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ABSTRACT

PREPARATION OF PEDESTRIAN EVACUATION TIME MAPS FOR
SOUTHERN COASTS OF BODRUM PENINSULA, TURKEY

Celikbas, Biigra
Master of Science, Geological Engineering
Supervisor: Prof. Dr. Mehmet Liitfi Stizen
Co-Supervisor: Prof. Dr. Ahmet Cevdet Yalginer

January 2022, 91 pages

Historical records reveal that Turkey coasts faced with a considerable number of
tsunamis in its past. Although the tsunamis in the seas surrounding Turkey are not
as catastrophic as the ones in Pacific Ocean, still they may cause substantial damage
to the highly populated touristic coastal places. Eastern Mediterranean Sea and
Aegean Sea are in the seismically active region of Turkey. Therefore, numerous
earthquakes and associated tsunamis are threatening the western coasts of Turkey.
Recently, two important tsunami events recorded and damaged the coastal areas of
Turkey, which are Bodrum-Kos tsunami on 21 July 2017 and Izmir-Samos tsunami
on 30 October 2020. These events reminded that the Turkey coasts should be

prepared for a tsunami threat.

Numerical simulations based on critical worst-case tsunami scenarios are performed
with NAMI DANCE numerical model. According to the simulation results, 1956-
Amorgos seismic scenario and Gokova seismic and Gokova-North-Datga landslide
scenario are selected as critical worst-case scenarios. In this study, evacuation walk
time maps are prepared for the highly populated settlements of Bodrum Peninsula
by using Pedestrian Evacuation Analyst Tool (PEAT) based on the selected critical



scenarios mentioned above. PEAT is a least-cost distance (LCD) evacuation model
that estimates evacuation times throughout hazard zone based on elevation, land
cover, walking speed and direction of movement. The resultant pedestrian
evacuation maps revealed that the evacuation time needed for pedestrian is 8, 6, 5,
4, 3 minutes located in Central Bodrum, Yahsi, Akyarlar-Karaincir-Aspat Bays,
Bitez, and Giimbet bays, respectively. The resultant evacuation times are tested and

validated by on-site measurements.

Keywords: Tsunami evacuation, Least-cost distance (LCD) model, Pedestrian

evacuation, Walk time maps, Pedestrian Evacuation Analysis Tool (PEAT)
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0z

BODRUM YARIMADASI GUNEY KIYILARI iCiN YAYA TAHLIYESI
SURE HARITALARININ HAZIRLANMASI

Celikbas, Biigra
Yiiksek Lisans, Jeoloji Mithendisligi
Tez Yoneticisi: Prof. Dr. Mehmet Liitfi Siizen
Ortak Tez Yoneticisi: Prof. Dr. Ahmet Cevdet Yalgier

Ocak 2022, 91 sayfa

Tarihsel kayitlar, Tiirkiye kiyilarinin ge¢miste 6nemli sayida tsunami ile karst
karsiya kaldigmi ortaya koymaktadir. Tiirkiye'yi c¢evreleyen denizlerde olusan
tsunamiler, Pasifik Okyanusu'ndakiler kadar felaket olmasa da, yine de Niifusu
yogun olan turistik kiyilarda 6nemli hasarlara neden olabilir. Dogu Akdeniz ve Ege
Denizi, Tirkiye'nin sismik olarak aktif bolgelerindenir. Bu nedenle ¢ok sayida
deprem ve buna bagli tsunamiler Tirkiye'nin bati kiyilarini tehdit etmektedir.
Tiirkiye kiyilarinda son zamanlarda, 21 Temmuz 2017'de Bodrum-Kos ve 30 Ekim
2020'de Izmir-Samos olmak {izere iki énemli tsunami olay1 kaydedilmis ve hasar
meydana gelmistir. Bu olaylar, Tirkiye kiyilarinin bir tsunami tehdidine karsi

hazirliklt olmasi gerektigini hatirlatmigtir.

Kritik en kotli durum tsunami senaryolarina dayali sayisal simiilasyonlar, NAMI
DANCE sayisal modeli ile gergeklestirilmistir. Simiilasyon sonuglarina gore kritik
en kotii senaryo olarak 1956-Amorgos sismik senaryosu ve Gokova sismik ve
Gokova-Kuzey-Datca heyelan senaryosu se¢ilmistir. Bu caligma kapsaminda Yaya

Tahliye Analiz Araci (PEAT) kullanilarak, Bodrumun giiney kiyilarindaki yerlesim

vii



alanlar1 icin, yukarida bahsedilen olan kritik senaryolara gore yaya tahliyesi

haritalar1 hazirlanmistir.

