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ABSTRACT

DEVELOPMENT OF A WEB GIS-BASED TSUNAMI INUNDATION MAPPING
SERVICE; A CASE STUDY FOR MARMARA SEA REGION

AY ¢, Aykut
M.Sc., Civil Engineering Department

Supervisor: Prof. Dr. Ahmet Cevdet YALCI NER

June 2012, 95 pages

Tsunamis, as the catastrophic disaster s, can cause loss of live and
property when they come to the shores. Preparation of emergency plans
is essential to reduce the damage. Consequently, any initiative in tsunami
modeling and inundation mapping is of vital importance for progressing

safety surveillance an d maintenance.

In an effort to achieve a thorough analysis of effect of tsunami, it is

critical to estimate the geographical extent of possibly affected area and

to predict tsunami impacts. The inundation mapping system also must

serve to manage the simula  tion data in a scalable environment to reach
end-users in the time of event. For this purpose, in this study, the
generation of a Web base d Geographic Information System (GIS) to

serve inundation maps through web.

The research methodology consists of four main stages: (i) simulating
tsunamis based on six different scenarios (ii) processing simulation data
through a GIS application; (iii) development of web interfaces and

implementation of the developed model for Web -GIS application;



(iv) verification of th e created model for Marmara Sea Region. The
proposed system is expected to be an efficient tool for improving

inundation mapping efforts for expected tsunamis in Turkey.

Keywords : Tsunami modeling, inundation maps, Geographic Informa tion
System , Web -GIS, NAMI DANCE, Marmara Sea
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MARMARA DENKZK -EB&ENTANBEBNLI TSUNAMK BASKI N
HARKTALARI NI'N HAZI RLANMASI

AY ¢, Aykut
Yéksek Lisans, Knkaat M¢hendi sl ifji
Tez Y°netProfsi Dr . Ah met Cevdet YALCI| N

Haziran 2012 , 95 sayfa

Tsunami gi bdienb gy ¢akf et | er i , keyéelara ul akt ekl
can ve mal kaybéna neden ol abil mektedir. Anc
pl anl ar e, olukacak can ve mal kaybénén azal
tut makt 8dau- ol ar ak, t sunami bentat aménére

hazérl anmaseénda yapél acak her venil i k- C
olukturul acak eylem planlaré i-in b¢gyéik °nem
Ol asé bir tsunaminin etkilerinin araxktéereln
al anén cojrafi sénérl ar @énénn buedlana blann me s i v
etkilerinin tahmin edilmesi gereklidir. Ayr éca, t sunami baskén h
si st emi de acil bir dur um esnasénda bird
ul akéteéerél masé i -1n °]l -ekl enebilir bir or
y°netinemebanak sajrl Bmal -éaléék mada, bahsedil e
dojrultusunda, t sunami baskén haritalareée i -
Si st emi (CBS) geliktirilmesi planl anméext ér .

tal ékmada izl enen yol d°rt ana akamadan ol uk
tsunami senaryosunun benze t i ml erinin yapélmasé; (ii) CB
edilen benzetim sonu-I|larénén i K|l enmesi ;

Vi



(iii) web wuygulamasénén arayg¢zenegn geliktir

Web-CBS uygul amasé ol ar ak servis edi |l mesi ; (
Mar mara Deni zi ias@d. dvihewillaemm si st emin, Ter k
yakanabil ecek ol as e bir t sunami i -1in ol UK.
hazeér |l anneatskeinndabi r ara- ol masé bekl enmektedi.
Anahtar Kelimeler: Tsunami benzeti mi, baskén harit e

Sistemleri (CBS), Web-CBS, NAMI DANCE, Marmara Denizi
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CHAPTER 1

INTRODUCTION

Tsunamis are the huge catastrophic events that should not be ignored. As
the mostly seen tsunami type, rupture specific tsunamis possess more
energy than tsunamis generated by other sources since the energy
released due to ruptu re occurred in the sea bottom directly -transferred to
the water body . These types of tsunamis can travel long distances
without losing considerable energy and can cause devastating damage

even in far coasts.  Two recent earthquake induced tsunami events , hit
Sumatra in 2004 and Japan in 2011 caused loss of thousands of lives and

property, not mentioning the environmental effects.

Although, for the near future i n Japan, an offshore earthquake and a
following tsunami was being expected , everybody unfortunately
withnessed while tsunami waves were overtopping offshore tsunami
breakwaters and 10 meters high tsunami protection walls surrounding

the cities, which again proved irresistible power of tsunamis. Japan
tsunami underlined an important fact that preparedness does not only
mean building protection structures. Even if it is not possible to save

property, lives can be saved by preparing applicable emergency plans.

Production of inundation maps based on simulations of possible tsunami

sources is the paramount st  ep in preparing emergency plans. Moreover,
the prepared inundation maps should be shared with public to reach
multiple end -users at the same time and web technology is  the best way

for publishing those maps.

Tsunamis are more frequently occur at Pacific a nd Indian Oceans than

the other parts of world. Although tsunamis are not frequent for Marmara

1



Sea Region, there are numerous tsunamis encountered in the region due

to earthquakes or/and submarine ground failures throughout the history.

This study is aimed to produce tsunami inundation maps along Marmara
Sea Region for different possible ruptu re specific tsunami scenarios
through numerical modeling . NAMI DANCE is used as numerical tsunami

modeling software and results are processed and mapped in ArcMAP 10.

Subsequently, produced maps are serviced as a Web -GIS based
application using ArcGIS Server 10. By the help of this application,
managing data from one hand, enabling use of multiple end -users and

providing most up -to-date data information are possible on the internet
via a web browser.  Moreover; i ncorporation of the information generated
from the inundation maps provides geocoding of the potentially affected

areas which affords policy makers an additional level of preparedness.

The following chapters define the subject in a comprehensive view.
Chapter 2 is devoted to a broad literature survey about the problem
statement and the provided solution methods. Chapter 3 focuses on
rupture specific tsunami simulation and their results. In this chapter
selected tsunami scenarios and estimated rupture parameters are given

in detail. In Chapter 4 the data acquisition and pre -processing applied to
produce inundation maps in ArcMAP are explained. This chapter also
includes knowledge about se  rving these maps in web environment, and
capabilities of web service. Thesis completed with chapter 5 which
includes a discussion and concluding remarks and as the final section,

recommendations for future studies.



CHAPTER 2

LITERATURE SURVEY

The Marmara Sea Region is the most populated region of Turkey with
more than 20 million settled people according to the 2009 census. Seven

of eleven cities in this region, including Istanbul, have coasts to the
Marmara Sea and the settlement at the coastline is high. In addition,
Marmara Region has an importa nt role on Turkish economy. In the fields

of industry, trade and agriculture it has the leading position in Turkey.
Especially, Kocaeli and Istanbul possess many commercial ports. Besides
economic features, Istanbul has an invaluable cultural heritage from
different eras, and some of them are located in the coastal areas.
Marmara Sea Region is located in a tectonically active zone and
catastrophic events like earthquakes or earthquake induced tsunamis

that may be occurred in the Marmara Sea basin could caus e a great

economic and cultural impact in the region and in the country.

To understand the tectonic characteristics and tsunami risk of the
Marmara Sea Basin, historical tectonic and tsunami records, earthquake

and tsunami catalogues and past tsunami mode ling studies are reviewed
and summarized below. Moreover, inundation mapping based on Web
based Geographic Information Systems (GIS) are discussed by

considering the previously accomplished studies.

