irFigure 58
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Figure 63: The time histories of water surface elevations @ark) at selected gauge points at Domain C, Zakinthos



Domain D

The sea state at different time steps (t=0, 16, 32, d@8@min), maximum positive
and maximum negative tsunami amplitudes in the Domain [Qiges inFigure 59
below. According to this figure, the maximum positive #itade of tsunami is
2.58m and maximum negative amplitude-$92m

Figure 64: Propagation of tsunami for specific times. Max (+) arakifa) wave amplitude.

Gauge Locations at Domain D

Several gauge points were selected which are showigure 60. The maximum
positive amplitude of tsunami 98mat gauge point Pwhile maximum negative
amplitude is-2.78 mat gauge point L. The water surface elevations, timaraal
of waves to these points are showifrigure 6Q



Figure 65: The time histories of water surface elevations @ark) at selected gauge points at Domain D, Zakinthos



CHAPTER 9

SUMMARY OF THE SIMULATIONS P01 AND P04 SCENARIOS

The summary of the processes done for the simulatibsigrficial seismic zones
P01 and P04 in previous chapters were given in this chapaciabe format.

Table 14shows the rupture parameters and location of tsunamigeuaice PO1.

Table 13: Summary of the P01 Scenario-Input Values

Table 15shows the rupture parameters and location of tsunamigeuaice P04.



Table 14:Summary of the P04 Scenario-Input Values

Table 15: Summary of the water surface elevations at selegaeige point

Domains Gauges and wateisurface elevation
PhiliatraZ Philiatrat k2 k7
PO1- Kiparissia- Philiatra C 1.2¢ 1.1 1.t 0.9t
P04- Kiparissia- Philiatra C 4.0¢ 1.7¢ 3.5¢ 2.32
€ p k g
P01-Pylos C 0.27 0.4t 0.5t 0.52
P04-Pylos 1.62 0.4¢ 0.67 0.6t
p d af y
PO1- Zakinthos C 1.2¢ 0.4: 1.1¢ 0.2t
P04- Zakinthos C 2.7z 1.1¢ 1.7 0.8¢
kip6 kip8 kip9 kip2
PO1- Kiparissia- Philiatra D 0.9¢ 0.97 1.01 1.1¢F
P04 Kiparissia- Philiatra D 1.97 1.4¢ 2.3( 2.1¢
p k f g




Table 16: Summary of the watesurface elevations at selected gauge

(cont.)
P01-Pylos D 0.4 0.22 0.4 0.4
P04-Pylos D 0.4z 0.37 0.77 0.6¢
L P f o
PO1- Zakinthos D 0.5¢ 0.8¢ 0.4 0.3t
P04- Zakinthos D 1.91 1.9¢ 0.27 0.3C

Table 16 is the summary of the selected gauges in Domain C anthldd for the
scenarios. These gauges were arranged according tdatyheenters of the case
studies ylos, Zakintos, Kiparissia and Philiatra. Thelte®f Scenarios PO1 and P04
were compared and it was seen that P04 was giving maisakresults at these

regions and domains.

With a high resolution bathymetric data, visualizatiomoimerical modeling results
as inundation maps in GIS allow quantitative evaluatibnhe inundation from a

probable or historical tsunami.

The tsunami risk analysis, modeling, and mitigation messare necessary for
better preparedness and proper mitigation measures. Gieemtidnse coastal
landuse and recrational activities along the coast) ev@mall hazard may pose high
risk.

Inundation distances are in the range of 10m alongvéstern Greece coasts.

In the following figures, the flow depth distributions wegiven as a quantitative
value. The yellow zones are low danger zones and theres are the high danger

Zones.

Flow depths were given quantitavelyRigure 66, Figure 67 and Figure 68.



Figure 66: Flow depth distribution from 0.5 to 4.5 for the simulatié?01 in Western Greece



Figure 67: Flow depth distributions between 4.5 and 5

Figure 68 : Flow depth distributions greater than 4.5

As it is seen irFigure 67andFigure 68 Pylos, Kiparissia and Philiatra regions are
located in high danger zones.



CHAPTER 10

DISCUSSION OF RESULTS AND CONCLUSION FOR THE
SIMULATIONS OF PYLOS-ZAKINTOS-KIPARISSIA

The rupture characteristics of historical earthquakesttigafered tsunamis cannot
be determined accurately by using only available instrurhsetsmic data. In order
to perform tsunami modeling, the rupture characteristieshee most important input
parameters as well as the high resolution bathymetria datl the fine grid
simulations. The reliable and best possible higher rasolliathymetric data from
ASTER satellite images at the near shore and land anebihe direct measurements
of depth at the deep water area in SEAHELLARC Projactldeveloped.

In this case study, the tsunami generation mechanismssiintated the tsunami
sources related to surficial zones described and charactén Slejko (2008b) were
evaluated. These sources are considered to be the potsibEmi sources in
earthquakes that may occur in the region. They werecalssidered to be effective
for the Pylos area and other additionally selectedsa(E#garissia, Philiatra and
Zakinthos). These sources have been named as p01, p02, pORPPOAOG, pl0,
pl3 (from Slejko 2008b). However earthquakes occurring in otve¥szmay also be
capable of generating tsunamis. These may cause cedfgtetls at the nearest
shoreline and should also be considered separatelydse icoastal areas.

Two complete simulations of the sources P01 and P04 weferrped and the

results were presented.



Model accuracy can be degraded by errors in the initialiconsl set for the sea
surface and water velocity, due to inadequate physics, atiyrbety/topography

computational grid, due to inadequate spatial coverage, nesolahd accuracy,

including the difficult issues encountered in merging daten fdifferent sources. But
for the case study region Kiparissia-Pylos-Philiatrad Zakintos, the data was
adequate for good results.

Population at risk depends on the inundation zones ofag®en. Computational
maximum tsunami flow depth is maximum in the Kiparisia-Bilregion. In Pylos,
the natural breakwater protects the city from tsunaavies. Therefore, there may be

no significant loss of human lives

The author hopes that the simulations of a range objlike scenarios will motivate
better assessments of site-specific tsunami hazand) afe western Greece coasts
espsially for Kiparissia- Philiatra and Pylos regiamsated in high danger zones and
help accelerate hazard mitigation activities in theoreg



CHAPTER 11

SUGGESTIONS FOR THE FUTURE

GIS Analysis can be done to be able to access edsamtianunity facilities which
significantly imparied due to transportation infrastructidamage during an

earthquake or tsunami.

The evacuation processes can be estimated with tipaitoat this thesis. Detailed
risk assessment can be done for emergencey purposes.

Tsunami forecasting tools based on latest modeling tecls@preguide emergency
managers during tsunami events. It is impossible to praviderning forecast for
the closest coasts. But even a late forecast will gbvide valuable assesment
guidance to emergency managers responsible for criticaisidies regarding
response, recovery and search-and-rescue.(Titov,2005efételan early warning
sytem should be deployed for the Mediterranean Seaeb&foing with devastating

events that can cause loss of human and materials.

If a tsunami warning system establishes to the Mediteana, the scenarious of
tsunamis can be increased and the results of the siomslaf these scenaris can be
used in case of an emergency. When the next great earthsjuiiks the western
Greece, the communities of Greece must more adequateepared.
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