PEAT, risk bolgesi boyunca yiikseklik, arazi ortiisii, yiiriime hizi ve hareket yoniine
dayali olarak tahliye siirelerini tahmin eden bir en-kisa mesafe (LCD) tahliye
modelidir. Elde edilen tahliye haritalarina gore yaya i¢in gereken tahliye siiresinin
sirastyla Bodrum Merkez, Yahsi, Akyarlar-Karaincir-Aspat Koylari, Bitez ve
Giimbet koylarinda yer alan 8, 6, 5, 4, 3 dakikadir. Ortaya ¢ikan tahliye siireleri daha

sonra yerinde Olgtimlerle test edilmis ve dogrulanmastir.

Anahtar Kelimeler: Tsunami Tahliyesi, En-kisa Mesafe (LCD) Modeli, Yaya
Tahliyesi, Yiirtiylis Siiresi Haritalar1, Yaya Tahliye Analiz Aract (PEAT)
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CHAPTER 1

INTRODUCTION

1.1 Problem Definition

"Tsunami™ is a Japanese word consisting of two meaningful words "tsu" (means
giant) and "nami" (means wave). Tsunami word is known and used commonly in
other languages after huge damage and destruction of Great Meiji Tsunami occurred
in 1896. Tsunami is a series of giant and destructive waves formed by the sudden
displacement of a large volume of water due to undersea motion caused by
earthquakes, large volcanic eruptions, and submarine landslides large volume of land
slump into the ocean or meteorite impact in the ocean. According to the available
tsunami catalogs, tsunamis are mostly generated by large submarine earthquakes,
less frequently by volcanic activities and landslides (CIESM, 2011).

The generated energy is transmitted and propagated via long waves from the source
location towards coastal regions, causing huge fatalities and destruction. After the
2004 Indian Ocean tsunami event, which is one of the deadliest (killed approximately
230.000 people from 14 countries) and largest natural hazards in human history,
tsunami risk reduction became a crucial phenomenon worldwide (Lovholt et al.,
2014). Since 2004, many destructive tsunamis have occurred in Indonesia, Samoa,
Solomon lIslands, Chile, Japan in 2006, 2007, 2009, 2010, 2011, 2013, 2014, and
2018. Among them, "Great East Japan Earthquake™ is the most powerful earthquake
recorded in Japan that happened and caused giant tsunami waves that hit Tohoku's
coasts in 2011. The tsunami caused thousands of death/injuries, structural damages
on buildings, roads, railways, and nuclear explosions in the Fukushima Daiichi
Nuclear Power Plant Complex. According to the World Bank's estimations, it is the

costliest natural disaster in the world, with a total economic loss of US$ 235 billion.



Although most tsunamis occur in the Pacific Ocean, there are many tsunami records
on Earth's smaller seas. Evidences of paleotsunamis and paleoseismological
investigations affirm that the Eastern Mediterranean and its connected seas,
including the Aegean, Marmara, and Black seas, are prone to tsunami hazards
(Necmioglu, 2014). As it is declared by the Disaster and Emergency Management
Presidency of Turkey (AFAD) that the Aegean and Eastern Mediterranean seas are
tectonically active regions. Hence, numerous catastrophic tsunami events occurred
and have the potential to occur in the future. Within the last decade, two recent
tsunami events occurred in the eastern Mediterranean Sea. One is Bodrum-Kos
tsunami event occurred on 21 July 2017, damaging the southern coastline of Bodrum
Peninsula and Kos island. The other one is the 30 October 2020 Izmir - Samos
earthquake and tsunami event affecting the Aegean coast of Turkey from Cesme
Alacati to the Gumuldur. (Dogan et al., 2021). Both events indicated that Turkey
should be prepared for possible tsunami hazards to reduce disaster results, which are
possible loss of life and destruction of structural facilities with economic losses.
Identifying possible tsunami scenarios is the primary step for the tsunami risk
mitigation and preparation operations that mainly defines immensity and decreases

the damage of the tsunami for the vulnerable coastal areas (Tinti et al., 2005).

The Mediterranean and its connected seas are small compared with large oceans like
the Pacific Ocean. Hence, the distances that tsunami waves will propagate in the
Mediterranean Sea is short, yielding in rapid arrival times of tsunami waves,
resulting in less times for people to evacuate towards safer places. Among tsunami
preparedness and mitigation strategies, evacuation is a significant impact on saving
lives (NTHMP, 2001). Therefore, vulnerable coastal settlements must have a
tsunami evacuation plan, conveying people away from the hazard zone. According
to the Intergovernmental Oceanographic Commission of UNESCO (2009), tsunami
evacuation routes must guide people towards either beyond the inundation zone of
tsunami waves or to the assembly areas and emergency shelters in the time between

the alarm and first arrival wave. As in the tsunamis occurred after Bodrum-Kos and



Izmir-Samos earthquakes, many people living in the hazard zone are affected and

panic due to the absence of tsunami evacuation routes.