2.1 Historical Tsunamis in the Sea of Marmara

Turkey is surro unded by seas and there are many active fault zones
around. Throughout the history several tsunamis have occurred and

damaged Turkish coasts  (Figure 2.1).
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Especially (specifically), Marmara Sea basin is under the influence of
western part of North Anatolian Fault (NAF), which is a major strike -slip
fault; forms the boundary between Arabian and Eurasian plates. The

crash of these plates, initiates a right -lateral motion of NAF. (Barka &
Kandinsky -Cade, 19 88). The Arabian Plate drives the Anatolian Plate
towards the west with a rate of approximately 24mm/yr. (Straub, Kahle,

& Schindler, 1997)

During the 20 ™ century, due to the stress accumulation, NAF system is
one of the most seismically active zones in the world. From 1912 to
1999, in the Marmara Sea Basin 9 big earthquakes with Ms > 6.5 have
occurred  (Ambraseys, 2002) . All of these earthquakes including

destructive August 1999 Kocaeli earthquake, showed the same kind of

4
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right -lateral strike -slip faulting. The region seismically active throughout

the history experienced 31 earthquakes with Ms >7.0, and 55
earthquakes wi th Ms >6.5 occurred between the years 0 T 1900 ( Table
2.1) (Ambraseys, 2002)

Table2.1 Earthquakes occurred between0900 effected Marmara Sea Region after
Ambraseys, 2002

General Effects

Year Latitude Longitude Ms 1 2 3 456 7 89 10 Region
1 32 40.5 30.5 711422202200 Nicaea
2 68 40.7 30 7211 4 2 2 2 02 20 O Nicaea
3] 121 40.5 30.1 7411 3 4 3 3 2 2 0 0 O | Nicomedia
4 | 123 40.3 27.7 71131220000 O Cyzicus
5 1] 160 40 27.5 7111 3 6 3 2 0 2 2 2 0 | Hellespont
6 | 180 40.6 30.6 73|14 2 2 3 02 0 0 O | Nicomedia
7 | 268 40.7 29.9 73|11 3 3 3 3 0 2 0 0 0 | Nicomedia
8 [ 358 40.7 30.2 7411 3 6 3 33222 2 [zmit
9 | 362 40.7 30.2 68|11 43 220110 O [zmit
10 | 368 40.5 30.5 681 42220210 0 Persis
11| 368 40.1 27.8 6811 41220000 O Germe
12 | 407 40.9 28.7 6812 42 210110 0 |Hebdomon
13| 437 40.8 28.5 6813 41211110 O Istanbul
14 | 447 40.7 30.3 7211 3 5 3 3 3 2 2 2 2 | Nicomedia
15| 460 40.1 27.6 69|14 3 42 2222 0 Cyzicus
16 | 478 40.7 29.8 7312 3 53 3 3 2 2 0 1 |Helenopolis
17| 484 40.5 26.6 7211 3 83 32222 0 Callipolis
18 | 554 40.7 29.8 6912 4 4 2 2 2 2 1 2 0 | Nicomedia
19 | 557 40.9 28.3 6912 43 222110 O Silivri
20| 740 40.7 28.7 7113 45 2 3 2220 2 Marmara
0 | 823 0 0 00 00O0O0OO0OO0OCODO Panium
21| 860 40.8 28.5 6813 42211210 0 Marmara
22 | 869 40.8 29 71241221220 0 CP




Table2.1(/ 2 y)E&tRquakes occurred betweenD900 effected Marmara Sea Region

after Ambraseys, 2002

General Effects

Year Latitude Longitude Ms 1 2 3 45 6 7 8 9 10 Region
23| 967 40.7 315 7211 3 4 333220 O Bolu
24 | 989 40.8 28.7 7213 4 3 2 2 2 2 0 0 1 |Marmara
2511063 40.8 27.4 7411 3 5 333220 O Panio
26 | 1065 40.4 30 68|11 4 2 210110 O Nicaea
27 11296 40.5 30.5 714 2 221 2 2 0 0 |Bithynia
28 11343 40.7 27.1 69|11 3 6 322110 O Ganos
29 11343 40.9 28 712 4 3 221 20 0 1 |Heraclea
30 | 1354 40.7 27 7411 2 7 3 3 3 2 2 1 0 |Hexamili
3111419 40.4 29.3 7211 4 3 232202 O Bursa
0 | 1489 0 0 000 O 00O OOOGO O] Saros?
32 11509 40.9 28.7 7212 2 15 2 2 31 2 2 2 CP
33 | 1556 40.6 28 711 3 3 33 202 0 0| Gonen
34 11625 40.3 26 71(3 4 5 300020 O Saros
35 | 1659 40.5 26.4 7212 4 5 2 00020 O Saros
36 11672 39.5 26 7124 3 2200200 Biga
37 11719 40.7 29.8 7411 2 17 3 3 3 2 2 2 O [zmit
38 | 1737 40 27 711319 330122 0 Biga
39 | 1752 415 26.7 68|11 3 17 3 2 2 2 2 2 O Edirne
40 (1754 40.8 29.2 6812 3 9 322220 2 [zmit
41 11766 40.8 29 7112 316 2 3 2 2 2 0 1 |Marmara
42 [ 1766 40.6 27 7411 2 20 3 33 222 O Gonas
43 [ 1855 40.1 28.6 7111 2 24 3 31122 O Bursa
44 1859 40.3 26.1 6812 325 312122 2 Saros
45 (1893 40.5 26.2 6912 331 321120 1 Saros
46 (1894 40.7 29.6 7312 2 8 13 3 2 2 2 2 [zmit
47 (1912 40.7 27.2 7311 299 12 22 21 2 Ganos
48 (1912 40.7 27 68|11 332 121122 O Ganos
49 (1944 39.5 26.5 6812 267 1 11 11 2 0 | Edremit
50 [ 1953 40.1 274 7111 2 45 1 2 2 2 21 O Gonen




Table2.1(/ 2 y)E&tRquakes occurred betweenD900affected Marmara Sea Region
after Ambraseys, 2002

General Effects
Year Latitude Longitude Ms 1 2 3 45 6 7 8 9 10 Region
51 | 1957 40.7 31 7111 2 8 12 2 2 21 0 Abant
52 11964 40.1 28.2 68|11 2 70 1 111 1 1 O | Manyas
53 | 1967 40.7 30.7 7211 2 99 1 3 2 2 2 1 0 |Mudurnu
54 11999 40.7 30 74111 0 1 33221 1 [zmit
55 11999 40.8 31.2 71111 0 1 2 2 211 O Duzce

1, Location: 1, on land; 2, offshore; 3, at sBaEpicentral region: 1, instrumental; 2, wdifined macroseismic; 3, less well

defined; 4, adopte®, Number of sites used, Magnitude: 1, instrumental; 2, macroseistiis_ 0.5; macroseismic 0.35.5,

Maximum effects: 1, considerable damage; 2, heavy damage; 3, destructive, extensive reconstruction, with social and economic
repercussionss, Loss of life: 1, small; 2, significant; 3, great, Extent of damage: 1, local; 2, widespre8dFelt area: 1,

small; 2, large9, Ground effects: 1, surface faulting; 2, ground failures and landsli@eSeismic sea waves: 1, damaging; 2,
observed.

Herbert et al. (2005) and Altinok et al. (2001) state that the probability

of an offshore earthquake in the Marmara Sea is increased when the

westward movement of seismic ruptures and 1999 Kocaeli earthquake

are considered together. Parsons et al. (2000) draws attention to

increase in stress on underwater faults after 1999 Kocaeli shock and

calcul ates the probability of an under wat
When the tectonic history of the region is taken into account together

with the recent researches, t he occurrence of a tsunami following an

underwater earthquake in the Marmara Sea is possible.

The most recent tsunami catalogue for Turkish Coasts has been prepared

by Altinok et al. (2011). In this study, all the available past catalogues

and documents we re traced and re -evaluated based on the guidelines
defined in GITEC (Genesis and Impact of Tsunamis on the European
Coasts) and TRANSFER (Tsunami Risk And Strategies For the European

Region) projects.
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According to this catalogue, from 17 century BC to 1999, 35 tsunamis

have been occurred in the Marmara Sea. Locations of s ome of the

remarkable tsunamis in Marmara Sea are given below in Figure 2.2

LY

40.5

27 27.5 28 28.5 29 29.5 30

Figure2.2 Locations of Tsunamigenic Events Occurred in Marmara Sea Regaargwn

from Altinok, 20117)

After the earthquake in the Marmara Sea with a magnitude of around 7.5

in Sep, 10, 1509, a tsunami was triggered. The waves overtopped the

city walls of Istanbu | and inundated the land. Archeological researches in
Yenikapi reveals that sea penetrated 500 -600 meters inland in this region
(Altinok et al., 2011). In Izmit castle walls damaged, shipyard collapsed

and city was inundated. The maximum wave height is th ought to be more

than 6 meters (Oztin and Bayulke, 1991).