1.2 Purpose and Scope

This thesis aims to prepare evacuation walk time maps for highly populated coastal
settlements of Bodrum Peninsula’s southern coastline by using the Pedestrian
Evacuation Analyst Tool (PEAT) based on selected critical tsunami scenarios.
Evacuation walk maps show a detailed view of the time needed for coastal residents
and visitors to evacuate on foot via available routes from the tsunami inundation
zone. The produced resultant maps provide a base for emergency managers,
planners, and local decision-makers in preparing emergency response plans for the

region.

This thesis was studied as part of the Tsunami Last Mile Project. The Tsunami Last
Mile Project was conceived and organized by the JRC with funding from the
European Commission department for civil protection and humanitarian aid
operations (DG ECHO). The project was conducted by the joint team at the Remote
Sensing and GIS Laboratory in the Geological Engineering Department and Coastal
and Ocean Engineering Laboratory in the Civil Engineering Department of Middle
East Technical University. All the studies related to NAMI DANCE simulation were
performed by the Coastal and Ocean Engineering Laboratory. Whereas the studies
associated with the calculation of pedestrian evacuation time were done by the
Remote Sensing and GIS Laboratory.

1.3 Description of Study Area

Bodrum peninsula is one of the important touristic places in Turkey. Therefore, the
population of Bodrum varies due to the seasonal nature of tourism. It has a
population of 181.541 (TUIK, 2020) that creep up as high as 1 million during

summer months (Erdogan 2016). Bodrum's climate is warm and temperate, with an



average temperature of 28.0 °C in July, the warmest month, 11.1 °C in January, the

coldest month. The annual rainfall is 765 mm; precipitation falls mostly in winter.

Bodrum Peninsula is a district of Mugla Province in the southwest of the Aegean
Region of Turkey. It is located on the northern side of the Gulf of Gokova that has
experienced hazardous earthquakes in history (Gurer et al. 2013). According to the
historical reports and geological investigations, earthquakes, submarine landslides,
volcanic eruptions, and tsunamis were common in the Mediterranean Sea for many
years. Therefore, Bodrum district's coastline is vulnerable to any disaster coming
from the sea, such as storms and tsunami waves, covered with hotels, hostels, and
beaches that are densely populated areas of the region, especially in summer. In this
thesis, the study area is selected as the southern coastline of Bodrum district, shown
in Figure 1.1. In this thesis, only the mainland of Bodrum Peninsula is considered as
the study area. Therefore, during the analysis the surrounding uninhabited islands

are not considered.
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Figure 1.1 Location of the study region



CHAPTER 2

LITERATURE REVIEW

2.1 Tsunami Potential in Eastern Mediterranean and Bodrum Peninsula

Historical and pre-historical tsunamis occurred in the Mediterranean Sea, associated
with mainly earthquakes, massive submarine landslides, or volcanic activities
(Lorito et al., 2008). Some of the important tsunami events that occurred before 2005
in the Eastern Mediterranean Sea affected the Turkey coasts listed in Table 2.1. In
order to clarify possible tsunami catalogs affecting the coasts of the Eastern
Mediterranean Sea several studies were conducted (Galanopoulos, 1960; Guidoboni
etal., 1994; Yalciner et al., 1995; Tinti and Maramai, 1996; Cita and Rimoldi, 1997;
Minoura et al., 2000; Dawson et al., 2003; Tinti et al., 2004; Papadopoulos and
Fokaefs, 2005; Yolsal et al., 2007; Lorito et al., 2008; Shaw et al., 2008; Beisel et
al., 2009; Okal et al., 2009; Altinok, 2009; 2011).

According to GPS velocities, the Aegean Sea is one of the most rapidly deforming
continental rifting zones (Karasézen et al., 2008). It is the seismically active part of
the Alpine-Himalayan belt; hence it has experienced large earthquakes and volcanic
eruptions. Some of them caused destructive tsunamis throughout history which are
studied by Galanopoulos (1960), Ambraseys (1962), Kuran and Yalciner (1993),
Minoura et al., (2000), Ambraseys and Synolakis (2010), Papadopoulos et al.,
(2012), England et al., (2015), Howell et al., (2015), Papadopoulos (2016).



Table 2.1 Tsunami events occurred in the Eastern Mediterranean Sea and affected
the Turkey coasts selected from Papadopoulos et al., (2005).

No.| Year | Month | Day Region k | K (:1)
1 66 South Crete 3 4

2 [142/144 Rhodes Island, South-East Aegean Sea 4 7

3 365 07 21 Crete Island 5 1|10

4 556 Cos Island, South-East Aegean Sea 4 8

5 1303 08 08 Crete Island 5 |10

6 1481 05 03 Rhodes Island, South-East Aegean Sea 4 7

7 1494 07 01 Crete Island 3 4

8 1609 04 Rhodes Island, South-East Aegean Sea 5 8

9 1612 11 08 Crete Island 4 8

10 1630 03 09 Kythira Island, South-East Aegean Sea 3 5

11 1650 10 11 Thera Island, South Aegean Sea 6 |10 |20
12 1741 01 31 Rhodes Island, South-East Aegean Sea 5 8

13 1947 10 06 South lonian Sea 2 3

14 1948 02 09 Karpathos Island, South-East Aegean Sea 4 7 4
15 1956 07 09 Cyclades, South Aegean Sea 5 8 15
16 1991 01 04 Ikaria Island, East Aegean Sea 2 3

17 1991 05 07 Leros Island, East Aegean Sea 3 4 |05
18 2000 04 05 Heraklion, North Crete Island 2 3 |05
19 2002 26 03 Rhodes Island, East Aegean Sea 3 5 2
Key: k = tsunami intensity in the Sieberg-Ambraseys 6-point scale; K = tsunami intensity
determined in this paper according to the Papadopoulos-Imamura 12-point scale; h = maximum
wave height (amplitude) in the coast

Lorito et al. (2008) investigated tsunamis in the Mediterranean Sea associated with
large earthquakes in several subduction zones shown in Figure 2.1. They examined
earthquakes in Hellenic Arc, including the 365 AD earthquake mentioned as the
maximum credible earthquake (MCE). Guidoboni et al. (1994) and Papazachos and
Papazachou (1997) mentioned that it is the most impressive earthquake that caused
tsunami affecting coasts of the entire eastern Mediterranean. They estimated the
earthquake magnitude as Mw 8.4 by modeling the fault dislocation and depth as 5
and 60 km. Shaw et al. (2008) also studied the AD 365 earthquake-related tsunami

hazard which inundated throughout coastal sites in the Mediterranean Sea. They



suggest that the earthquake did not occur on the subduction interface beneath Crete
but on a fault within the overriding plate based on radiocarbon data and field
observations. They state that other faults in the region between the coast of Crete and
Mediterranean Ridge may be active according to the distribution of shallow

earthquakes.
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Figure 2.1 Tectonic map of the Mediterranean Sea. Yellow dots are taken from ISC,
2004, showing instrumental seismicity (M > 4; depth 0-50 km). Blue and red colored
ribbons show main zones capable of generating tsunamis and causing a significant
hazard to Mediterranean shore-facing settlements. Circles showing selected
earthquakes 1) EI Asnam, 1980; 2) Boumerdes, 2003; 3) Crete, 365 AD; 4) Palermo,
2002; 5) Northern Sicily, 1823; 6) Messina Straits, 1908. (Source: Lorito et al., 2008)

Okal et al. (2009) investigated Amorgos, Greece earthquake and tsunami that
occurred on 09 July 1956. They state it is the largest tsunami in the 20th century, so
several studies have been done such as Galanopoulos (1957), Papadopoulos and
Pavlides (1992), Yalciner et al., (1995), Beisel et al., (2009). Rupture area is
measured as 75 x 40 km from systematic relocation of mainshock associated with
34 events. The earthquake occurred in a plane dipping towards the southeast in a
normal faulting mechanism in the back-arc behind the Hellenic subduction zone.
Seismic moment is given as 3.9 x 1027 dyn cm, the largest measure in the

Mediterranean Basin in the past 100 years.



The tsunami events occurred in the smaller domain of the study area located at the
Gulf of Gokova that is formed by the North-South directed extensional tectonic
regime of Western Anatolia. 20 July 2017 Bodrum-Kos tsunami event revealed that
investigating Gulf of Gokova region is vital for the tsunami hazards that inundate
and affect mostly southern coast of Bodrum Peninsula. The Gulf of Gokova is
located in between Bodrum Peninsula (North), Datga Peninsula (South), and the
island of Kos (West). Seismicity of Gulf of Gokova is studied by several people,
including Dewey & Sengor (1979), Jackson & McKenzie (1984), McKenzie (1972),
Sengor (1987), Aktug et al., (2009, 2010), Dogru et al., (2014), McClusky et al.,
(2000), Ozener et al., (2013), Reilinger et al., (2006), Tiryakioglu etal., (2013, 2018).

Tiryakioglu et al. (2018) stated that Gokova Fault zone (GFZ) lies in the north of the
Gulf that is the most active fault in Southwest Anatolia. In order to comprehend fault
systems in this region, several geophysical surveys have been performed (Iscan et
al., 2013; Kurt et al., 1999; Tur et al., 2015; Ulug et al., 2005). In light of these
studies, the GFZ extends in the E-W direction from Akyaka to Oren, where it bends
towards the left and continues west-southwestward, separated into several second
orders submarine faults (Tiryakioglu et al., 2018). Hence, GFZ has more complex
patterns than single line characters within the Gulf of Gokova (Figure 2.2). They
stated that interactions between shallow-seated normal faults and deep-seated strike
slip faults cause the complexity of the GFZ within the Gulf. Giirer et al. (2013)
indicate that GFZ formed from south dipping with 70°-85° normal faults.