Another tsunami that effected Istanbul and Izmit was occurred in July,

10, 1894 following the earthquake with Ms=7.3 (Altinok et al., 2011). At

the coasts of Istanbul from B.Cekmece to Kartal, maxim um 200 meters
of water penetration observed. Run -up height at the Istanbul coasts

occurred around 2.5 meters (Yalciner et al., 2002)



In August, 9, 1912 an earthquake with Ms = 7.3 occurred near Murefte
on Ganos Fault. Approximately 2000 of people died an d hundreds of
villages damaged (Altinok et al., 2003). According to the past documents
yachts, ships and the fishery boats at the bosphorus and Istanbul Coasts
damaged because of sea disturbances. In Istanbul, sea level rised up to 3

meters after recedence  (Altinok et al., 2003).

An earthquake in August, 17, 1999 of magnitude Mw = 7.4 occurred on

the northern strand of the NAF (Altinok, 2001). Vertical displacements up

to 3 meters have been observed during detailed field surveys. The

international tsunami survey team investigated the area and talked with

witnesses. According to their studies, the wave run -up heights measured

up to 2.5 meters along the north coast from
up to 2.9 meters at Degirmendere and lower values from Degirm endere

to Karamursel (Yalciner et al.,, 2002). More than 300 meters of

inundation happened in Kavakli (Altinok et al., 2011).

2.2 Past Attempts of Tsunami Modeling for the Sea of
Marmara

Alpar et. al. (2001) and Yalciner et. al. (2002) utilized the model
TWO_LAYER, which was created by Tohoku University Disaster Control
Research Centre in Japan, for their studies. In this model the non -linear
long wave equations are solved by using the finite difference method and

the leap -frog solution procedure for two interfa cing layers; the water

body in the sea and the moving mass at the sea bottom.

Alpar et. al. (2001), as a case study, a scenario of underwater landslides
is assumed to occur at the southeast part of Cinarcik Basin, offshore the
towns of Yalova and Cinarcik. The results of the simulation; arrival time
of tsunami waves are less than 5 min to southeastern coasts and around
10 min to northern coasts. Flow depth on land will exceed 3 m along

approximately 15 km of coastline of the northern and southern shores.

Yalciner et. al. (2002) simulates two landslide and one earthquake

induced tsunami scenarios. According to the results of these simulations,
9



the waves reach the near coasts at approximately 5 min and depending

on the source and coastal topography 3 -6 m of wa ve heights occur near
the shore.
Herbert et. al. (2005) models different scenarios by solving E quation 2.1,

conservation of mass and E quation 2 .2; conservation of momentum in
spherical coordinates using finite difference method with centering in
time and using an upwind scheme in space (Heinrich et al., 1998; Hebert

et al., 2001a,b).

— 11 s E Tt (Egn. 2.1)

—  7In 7 Qs B'H (Eqn. 2.2)

They simulate an earthquake that may be occurred in the Eastern

Marmara, Cinarcik Basin, for different rake angles. The maximum waves

along the coastline ranges between 0.5 i 1 m for rake angles of 180 °and
150 °, whereas they reach up to 2 m for rake angles of 120 ° and 90 °.
Another scenario is an earthquake in the Western Marmara covering

Tekirdag and Central Basins. In this case rake angles differ from 120 °to
180 °. The maximum waves along the coastline ranges between 0.8 i 1m

for rake angle of 120  °. Finally they consider the rupture of whole seismic
gap with rake angles 120 ° - 150° and 150 ° - 180 °. The maximum wave

heights vary between 0.5 T 2m.

2.3 Geographic Information Systems (GIS) and Tsunami
Inundation Mapping

A geographic information system (GIS) is a powerful and integrated tool
for storing, manipulating, visualizing, and analyzing spatial data. Source
data coming from different case scenarios, like tsunami simulati on in this

study, can be represent ed as points, lines and polygons in layers with its
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attribute data. GIS has the capability of combining several layers in an
intelligent map which enables end users to conduct further analysis based

on these layers.

Tsunam i inundation mapping is aiming at assessing the geographical
extent of the tsunami affected area, the intensity of the tsunami impact

and the probability of the occurrence (Strunz et al, 2011)

As stated in Strunz et al ds studpynsistdcd unami

five steps:

T Identification of the possible tsunami resources
Modeling of the tsunami propagation and its inundation on land
Determination of physical parameters of the inundation (e.g.
inundation maximum, run -up height)
Analysis of the probabili  ties or return periods of the tsunami events

Presentation of the results through hazard maps

To accomplish these steps, an information system which is attached to
spatial information can be used to guide and monitor land use, delineate
transportation route s for potential evacuations, and re -delineate hazard
zones based on new knowledge or changes in the natural or human use

systems (Greene, 2002).

2.4.1 Advantages of Web - Based Geographic Information
Systems

The integration of web technology with GIS has begun during 1990s
which enabled distributed and non -expert users to use the power of

spatial technology. Several GIS applications have been modified from
desktop GIS to Web -based GIS up to date. ( Plewe, 1997; Tang and
Selwood, 2003; Chang and Park 2004). This change was initiated by the
advantages of Web - based GIS over Desktop GIS. The unlimited number

of accessible users and scalability are the key forces which drive the

usage of web -based applications.

11



Web-based GIS can support unlimited end -users ther efore increase the
number of people especially in the decision making process. According to

Evans et al. (2004) participants can explore digital maps, reason spatially

and express opinions about the problems. This can be applied to the
tsunami case scenari 0s as well. People can see the vulnerability of their

houses, be informed about the evacuation areas in case of emergency.

Web - Based application platforms are scalable so that systems can either

be deployed on a single machine or can be distributed across multiple
servers for supporting enterprise applications ( ESRI). Although in its first
desktop examples, GIS was mostly centralized and used by professional

end user, web technology turned GIS into an open and easily accessible

tool for everyone (Dragicevic , 2004). Application done in web
environment can be easily accessed by anywhere and anytime. These
advantages are the results of efficiently distributed required resources

and system of application on the network of web -based systems.
Performance and reli ability problems are also solved by these
advantages. Thus, useful data and information sharing is achieved

through the web (Chang and Park, 2004).

The trend from desktop to web also has been introduced in the field of

disaster management and risk analysi s for catastrophic events like
tsunamis (Yang et al,2007). Especially in case of emergency and risk
mitigation, Web -based GIS has the power to reach much more people in

a very short time. The characteristics of Web -Based GIS such as strong
adaptability, w ide application, sharing information, powerful real -time
performance, easy to use, easy to maintenance are particularly important

to the tsunami risk analysis which have attributes of inundation and

arrival time of  the first and maximum waves.
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2.4.2Use of Web -Based GIS in Tsunami Inundation Mapping

The GIS is well suited for locating the impact of inundation zones , its
capability to manage and analyze data from different sources, can be
usedto perform fAwhat i fo scenarios which <can

effects of different planning policies, model impacts of disasters, and

suggest mitigation strategies.

GIS and Remote Sensing (RS) technologies are used for detecting
tsunami vulnerability area s after the event (Leone et al, 2011), tsunami
tracing ( Japan Tsunami Trace Database ), tsunami risk assessment
(Strunz et al, 2011).

I n Leone et al 6s study, main aim is to dete

using satellite images and for this purpose every b uilding has been coded
depending on its vulnerability and level of damage. This data has been

processed in GIS environment to establish magnitude criteria.

In Japan, Tsunami Trace Database is served through their website and
available worldwide ( Japan Tsun ami Trace Database ). By using the Japan
Tsunami Trace database, users examine vulnerable areas, confidence

level and pattern of inundation (Figure 2.3).
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Figure2.3 Japan Tsunami Trace Database Screensbap&n Tsunami Trace Databdse

Tsunami risk assessment for Indonesia has been carried out in Strunz et

al s research whi ch i-sendri@appraach don tsuaamimut | i
hazard mapping. The approach integrates pre -calculated tsunami
modeling scenarios and takes into account the probabilities of the

different scenarios (Figure 2.4).