The extensional regime in the Gulf of Gokova is also investigated by Ocakoglu et al.
(2018). They found a good correlation between the region's general seismicity and
the focal mechanism solutions of Bodrum-Kos earthquake that occurred on 20 July
2017.

According to studies conducted by Saroglu et al., 1995; Goriir et al., (1995);
Eyidogan et al., (1996); Kurt et al., (1999) and Ulug et al., (2005), there are active
normal faults in the Gulf of Gokova based on focal mechanism solutions, marine

seismic reflection, surface morphology, and seismicity data.
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Kalafat and Horasan (2012) also studied seismogram characteristics of the
earthquake in the Gulf of Gokova between 2004 and 2006. Earthquake swarms
occurred in the Gokova for seven months within the two years, at which 1558 seismic
events were recorded. The number of seismic events that occurred in the Gokova
region for two years (2004-2006) is provided in Figure 2.3. Also, they stated that
Mugla, Bodrum, and Gulf of Gokova are the most seismically active areas of western

Turkey.
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Figure 2.3 Histogram graph showing the number of events recorded between 2004
and 2006 in the Gulf of Gokova (Source: Kalafat and Horasan, 2012)

Papadopoulos et al. (2007) and Yalciner et al. (2008) documented the strong seismic
events and tsunamis that occurred in the Eastern Mediterranean Sea. Yalciner et al.
(2008), investigated the seismic tsunami sources that may create the tsunami hazard
in Mediterranean and Aegean Sea. Acar (2015) extracted the available earthquake
data, which may generate tsunamis affecting Giillik Bay. After an extreme statistical
analysis, earthquake magnitudes (Mw) for the return periods of 100, 500, and 1000
years are detected as critical for Giillikk Bay (Table 2.2).

Table 2.2 Calculated probable earthquake magnitudes for 100, 500- and 1000-years
periods according to Poisson distribution (Source data is taken from Acar, 2015)

Rp (yr) A Mw
100 0.01 6.5
500 0.002 7.6
1000 0.001 8.0
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Sozbilir et al. (2017) investigated the geomorphology of the Gokova Fault Zone and
historical earthquakes that occurred along this fault zone before 1900, after the
Bodrum-Kos earthquake occurred on 20 July 2017. They state that earthquakes
whose magnitudes (Mw) are five or larger in Gokova Fault Zone in the last century
show that earthquake migration is based on energy transfer from east to west within
the fault zone. Additionally, in the Ph.D. thesis of Necmioglu (2014), fault rupture
in the Gokova region with a magnitude (Mw) of 7.2 and the 1303 Crete event are

modified.

211 Non-seismic Tsunami Generic Sources in the Mediterranean Sea

Papazachos et al. (2005) studied active tectonics related to the southern Aegean
volcanic arc. They presented strikes of five faults located at the five volcanic centers
of the southern volcanic arc where epicenters of earthquakes clustered (Figure 2.4).
Nomikou et al. (2013) investigated several submarine volcanos along the Aegean
volcanic arc via swath bathymetric maps, air-gun profiles, underwater photos, and
samples analysis which includes Methana, Milos, Santorini, and Nisyros islands.
Acar (2015) mentioned the possibility of a tsunami due to the collapse of the caldera
of Santorini and Columbus volcanos located along the southern Aegean volcanic arc.
Rontogianni et al. (2011) stated a probable connection between the Gokova Transfer
Fault (GTF) and the Fault of Kos. Because this is a 40° dipping fault buried under
thick sediment deposits of about 2.5 km, there is a possibility of having a submarine

landslide triggered by a large earthquake.
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Figure 2.4 Seismovolcanic centers in the southern volcanic arc (Papazachos and
Panagiotopoulos, 1993)

Okal et al. (2009) mentioned the formation of submarine landslides series triggered
after mainshocks of the 1956-Amorgos earthquake. They presented that the landslide
source is located approximately 10 km from the southwest of Amorgos island, shown

in Figure 2.5.
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Figure 2.5 Initial state of the sea surface for Amorgos Landslide scenario (Source:
Okal et al., 2009)
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2.2 Literature Survey on Pedestrian Evacuation