14



Tsunami Hazard Map
Peta Bahaya Tsunami

1:25.000

Map shees 1707-332 and 1707-314
DENPASAR —

Legend = 0 =
: : N : s &
High Tsunami Hazarc Probabiity Zone: 4 A & e W WD o &
Aren affected by all cociming tsunams. \ / "
1 Legend
. Moserate 10 Low TSUsami Kazara Probabisty Zone:
tsunamis

Area only affecied by major
ety

e e Minimal 20 median estimaled time of
w3 £ anval of al modeled unaes in he

displayed region (min{

Scale 125000

Figure2.4 Tsunami Risk Assessment for Indonesia (Strunz et. al., 2011)

2.4 GIS B ased Tsunami Risk Analysis in Turkey

So far, no comprehensive GIS based risk assessments have been
undertaken that could guide the setting of priorities in national level.
Although, there are some efforts to determine or to forecast the
inundation distanc es, in Marmara Sea Region, none of them integrates
use of GIS. Alpar et al, (2003) performs tsunami analysis and determines

the extent of inundation by Digital Terrain Modeling.
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For Turkey, Dilmen (2009), in her MSc thesis, produced GIS based
tsunami inun dation maps for Fethiy e. Salap et. al (2011), conduct a GIS
based tsunami risk assessment study for Gocek. In the case of Marmara
Sea Region, there are no conducted studies to make GIS based hazard

assessments.

A comprehensive literature review has been d one in order to gain an
overview of research initiatives in Tsunami formation, source
characteristics and Inundation mapping by using GIS capabilities. As
mentioned above there are several researches which integrates GIS tools

in tsunami inundation mapping . However, all these examples are
conducted on experienced disasters. This study aims; preparation of
Web-GIS based tsunami inundation maps for Marmara Sea Region
considering the possible earthquake induced tsunami scenarios. Up to

date, this research will be first initiative integrating Web -GIS and tsunami

modeling for Turkey.
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CHAPTER 3

ESTIM ATION OF TSUNAMI SOURCES AND SIMULATIONS

In this chapter, active faults in Marmara Sea region are studied in detall
and their rupture parameters are obtained. Bathymetric data used in the
simulations are gathered, processed and enhanced to obtain accurate
results. Finally, tsunami modeling studies are performed and their results

are shown.

Even though still the fundamental knowledge and information are
insufficient, a comprehensive approach to tsunami analysis for Marmara

Sea has been conducted by simulating earthquake induced tsunamis

3.1 Active Faults and Estimation of Source Parameters
Historically many  tsunamis caused by the earthquakes and earthquake

triggered submarine landslides have occurred in the Marmara Sea.
Coastal cities of the region suffered damages by the tsunami waves
repeatedly. The main causes for the tsunami sources occurred in

Marmara S ea region are considered as the followings:

1 The displacement and deformation of the sea floor by faulting
rupture.

 Submarine landslides.

In this study only earthquake triggered tsunami scenarios have been
modeled for the study domain. The boundaries of t he study domain are

given in Table 3.1 and Figure 3.1.

The sources of tsunamis by faulting ruptures are discussed below. For the

tsunami simulation, the location of the fault rupture by the earthquake,

17



the amount of displacement, and the vector of displace ment must be

estimated.

Table3.1 Boundaries of study domain

Spatial Reference GCS_WGS 84
Longitude 26.539544 30.120357
Latitude 40.20628 41.336956

Google =athy
B ]

i

ELEVATION|

27 275 28 285 29 295 30
Figure3.1 Study Domain and &hymetry
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3.1.1 Geological Characteristics of the Marmara Sea

In the northern part of the Marmara Sea, a trough extends from east to
west. Along this trough, there are three deep basins called Cinarcik,
Central, and Tekirdag basins where maximum depth is more than 1200 m
(Yalciner et al., 2002). In addition, there are two highs between these

basin; Central and Western Highs.

At the eastern and western end of this trough, 1zmit and Ganos faults are

located respect ively. Macroscopically, it is considered that the Marmara

Sea is a pull -apart basin formed by the extensional step -over between
these right -lateral faults (Armijo et al., 2005, Figure 3.2 ). Moreover, the
faulting topography showing the various type of faul t (right -lateral fault,

normal fault and reverse fault) is observed in the sea floor.

Figure3.2 The North Anatolian Fault in Marmara Sea (Armijo et al, 2005 and QY\@M,
2007)
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The extensional step -over bet ween the | zmit and Princebos

formed the Cinarcik Basin. At the northeastern edge of this basin, Izmit

and Princebds |Island faults are bonded by a
trend.
The Central Basin is surrounded by normal faults along i ts edges, having

a double structure. The young inner basin, which is formed due to the
extensional step -over between Princeds | slands and
covered by the older one while the older outer basin is bounded by the

continental shelf slopes.

Unlike Cinarcik and Central basins, Tekirdag basin does not have a step -
over structure. However, the Ganos fault is thru the southern edge of the

basin. It is estimated that Ganos fault has a right -lateral characteristics,
but there is a normal fault port ion at the north side and a reverse fault at

the southwest.

Since the western part of the Central High and the Western High prolong
straight through the narrow valleys, it can be estimated that the faults in

these highs are pure right  -lateral faults.

Ther efore, as a whole, NAF in the Marmara Sea shows a right -lateral fault
having various features according to the tectonics. During the modeling
studies, the features of faults in the Marmara Sea should be carefully

considered.

3.1.2 Estimation of Probable Tsunami Source Mechanisms
for the Marmara Sea

Tsunami source is the area where the initial tsunami wave originated,
generally a submarine earthquake, a landslide or any other impulse that

can cause rapid displacement of large body of water.

For an earthquake induced tsunami following parameters are used to

define the initial tsunami wave;
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x epicenter

x width and length of the fault plane
x dip, rake, and strike angles

x  focal depth

x  vertical displacement of fault

In this thesis, the sources  Oparam eters are taken from OYO i IMM Report

(2007) (Figure 3.3) . The critical active faults selected for this study are

Princes6 (Pl sfaul @sdike slip and normal), Ganos (GA) fault,
Yalova (YAN) fault (normal) and Central Marmara (CMN) fault (normal).
These sources and their parameters are given in Table 3.2.
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Table3.2 Fault Parameters

Lat ED50 | Lon_ED50 depth from strike dip rake length width Displécements n Displacements in

Fault Type sea bottom this Study OYO-IMM Report
degree degree m, GL- degree | degree degree m m m m
. 29,47313| 40,72793 1968 84,44 90,00 180,00 4717 16000 0,00 0,00
I_Re:?ehr; 29,23572 | 40,73309 946 92,06 90,00 180,00 20066 16000 0,00 0,00
29,22818 | 40,73306 805 90,20 90,00 180,00 636 16000 0,00 0,00
29,12942 | 40,75691 744 108,15 70,00 195,00 8753 17027 5,00 1,67
Oblique | 29,06928 | 40,78610 740 123,15 70,00 195,00 6024 17027 5,00 1,67
Normal | 28,99465| 40,81653 779 118,85 70,00 195,00 7148 17027 5,00 1,67
28,90432 | 40,87251 1210 129,90 70,00 195,00 9834 17027 5,00 1,67
28,87843| 40,87376 1023 94,37 70,00 195,00 2187 17027 5,00 1,67
Pl ] 28,75089 | 40,88033 1017 94,66 70,00 195,00 10777 17027 5,00 1,67
?\lt;l:r?:; 28,70595 | 40,87843 1131 87,64 70,00 195,00 3795 17027 5,00 1,67
28,64466 | 40,87328 1431 84,56 70,00 195,00 5199 17027 5,00 1,67
28,56006 | 40,86971 1445 87,73 70,00 195,00 7144 17027 5,00 1,67
28,51766 | 40,87301 1186 96,80 90,00 180,00 3593 16000 0,00 0,00
_ 28,47160 | 40,87298 1219 90,93 90,00 180,00 3884 16000 0,00 0,00
S?ehrtz-il 28,41844 | 40,86580 1254 80,93 90,00 180,00 4553 16000 0,00 0,00
28,26801| 40,84761 1364 82,03 90,00 180,00 12847 16000 0,00 0,00
28,06159 | 40,80420 804 75,73 90,00 180,00 18074 16000 0,00 0,00
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Table3.2 (ContQ FF&ult Parameters

Lat_ED50 | Lon_ED50 depth from strike dip rake length width D.isplz-acements Displacements in
Fault Type sea bottom in this study [ OYO-IMM Report
degree degree m, GL- degree degree degree m m m m
Obligque 28,06159| 40,80420 804 263,30 70,00 195,00 2143 17027 5,00 1,67
Normal 28,03644| 40,80152 775 286,31 70,00 195,00 8664 17027 5,00 1,67
Right Lateral 27,93729| 40,82170 818 266,61 90,00 180,00 9516 16000 0,00 0,00
27,82494| 40,81458 1197 271,96 90,00 180,00 10494 16000 0,00 0,00
GA Oblique 27,70062| 40,81540 1226 260,87 70,00 195,00 12441 17027 5,00 1,67
Normal 27,55582| 40,79464 874 278,58 70,00 195,00 5660 17027 5,00 1,67
Oblique 27,48929| 40,80081 880 258,14 70,00 165,00 3046 17027 5,00 1,67
Reverse 27,45422| 40,79441 891 238,95 70,00 165,00 6945 17027 5,00 1,67
Right-Lateral| 27,38506| 40,76061 1807 257,18 90,00 180,00 4517 16000 0,00 0,00
_ 29,47103| 40,72115 1978 257,96 70,00 195,00 7058 17027 5,00 1,67
(lj\lt:)hr(:r:: 29,38946| 40,70750 1960 261,14 70,00 195,00 6873 17027 5,00 1,67
29,30920| 40,69751 1823 260,98 70,00 195,00 10952 17027 5,00 1,67
29,18143| 40,68121 1681 262,35 70,00 270,00 4448 17027 5,00 3,00
VAN 29,12936| 40,67550 1557 273,96 70,00 270,00 4562 17027 5,00 3,00
Normal 29,07551| 40,67791 1252 283,78 70,00 270,00 10021 17027 5,00 3,00
28,96007 | 40,69843 1219 294,84 70,00 270,00 3154 17027 5,00 3,00
28,92602| 40,71005 1178 284,90 70,00 270,00 14043 17027 5,00 3,00
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Table3.2 2 y (FUR Parameters

Lat ED50 | Lon_ED50 depth from strike dip rake length width D-isplr.:lcements Displacements in

Fault Type sea bottom in this study OYO-IMM Report

degree degree m, GL- degree | degree degree m m m m

29,12942 | 40,75691 744 108,15 | 70,00 270,00 8753 17027 5,00 3,00
29,06928 | 40,78610 740 123,15 | 70,00 270,00 6024 17027 5,00 3,00

FIN Normal 28,99465 | 40,81653 779 118,85 | 70,00 270,00 7148 17027 5,00 3,00
28,00432 | 40,87251 1210 129,90 | 70,00 270,00 9834 17027 5,00 3,00
28,19394 | 40,61261 1924 276,59 | 70,00 270,00 9505 17027 5,00 2,00
28,08215| 40,62063 1922 279,18 | 70,00 270,00 7069 17027 5,00 2,00

CMN Normal | 27,99943 | 40,62938 1917 299,07 | 70,00 270,00 10705 | 17027 5,00 2,00
27,88744 | 40,67421 1598 283,92 | 70,00 270,00 7850 17027 5,00 2,00
27,79683 40,68952 1637 291,38 70,00 270,00 7269 17027 5,00 2,00
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Figure3.3 Selected Tsunami Sourcé®@YQIMM Report, 2007)
In OYO 1 IMM report, the vertical displacements were selected as 1.67 m
for obligue segments and 2 -3 m for normal  segments according to the
surface deformation investigations (Table 3.2) . However, uncertainty in
estimating these parameters may affect the results and according
decisions . For example, in 2011 Great East Japan T sunami, vertical
displacement occurred  almo st was twice the expected. Therefore, in this
study, to obtain the maximum extent of tsunami inundation, vertical
displacements are selected as 5m.
3.2 Tsunami Simulations for Marmara Sea Region
The tsunami simulations can model tsunami generation, propagation ,

coastal amplification and inundation and the simulation results can be
visualized. The accurate and reliable applications in tsunami simulation

need tsunami model, which was validated and verified with high
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resolution reliable tsunamigenic data (tsunami source parameters) and

accurate bathymetric - topographic data.

Even though still the fundamental knowledge and information on rupture
characteristics based on limited data , a comprehensive and partly
conservative approach is necessary in determination of rupture

parameters as input. While selecting input parameters for tsunami

simulations this  approach is followed.

Tsunami numerical code Nami Dance is used in simulations.

3.2.1 Tsunami Numerical Modeling Code NAMI DANCE

Tsunami numerical models generally solve similar equations; however
approach to the problem with different techniques. The main equations in
tsunami numerical modeling are non -linear form of shallow water
equations with friction term which requires less computer memory
decreases computation duration. Moreover, it provides the results in
acceptable error limit. The non -linear shallow water equations are given

below;

TO0 T 0 T 00 "Q’(%,_ Q[‘) z o
07T Ww©O T w0 ®w ¢'QO

! 1 0§ r v "Q‘(%—_ 0 0 0 T

T 07! w©O T w0 0w ¢'QO

Where;

E = water surface fluctuation

M and N = discharge fluxes in X and Y directions

D = total water depth
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h = undisturbed basin
k = bottom friction coefficient

In this study, the computational tool NAMI DANCE is used in numerical
modeling based on the solution of nonlinear form of the long wave
equations with respect to related initial and boundary conditions ( ESRI
Online Help ). It was developed by Zaytsev, Yalci ner, Pelinovsky, Chernov
in C++ programming language by following leap frog scheme numerical

solution procedures of Shuto et al., 1990.

3.2.2 Simulations of Co -Seismic Tsunamis in the Sea of
Marmara

The simulations are performed using seismic sources. The tsuna mi s ource

(initial form of tsunami wave ) is assumed to be the similar as the s ea

bottom deformation which is computed by using the relations given in
Okada, (1985 ) by using the rupture parameters. The tsunami sources of
selected scenarios used in this stu dy are computed by the code NAMI

DANCE by following the similar approach.

In scope of this thesis six scenarios are simulated in single domain , based
on the selection of main active faults, setting rupture parameters, and
bathymetric data  with sufficient resolution . The selected scenarios due to

the main active faults are listed below :

T PI: Princebs | sl anbmmalFault (Oblique
T PI N: Princebdbs I slands Fault (Normal)
1 GA: Ganos Fault (Oblique -Normal and Oblique Reverse)
1 YAN: Yalova Fault (Obl ique -Normal and Normal)
1 CMN: Central Marmara Fault (Normal)
1 PI+GA

Bathymetric data used in the simulations is adapted from the data used

in OYO - IMM report (2007) . The spatial reference of original data was
ED_1950 3 Degree GK_Zone_ 9. However, to be inp ut in NAMI DANCE,
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it is projected into geographic coordinates (WGS 84) by using ArcMap 106 s
project tool. The grid size of the bathymetry is90m, which vyields a
gridded structu re with 3350 grid nodes in X -direction and 1058 grid

nodes iny -direction.

Numeri cal gauge points are placed along Marmara Sea Coasts considering
settlements, ports and other important structures . Numerical gauge
points are used to observe the water level fluctuations in the sea at a

certain coordinate and depth during the simulation time . Since at shallow
depths, the tsunami wave rises significantly with the sea bottom effect,

numerical gauge points are placed at depths between 5m to 10m to
observe this effect. The locations of ga uge points are shown in Figure

3.4.

41
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Figure3.4 Locations of gauge points

Each scenario was simulated with the duration of 180 min. Before
deciding the duration of the simulations, 120 min, 180 min and 240 min
simulations have been performed and it was understood that 180 min

was sufficient to see the effects of the probable tsu namis. As the result of
simulations, following outputs were created, and plotted by using

softwares GRAPHER 6.0 and SURFER 8.0.
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Source parameters and drawings.
Sea states at 10th, 30th, 60th, and 90th minutes of simulation
Maximum positive and negative tsunami wave amplitudes at each
grid node.

1 Arrival time of the first wave (time when water surface elevation
exceeds N 15 cm)

1 Water surface fluctuations at selected gauge points.

Simulation of each scenario is given in the following sections.

3.221 Simulation of Source PI

In the simulation of source PI, it is assumed that, along the North
Marmara branch of the North Anatolian Fault, entire Pl fault has been
ruptured, i.e. all 17 segments are broken ( Figure 3.5). Eight of these
segments are right -lateral faults (green lines in Figure 3.5); therefore the
waves generated due to these segments have relatively small
amplifications . In addition to rupture parameters , the initial maximum
and minimum wave amplitudes produced by 9 oblique -normal segments

are given in Table 3.3  for the rupture along PI.