Evacuation is one of the most effective ways to save lives from tsunami waves for
people within the hazard zone (NTHMP, 2011). Pedestrian evacuation is the most
efficient way, especially for tsunamis whose sources are close to the coast, meaning
less time to evacuate. For this reason, there have been substantial efforts to model
the pedestrian evacuation after losses of many lives during recent tsunami disasters
(e.g., 2004 Sumatra, 2006 Java, 2010 Chile, 2011 Tohoku and 2018 Palu) (Wood
and Schmidtlein, 2012). Examples include traffic simulation models (Franzese and
Sorenson 2004; Marrero et al., 2010), egress simulations for building evacuations
(Awverill et al., 2005), agent-based models of movement along with road networks
(Jonkmann et al., 2008; Yeh et al., 2009), and cost-distance models to incorporate
landscape variability (Graehl 2009; Post et al., 2009; Wood and Schmidtlein 2012).
In recent years, dynamic networks (simulation models), static algorithms (shortest
path, minimum cost network flow, quickest path) have been used to capture the

movement of evacuees over time (Hamacher and Tjandra, 2002).

Models for pedestrian evacuation may be classified as dynamic or static (Cheff et
al., 2018). Firstly, dynamic network evacuation analysis considers the individual
differences and decisions for selecting the evacuation routes during panic situations.
However, human behavior is highly complex to model with mathematical equations,

and it is the hardest part of dynamic evacuation modeling.

One of the most widely used dynamic methodologies to simulate tsunami evacuation
is agent-based modeling (ABM), which allows individuals to evacuate according to
user-defined rules (Mas et al., 2012). It is used widely in transportation platforms
such as Multi-Agent Transport Simulation - MATSim (Lammel, 2011; Bakillah et
al., 2013), TRansportation Analysis and SIMulation System - TRANSIMS (Zheng
et al., 2013) and Open Activity—Mobility Simulator - OpenAMOS (Pendyala et al.,
2005). However, some studies were conducted to understand people’'s behavior
during tsunami evacuation by using Agent-based models such as Jonkmann et al.,

2008. Agent-based models for tsunami evacuation include dynamic travel costs due

13



to route capacity, evacuee crowding, and congestion when determining the simulated
evacuees' travel speed and locations (Jonkmann et al., 2008; Yeh et al., 2009).
Detailed geospatial data of road networks, location of tsunami shelters, and
population data are required in addition to the data of tsunami inundation processes.
Furthermore, social information on how evacuee responds and interacts with other

evacuees during panic situations is also required (Chu et al., 2017).

Mas et al. (2012) developed a dynamic model that considers tsunami inundation
simulation and human behavior with different start times among the evacuees and
the interaction between pedestrians and cars. Wang et al. (2017) implemented the
Net logo modeling environment (Wilensky, 1999) to construct ABM in order to
investigate the different behaviors of evacuees, such as different start times to
evacuation, different moving speeds, and selection of different routes etc. The model

also estimates the number of causalities who cannot evacuate.

Secondly, Geographic Information Systems (GIS) have been utilized in static
evacuation analysis since the 90s by several authors with various contexts (Cova,
1999). De Silva et al. (1993) applied GIS to generate evacuation routes reaching out
of hazard zone with an evacuation decision support system. Cova and Church (1997)
proposed the critical cluster model (CCM) for assessing spatial evacuation
vulnerability from a tsunami disaster. Cost distance weighting GIS approach named
as least-cost distance analysis (LCD) is used widely to model pedestrian evacuation
and eventually became a hot topic in the literature (Laghi and Cavalletti, 2004;
Graehl and Dengler, 2009; Post et al., 2009; Wood and Schmidtlein, 2012, 2013; and
Fraser et al., 2014).

Laghi and Cavalletti (2004) assembled Evacuation Routes Tools in the ArcGIS
toolbox that is published as the manual of Coastal Risk Analysis of Tsunamis and
Environmental Remediation (CRATER). They indicated that the fastest way to get
out from the hazard zone may not always be the shortest one; there can be natural
barriers, buildings, lakes, or very high slopes. For this reason, they calculated the
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distance from every cell within the hazard zone to the assembly points by using

geometric distance and cost, which is called Cost Weighted Distance (CWD)

The Cost Surface of each cell is calculated by using land-use information and slope
data of the study area. The value of CWD is computed between each cell to the
closest evacuation point. Land-use and slope data are created and then reclassified
by the Reclassification tool that is a primary step for this analysis. Cost surface is
created by using the Evacuation Speed Map tool that combines reclassified values of
land-use and slope data with an average speed of pedestrian evacuation. The resultant
map represents the cost that pedestrians must spend during walking. Finally, the
Evacuation Time Map & Basins tool is used to obtain a CWD surface with the
addition of shelters, assembly areas, and natural barriers.