Table3.3 Estimated Rupture Parametemnd Initial Wave Amplificationdor Tsunami
Source P(OYQGIMM, 2007)

Vertical Initial Wave
Lat Lon depth  strike dip rake  length width ) )
Disp. Amplitude (m)
Min
deg. deg. m deg deg deg m m m Max (+)
29.47313 40.72793 1968 84.44 90.00 180.00 4717 16000  0.00 0 0
29.23572 40.73309 946 92.06 90.00 180.00 20066 16000  0.00 0 0
29.22818 40.73306 805 90.20 90.00 180.00 636 16000 0.00 0 0

29.12942 40.75691 744 108.15 70.00 195.00 8753 17027 5.00 0.41 -1.08
29.06928 40.78610 740 123.15 70.00 195.00 6024 17027 5.00 0.37 -1.02
28.99465 40.81653 779 118.85 70.00 195.00 7148 17027 5.00 0.38 -1.04
28.90432 40.87251 1210 129.90 70.00 195.00 9834 17027 5.00 0.37 -1.00
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Table3.36/ 2y i QR

9adGAYlI GSR wdzLJi dzNB
Tsunami Source Pl (OYI®IM, 2007)

t I N YSGSNA

28.87843 40.87376 1023 94.37 70.00 195.00 2187 17027 5.00 0.20 -0.61
28.75089 40.88033 1017 94.66 70.00 195.00 10777 17027 5.00 0.39 -1.04
28.70595 40.87843 1131 87.64 70.00 195.00 3795 17027 5.00 0.26 -0.77
28.64466 40.87328 1431 84.56 70.00 195.00 5199 17027 5.00 0.28 -0.79
28.56006 40.86971 1445 87.73 70.00 195.00 7144 17027 5.00 0.31 -0.88
28.51766 40.87301 1186 96.80 90.00 180.00 3593 16000 0.00 0 0
28.47160 40.87298 1219 90.93 90.00 180.00 3884 16000 0.00 0 0
28.41844 40.86580 1254 80.93 90.00 180.00 4553 16000 0.00 0 0
28.26801 40.84761 1364 82.03 90.00 180.00 12847 16000 0.00 0 0
28.06159 40.80420 804 75.73 90.00 180.00 18074 16000 0.00 0 0
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Figure3.5 TsunamiSource PI

The sea states at t=10, 30, 60, 90 min are given in

tsunami source PI.

29.5

In addition to these, distribution of

30 5

Figure 3.6 for

computed

maximum  positive and maximum negative tsunami wave amplitudes in

the study domain

Figure 3.7. It should be noted here that, t

4.3 m respect

ively ( Figure 3.7)
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throughout the simulation time (3 hour) are

given in

heir values are +5.0 m and -
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Figure3.6 Sea states at t=10, 30, 60, and 90 min respectivalgording to the tsunami

source PI
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Figure3.7 Maximum (+) wave amplitude (top) and minimum)(wave amplitude

In Table 3.4 the summary sheet of selected gauge points are given.
Additionally, selected gauge points and water surface fluctuations, arrival
times of first and maximum waves, measured at that gauges during

simulation are  shown in Figure 3.8.

Table3.4 SummarySheet of Main Tsunami Brametersat Selected Gauge®r Source Pl

Depth Arrival Arrival Max (+) Max (-)
Name of . . .
of XCoord YCoord time first time wave wave
gauge pt.
gauge wave max.wave amp. amp.
m deg. deg. min min m m
Tekirdagl 8.4 27.5068 40.9643 24 173 0.3 -0.3
Mudanya 7.6 28.9089 40.3675 19 29 0.3 -0.4
Izmit3 7.8 29.8707 40.754 46 115 0.2 -0.3
Tuzlad 9.9 29.2828 40.8504 0.0 34 0.6 -0.8
Hpasal 9.8 29.0787 40.954 0.0 34 11 -1.0
Zburnu?2 8.9 28.9016 40.9771 1 15 0.7 -1.4
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Figure3.8 Locations of Selected Gauges anuine Histories oWater surface fluctuations

for source PI

Itis seen from in Figure 3.7 and Figure 3.8, and Table 3.4, the first wave

arrives to Istanbul coasts immediately with

and maximum positive and negative wave amplitudes

and -1.4m respective ly.

Moreover , source Pl cause

rather small

amplitude less than of 0.5

m,

are up to 1.1m,

wave amplitudes in eastern,

western and southern coasts of Marmara Sea. Maximum positive wave

occurred at Tekirdag and Mudanya is 0.3

wave amplitudes are

33
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-0.3 m and -0.4 m respectively. Izmit Gulf is protected due to its

geographic conditions for this scenario. However, wave agitation and

resonance oscillations may be observed (Figure 3.8).
3.2.2.2 Simulation of Source PIN
Tsunami source PIN is the normal form of the first four oblique -normal

segments of tsunami source PI. In the simulation of source PIN, as the

worst case scenario, it is assumed that entire fault has been ruptur ed,
i.e. all four segments are broken ( Figure 3.9). In addition to rupture
parameters, the initial maximum and the minimum wave amplitudes

produced by four normal segments are given in Table 3.5.

Table3.5 Estimated Rupture Parameteiand Initial Wave Amplitudegor Tsunami Source
PIN(OYQIMM, 2007)

Vertical Initial Wave
Lat Lon depth strike dip rake length  width
Disp. Amplitude (m)
Max Min (-
deg deg m deg deg deg m m m
(+) )
29.12942  40.75691 744 108.15 70.00 270.00 8753 17027 5.00 1.05 -2.57
29.06928 40.78610 740 123.15 70.00 270.00 6024 17027 5.00 0.94 -2.41
28.99465 40.81653 779 118.85 70.00 270.00 7148 17027 5.00 0.98 -2.47

28.90432 40.87251 1210  129.90 70.00 270.00 9834 17027 5.00 0.92 -2.36
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Figure3.9 TsunamiSource PIN
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The sea states at t=10, 30, 60, 90 min are given in Figure 3.11 for
source PIN. In addition to these, distribution of maximum positive and
maximum negative tsunami wave amplitudes in the study domain
throughout the simulation time (3 hour) are given in Figure 3.12. Their

values are +8.5 m and -10.1 m respectively ( Figure 3.12).
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Figure3.10 Sea states at t=10, 30, 60, and 90 min respectively according to the tsunami source
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In Table 3.6, the summary sheet of selected gauge locations is given.
Additionally, selected gauge points and water surface fluctuations, arrival
times of first and maximum waves, measured at that gau ges during

simulat ion are given in Figure 3.12.

Table3.6 Summarysheet of main tsunami parameterat selected gaugefor Source PIN

Depth Arrival )
] Arrival Max(+) Max (-)
Name of of time of .
XCoord  YCoord o time of wave wave
gauge pt. gauge initial
max.wave amp. amp.
pt. wave
m deg. deg. min min m m
Tekirdagl 8.4 27.5068 40.9643 30 87 0.4 -0.6
Mudanya 7.6 28.9089 40.3675 3 115 0.6 -0.6
[zmit3 7.8 29.8707 40.7540 42 120 0.4 -0.6
Tuzlad 9.8 29.0787 40.9540 0.0 34 2.1 -3.2
Hpasal 9.7 29.0186 40.9863 0.0 43 14 -4.5
Zburnu2 8.9 28.9016 40.9771 0.0 22 2.1 -2.6
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Figure3.13 Locations of Selected Gauges anuine Histories of thaVater surface

fluctuationsfor Source PIN

It is seen in Figure 3.12 and Figure 3.13, and Table 3.6, the tsunami
source PIN is mostly critical for Istanbul. First wave arrives to Istanbul

coasts immediately with a  n amplitude of more than 1m, and maximum
positive and negative wave amplitudes reach up to 2.1m and -4.5m

respectively

As well as source PI, source PIN did not cause considerable impacts in
eastern and western coasts of Marmara Sea. Maximum positive wave

occurred at Tekirdag and Mudanya is 0.4m and 0.6m, and maximum
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negative wave is -0.6 m for each. Izmit Gulf is protected due to its
geographic conditions. However wave agitation and resonance oscillations

may be observed

3.2.23 Simulation of Source PI+GA

In this tsunami scenario, it is assumed that entire north trough has been

ruptured, i .e. all 28 segments are broken (Figure 3.14 ). Eleven of these
segments are right -lateral faults (green lines in Figure 3.14) ; therefore
the waves generated due to these segments have relatively small
amplitudes . In addition to rupture parameters, the initial maxi mum and
minimum wave amplitudes produced by 13 oblique -normal and 2 oblique -

reverse segments are given in Table 3.7 for the rupture along PI -GA.

Table3.7 Estimated Rupture Parameteiand Initial Wave Amplitudegor Tsunami Source
PI+GAOYQGIMM, 2007)

Vertical Initial Wave
Lat Lon depth strike dip rake length width

Disp. Amplitude (m)

Max Min

deg. deg. m deg deg deg m m m

(+) ¢

29.47313 40.72793 1968 84.44 90.00 180.00 4717 16000 0.00 0 0

29.23572  40.73309 946 92.06 90.00 180.00 20066 16000 0.00 0 0

29.22818 40.73306 805 90.20 90.00 180.00 636 16000 0.00 0 0
29.12942 40.75691 744 108.15 70.00 195.00 8753 17027 5.00 0.41 -1.08
29.06928 40.78610 740 123.15 70.00 195.00 6024 17027 5.00 0.37 -1.02
28.99465  40.81653 779 118.85 70.00 195.00 7148 17027 5.00 0.38 -1.04
28.90432 40.87251 1210 129.90 70.00 195.00 9834 17027 5.00 0.37 -1.00
28.87843 40.87376 1023 94.37 70.00 195.00 2187 17027 5.00 0.20 -0.61
28.75089 40.88033 1017 94.66 70.00 195.00 10777 17027 5.00 0.39 -1.04
28.70595 40.87843 1131 87.64 70.00 195.00 3795 17027 5.00 0.26 -0.77
28.64466 40.87328 1431 84.56 70.00 195.00 5199 17027 5.00 0.28 -0.79
28.56006 40.86971 1445 87.73 70.00 195.00 7144 17027 5.00 0.31 -0.88

28.51766 40.87301 1186 96.80 90.00 180.00 3593 16000 0.00 0 0

28.47160 40.87298 1219 90.93 90.00 180.00 3884 16000 0.00 0 0

28.41844 40.86580 1254 80.93 90.00 180.00 4553 16000 0.00 0 0

28.26801 40.84761 1364 82.03 90.00 180.00 12847 16000 0.00 0 0
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Table3.76/ 2y 0 QRO9&GAYI SR wdzLJidzNB t I NI YS{SN&A
Source PI+GA (OYI®M, 2007)

28.06159 40.80420 804 75.73 90.00 180.00 18074 16000 0.00 0 0
28.06159 40.80420 804 263.30 70.00 195.00 2143 17027 5.00 0.45 -1.38
28.03644 40.80152 775 286.31 70.00 195.00 8664 17027 5.00 0.80 -2.13
27.93729 40.82170 818 266.61 90.00 180.00 9516 16000 0.00 0 0
27.82494 40.81458 1197 271.96 90.00 180.00 10494 16000 0.00 0 0
27.70062 40.81540 1226 260.87 70.00 195.00 12441 17027 5.00 0.78 -2.05
27.55582 40.79464 874 278.58 70.00 195.00 5660 17027 5.00 0.69 -1.92
27.48929 40.80081 880 258.14 70.00 165.00 3046 17027 5.00 1.61 -0.50
27.45422 40.79441 891 238.95 70.00 165.00 6945 17027 5.00 2.05 -0.69
27.38506 40.76061 1807 257.18  90.00 180.00 4517 16000 0.00 0 0
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Figure3.14 TsunamiSource PI+GA

The sea states at t=10, 30, 60, 90 min are given in

30 i

Figure 3.15 and in for

source PI+GA. In addition to these, distribution of maximum positive and

maximum negative tsunami wave amplitudes in the study d

throughout the simulation time (3 hour) are

values are +5.5 m and

-6.2 m respectively (

40

omain

given in Figure 3.16. Their

Figure 3.16).
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Figure3.15 Sea states at t=10, 30, 60 and 90 min respectively
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Figure3.16 Maximum (+) wave amplitude (top) and minimum)(wave amplitude

In and Table 3.8 the summary sheet of selected gauge locations is given.
Additionally, in  Figure 3.17 selected gauge points and water surface
fluctuations, arrival times of first and maximum waves, measured at that

gauges during simulation are given.

Table3.8 SummarySheet of Main Tsunami Parametegs selected gauge for Source-8IA

Depth Arrlval Arrlval Max(+) Max ()
Name of of time of time of
XCoord YCoord o wave wave
gauge pt. gauge initial max.wav
amp. amp.
pt. wave e
m deg. deg. min min m m
Tekirdagl 8.4 27.5068 40.9643 2 17 1.0 -1.7
Mudanya 7.6 28.9089 40.3675 19 114 0.4 -0.5
Izmit3 7.8 29.8707  40.754 45 140 0.1 -04
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Table3.86 / 2 ySufrRatySheet of Main Tsunami Parametess selected gauge for

Source RGA
Name of Di?th t?r;rclavilf Arrival Max(+) Max (-)
XCoord  YCoord L time of wave wave
gauge pt.  gauge initial
max.wave amp. amp.
pt. wave
m deg. deg. min min m m
Tuzlad 9.9 29.2828 40.8504 0.0 61 0.6 -0.8
Hpasal 9.8 29.0787  40.954 0.0 34 11 -1.0
Zburnu2 8.9 28.9016 40.9771 1 15 0.7 -14
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Figure3.17 Locations of Selected Gauges anuine Histories ofVater Surface

Fluctuations for Source RBEA
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As can be seen in

Figure 3.16 and Figure 3.17, and Table

3.8, the

tsunami source PI+GA is critical for Istanbul and Northwestern Marmara

Sea Region.

First wave arrives to

Istanbul

and Tekirdag coasts

immediately with a magnitude of 0.5 m, and maximum positive and

negative wave amplitudes

are up to 1m

and

-1.5m fo r Istanbul. For

Tekirdag, maximum positive and negative wave amplitudes are 1m and

1.5m respectively.

Tsunami source PI+GA did not cause considerable impacts in southern,

southeastern and eastern coasts of Marmara Sea. Maximum positive

wave occurred at so

uthern coasts is in between 0.4m and 0.6m, and

maximum negative wave is

-0.6 m. Inside the Izmit Gulf, Maximum

positive wave is below 0.5m while, maximum negative wave is around

0.5

m.

3.224

Simulation of Source GA

Tsunami source GA has 9 segments and it is ass

umed that in the

simulation all of them have been ruptured as well as other scenarios
(Figure 3.18). The effects of 3 right

estimated rupture parameters with

-lateral segments were neg|

ected and

the initial maximum and the minimum

wave amplitudes produced by four normal segments are given in Table

3.9.

Table3.9 Estimated Rupture Parameters for Tsunami SoetGAOYQOIMM, 2007)

Lat

deg

28.06159
28.03644
27.93729
27.82494
27.70062

Lon

deg

40.80420
40.80152
40.82170
40.81458
40.81540

depth

804
775
818
1197
1226

strike

deg

263.30
286.31
266.61
271.96
260.87

dip

deg

70.00
70.00
90.00
90.00
70.00

rake

deg

195.00
195.00
180.00
180.00
195.00

44

length

2143

8664

9516
10494
12441

width

m

17027
17027
16000
16000
17027

Vertical

Disp.

m

5.00
5.00
0.00
0.00
5.00

Initial Wave

Amplitude (m)

Max
)
0.45
0.80

0.78

Min
()
-1.38
-2.13
0
0
-2.05



Table3.96/ 2y 0 QRO 9&GAYFGSR wdzLJi dzNB t -INIMY S G S NA
2007)

27.55582 40.79464 874 278.58 70.00 195.00 5660 17027 5.00 0.69 -1.92

27.48929 40.80081 880 258.14 70.00 165.00 3046 17027 5.00 1.61 -0.50
27.45422 40.79441 891 238.95 70.00 165.00 6945 17027 5.00 2.05 -0.69
27.38506 40.76061 1807 257.18 90.00 180.00 4517 16000 0.00 0 0
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Figure3.18 TsunamiSource GA

The sea states at t=10, 30, 60, 90 min are given in Figure 3.19 and for
source GA. In addition to these, the distribution of computed maximum

positive and maximum negative tsunami wave amplitudes in the study

domain throughout the simulation time (3 hour ) are givenin Figure 3.20.