Graehl (2008) investigated the changes in pedestrian walking times with (i) and
without (ii) the additional predefined routes. Pedestrian evacuation walking times
are calculated by using the least-cost path method, considering the quickest path to
get out of the inundated area for both cases. In this study Evacuation Routes Toolbox
of ArcGIS developed by Laghi and Cavalletti (2004) is used. For the analysis, land-
use polygons of the study area were created, and slope were created from 5 m DEM.
The generated land-use data were reclassified based on the type of surface that a
pedestrian would walk over. Speed conservation values are assigned to each class
after conducting fieldwork. All types of land-use data from fieldwork are normalized
according to the walking speed over the flat pavement. Then, the slope is reclassified
according to the speed conservation values of the Laghi and Cavalletti (2004)
evaluation model. Inverse Evacuation Speed Map toolset was used to combine
reclassified land-use and slope raster with an average walking speed of 1 meter per
second. Finally, cost-weighted surfaces (CWS) were created for both cases, which
are with (i) and without (ii) additional predefined routes by using The Evacuation
Time Maps toolset. The final surfaces for both cases give the time that is required to
reach the closest safe zone for the pedestrian located within the hazard zone. Graehl
(2008) concluded that the addition of routes decreased the required time to reach a

safe zone. Finally, the author discussed walking speed variations during evacuation
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depending on evacuees' physical capabilities, given land-use and slope speed
conservation values, and The Evacuation Time Maps toolset used to calculate

pedestrian evacuation time maps.

Post et al. (2009) aim to quantify people's immediate response time after they get a
tsunami warning. For that purpose, they conducted the following steps:
quantification of the estimated minimum arrival time of tsunami (ETA),
quantification of institutional reaction time including decision and notification time
(ToNW), quantification of evacuation time that people need (ET), and finally
quantification of the response time of population which is the time people actually
have (RsT) (Figure 2.6). Institutional reaction time is assumed as 8 minutes
(Institutional Decision Time (IDT) is set to 5 min. and Institutional Notification Time
(INT) technical notification time to communicate is set to 3 min.). The reaction time
of the population is the most unknown phenomenon to quantify, which may vary
between 0 to ETA. Evacuation time (ET) is calculated based on the Cost Weighted
Distance approach, least-cost distance analysis (ESRI, 2001) by considering
extrinsic (land-use, slope, and population density) and intrinsic (age and gender)
factors. Finally, the response time of the population is calculated by extracting
"institutional reaction time (IDT + INT)" and population reaction time (RT) from the
estimated time of arrival tsunami wave (ETA).
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Figure 2.6 Time components of the assessment of human response capability to a
tsunami warning (Post et al., 2009)

They classified human response capability as weak (evacuation time is higher than
response time), moderate and good (evacuation time is lower than response time).
Post et al. (2009) performed an uncertainty assessment in addition to the plausibility
check. Results reveal that decision-makers at the local level may identify hotspots of
weak response capabilities and suggest additional shelters for those areas. They also
stressed the importance and necessity of early warning systems and disaster risk
reduction strategies for saving lives from hazards.

Wood and Schmidtlein (2012) examined the sensitivity of the least-cost distance
(LCD) model to variations in land-cover, directionality in slope (downhill and uphill
travel costs are not the same), and data resolution. ESRI's ArcMap (10.1) Path
Distance tool is used for travel speed assumptions. They examined four models,
which are distance only, road-constrained, isotropic, and anisotropic approaches.
Distance only model estimates travel times by calculating only the shortest path by
using ArcMap's Cost Distance tool (ESRI, 2009a). The road-constrained model
confines the road network and assumes pedestrians evacuate from the closest road
until they reach the safe zone. This is done by adding cost distance from each location

to the nearest road. The isotropic approach uses the cost distance model too, but also
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includes remaining parts where pedestrians can also consider the influence of slope
and land-cover type. Slope and land-cover layers are reclassified into speed
conservation values (SCV) based on the maximum walking speed potential. The
slope is reclassified according to Tobler's hiking function then speeds are converted
into SCV regardless of uphill or downhill movement. The Cost Distance tool is used
to create a cost surface, which is multiplied by the inverse of the assumed travel
speed (1.1m/s). The anisotropic approach includes slope directionality. In this
approach, travel distances are calculated by using the Path Distance tool (ESRI,
2009b) instead of the cost distance approach. As a result, an anisotropic approach is
found as the most realistic model to estimate pedestrian travel times. It simplifies
reality by a series of assumptions such as land-cover conditions and travel speed
changes according to slope direction. Additionally, changes in the resolution of DEM
and land-cover data have a more significant effect on the result of the study, so higher
resolution data gives better results. Also, changes in travel speed assumptions have

a greater effect on the population exposure estimates.