Their values are +5.5 m and -7.4 m respectively ( Figure 3.20).
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Figure3.19 Sea states at t=1,180, 60 and 90min respectively
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Figure3.20 Maximum (+) waveamplitude (top) and minimum {) wave amplitude

In Table 3.10, summary sheet of selected gauge points is given.
Additionally, in  Figure 3.21 and sel ected gauge points and water surface
fluctuations, arrival times of first and maximum waves, measured at that

gauges during simulation are given.

Table3.10 SummarySheet of Main Tsunami Parameteas Seleted Gauges for SourceGA

Depth Arrlval Arrlval Max(+) Max ()
Name of of time of time of
XCoord YCoord o wave wave
gauge pt. gauge initial max.wav
amp. amp.
pt. wave e
m deg. deg. min min m m
Tekirdagl 8.4 27.5068 40.9643 1 15 1.0 -1.7
Mudanya 7.6 28.9089 40.3675 32 103 0.4 -0.4
Izmit3 7.8 29.8707 40.7540 66 161 0.1 -0.3
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Table3.100 / 2 ySumrkatySheet of Main Tsunami Parameteas Selected Gaugsfor

SourceGA
Depth Arnval Arrlval Max(+) Max ()
Name of of time of time of
XCoord YCoord o wave wave
gauge pt. gauge initial max.wav
amp. amp.
pt. wave e
m deg. deg. min min m m
Tuzlad 9.9 29.2828 40.8504 29 84 0.3 -0.3
Hpasal 9.8 29.0787 40.9540 28 154 0.3 -0.3
Zburnu2 8.9 28.9016 40.9771 20 76 0.3 -0.3
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Figure3.21 Locations of Selected Gauges ahune Historiesof Water surfaceFluctuations

for Source GA
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As can be seen in  Figure 3.20 and Figure 3.21, and Table 3.10, the
impacts of tsunami source GA is serious for Northeast Marmara Sea
Region. First wave arr  ives to Tekirdag coasts immediately with amplitude
of 0.5 m and, and maximum positive wave is around 1m and maximum
negative wave amplitude is -1.5m. However at the coasts at the north

and south of the Tekirdag maximum positive wave amplitude reach to

3m.

Tsunami source GA did not cause considerable impacts in eastern coasts
of Marmara Sea. Maximum positive wave occurred is around 0.4m and

and maximum negative wave is -0.3m at these locations.

3.2.25 Simulation of Source YAN

In the simulation of source YAN, as th e worst case scenario, it is assumed
that entire fault has been ruptured, i.e. all 8 segments are broken ( Figure
3.22). Three of these segments are oblique -normal and five of them are
normal faults. In addition to rupture parameters, the initial maximum and

minimum wave amplitudes produced by 8 segments are given in Table

3.11 for the rupture along YAN

Table3.11 Estimated Rupture Parameter@nd Initial Wave Amplitudegor Tsunami
Source YarfOYGQGIMM, 2007)

Vertical Initial Wave
Lat Lon depth  strike dip rake length  width ) )
Disp. Amplitude (m)
Max Min
deg deg m deg deg deg m m m
) ©)
29.47103 40.72115 1978 257.96 70.00 195.00 7058 17027 5.00 049 -1.56
29.38946 40.70750 1960 261.14 70.00 195.00 6873 17027 5.00 0.60 -1.65
29.30920 40.69751 1823  260.98 70.00 195.00 10952 17027 5.00 092 -2.35
29.18143 40.68121 1681 262.35 70.00 270.00 4448 17027 5.00 0.52 -155
29.12936 40.67550 1557 273.96 70.00 270.00 4562 17027 5.00 1.03 -251
29.07551 40.67791 1252 283.78 70.00 270.00 10021 17027 5.00 0.53 -1.79
28.96007 40.69843 1219 294.84 70.00 270.00 3154 17027 5.00 0.56 -1,77
28.92602 40.71005 1178 284.90 70.00 270.00 14043 17027 5.00 0.78 -2.15
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Figure3.22 Tsunami Source YAN

The sea states at t=10, 30, 60, 90 min are given in Figure 3.22 for
source YAN. In addition to these, distribution of maximum positive and
maximum negative tsunami wave amplitudes in the study domain
throughout the simulation time (3 hour) are given in Figure 3.25. Their

values are +12.9 m and -10.9 m respectively ( Figure 3.25)
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Figure3.23 Sea states at t=10, 30, 60, and 90 min respectively
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In Table 3.12, summary sheet of selected gauge points are given.
Additionally, in Figure 3.26 selected gauge points and water surface
fluctuations, arrival times of first and maximum waves, measured at that

gauges during simulation are given.

Table3.12 SummarySheet of Main Tsunami Parameteas selected gaugefor Source

YAN
Depth Arrival )
] Arrival Max(+) Max (-)
Name of of time of .
XCoord  YCoord o time of wave wave
gauge pt. gauge initial
max.wave amp. amp.
pt. wave
m deg. deg. min min m m
Tekirdagl 8.4 27.5068 40.9643 31 103 0.7 -1.1
Mudanya 7.6 28.9089 40.3675 1 87 0.9 -1.2
Izmit3 7.8 29.8707  40.754 24 97 1.2 -1.1
Tuzlad 9.9 290.2828 40.8504 0.0 26 2.4 -2.0
Hpasal 9.8 29.0787  40.954 0.0 31 2.3 -2.6
Zburnu2 8.9 28.9016 40.9771 1 11 1.9 -3.3
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Figure3.26 Locations of Selected Gauges anuine Histories oiWater surfaceFluctuations
for Source YAN

As can be seen in Figure 3.25 and Figure 3.26, Table 3.12, first wave
arrives to Istanbul coasts immediately with a n amplitude of 0.5m, and
maximum positive wave amplitude reaches up to 2.5m in Tuzla and
Haydarpasa. In Zeytinburnu maximum negative wave amplitude is the

highest with  -3m.

On the other hand, unlike other sources, source YAN has a noteworthy

impact on lzmi t Gulf.
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Maximum positive wave occurred at Izmit Gulf is more than 1m and
maximum negative wave amplitude is -1m. These values are same also
same for Mudanya and Tekirdag. It can be inferred from these results

that scenario YAN is critical for entire Marma ra Sea Region.

3.2.2.6 Simulation of Source CMN

In the simulation of source CMN, as the worst case scenario, it is
assumed that entire fault has been ruptured, i.e. all 5 segments which

are normal faults are broken ( Figure 3.27). In addition to rupture
parameters, the initial maximum and minimum wave amplitudes
produced by 5 s egments are given in Table 4.13 for rupture of source
CMN

Table3.13 Estimated Rupture Parameter@nd Initial Wave Amplitudegor Tsunami

Source CMNOYQIMM, 2007)

Vertical Initial Wave
Lat Lon depth  strike dip rake length  width ) _
Disp. Amplitude (m)
Min
deg deg m deg deg deg m m m Max (+)
28.19394 40.61261 1924 276.59 70.00 270.00 9505 17027  5.00 0.74 -2.02
28.08215 40.62063 1922 279.18 70.00 270.00 7069 17027  5.00 0.64 -1.81
27.99943 40.62938 1917 299.07 70.00 270.00 10705 17027  5.00 0.78 -2.10
27.88744 40.67421 1598 283.92 70.00 270.00 7850 17027  5.00 0.75 -2.04
27.79683 40.68952 1637 291.38 70.00 270.00 7269 17027  5.00 0.71 -1.97
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Figure3.27 TsunamiSource CMN
The sea states at t=10, 30, 60, 90 min are given in Figure 3.29 for

source CMN. In addition to these, distribution of maximum positive and
maximum nega tive tsunami wave amplitudes in the study domain
throughout the simulation time (3 hour) are given in Figure 3.30. Their

values are +10.7m and -10.3 m respectively ( Figure 3.30)

Figure3.28 Sea states at t=10, 30, 60, and 90 min respectively
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