Wood and Schmidtlein (2013) studied the effect of community variations in
population exposure to a tsunami in order to differentiate tsunami treats among
multiple coastal communities. Travel times are estimated by using the anisotropic
least-cost distance model described in Wood and Schmidtlein (2012). The resultant
maps are merged with the population data, including residents, employees, public
venues, and dependent-care facilities. This paper aims to identify hotspots of
populations in tsunami-prone areas by coinciding with a population and a hazard
zone. They generated the least evacuation time surfaces according to the model, and
then, they developed a geospatial function that allows portraying the distribution of
population as a function of minimum travel time. As a result, in some communities,
fast walking speed may allow people to evacuate safe areas and divide the population
into subgroups, allowing authorities to be more flexible in deciding the required time

during evacuation.
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Wood et al. (2014) examined the changing of post-disaster redevelopment's
influence on the evacuation potential of population groups, mainly employee,
customer, and tourist populations at Seward Alaska. They concluded that evacuation
times to safety for most of the population are less than wave arrival times for possible
future tectonic tsunamis; however, it is greater than wave arrival times for landslide-

related tsunamis.

Fraser et al. (2014) improved the GIS-based least-cost distance evacuation model at
which temporally variable exposure of population and variability in pedestrian travel
speeds are considered. They created population time profiles to understand spatial
exposure of each population groups for day, month or any time. According to the
least-cost distance model, travel speed for all populations is assumed as only one
value. However, the authors proposed that it does not represent the real case so that
they try to collate travel speeds for different population groups based on age and
mobility. They modeled multiple different scenarios by changing the spatial and
temporal distribution of population groups and travel speeds, allowing an
understanding of how evacuation time is affected. When they investigated the
distribution of the mean difference between the base scenario and the Monte Carlo
scenarios, the overall base model has good accuracy and precision to changes in
landcover SCVs.

Schmidtlein and Wood (2015) investigated pedestrian evacuation time models'
sensitivity to the assumptions made in the characterization of path movement and the
land-cover surface. Descriptive statistics for the baseline model and normal direction
model show that in almost every case baseline evacuation model tends to
overestimate the evacuation times. The sensitivity of the anisotropic LCD model to
changes of landcover SCVs is checked by using a Monte Carlo based uncertainty
analysis. After GIS was used widely to model pedestrian evacuation, spatial
constraints during selecting pedestrian evacuation routes were studied. This study
focused on the path search problem implemented in the ArcCasper tool. In order to
simulate pedestrian circulation, the Network Analyst extension of ArcGIS is used on

which road vertices need to have slope and capacity attributes. Finally, they prepare
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evacuation plan maps that show a need for vertical evacuation buildings to overcome

congestion in evacuation routes and decrease evacuation time.

Trindade et al. (2018) also implemented one of the GIS tools named as ArcCasper
for modeling evacuation tools based on the worst-credible scenario. The elements
considered for the evacuation process include the worst-credible inundation
scenario, number of people needed to evacuate, safe areas, roads, and finally the time
needed for proper evacuation. By using the ArcCasper (Capacity-Aware Shortest
Path Routing Evacuation), developed by Shahabi and Wilson (2014), evacuation
simulation tool, an exposed population for four different times of day and the
evacuation time is estimated. Road capacity with its length is combined to predict
the speeds based on different traffic conditions and population density and size, or
flow to generate evacuation routes. Basic travel speed is used as 0.7 m/s and 1.4 m/s
which is taken as the average velocity of the entire population by ignoring the
elderly, children, and people having disabilities. In this study, road capacities are
considered the simulate traversal time and congestions. From the analysis of the
simulation maps, it was concluded that the best solution to minimize the traversal
times, vertical evacuation strategy could play an important role which must be
discussed by the local decision-makers. The resultant maps show the optimal
evacuation routes and the unfeasible routes depending on the inundated area
according to the credible worst-case scenario. Some improvements needed for this
study which earthquake impact on the roads such as blocking of the roads by

collapsed buildings or accessibility of potential vertical evacuation shelters.

Sakata et al. (2019) conduct a study emphasizing the importance of selecting
evacuation routes at the time of evacuation. They implemented a dynamic evacuation
route guidance system based on a tsunami inundation database by using multiple
tsunami sources, which shows evacuation routes with the lowest probability of
encountering a tsunami. Tsunami inundation with the actual source of the tsunami
wave is calculated via STOC. Based on the arrival time of the tsunami,
corresponding to the tsunami source, they constructed the route selection method

that avoids encountering tsunami during evacuation. The route selection simulator
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developed by Arikawa and Ooie (2015), was incorporated to determine the death
rate. The model selects the shortest distance route to the evacuation shelter by
considering the topographical obstacles. Also, the evacuation speed is determined by
considering the slope of the route by using Tobler’s hiking function and inundation

depth.

For the evacuees who started evacuation immediately before the first wave of the
tsunami, the death rate was reduced by 6.8% in Otsuchi. Furthermore, in Nakatosa,
it was reduced by 17% showing effectiveness of safe routes of the evacuation
guidance. However, in this study, some important factors including human
congestion and road blockage due to earthquakes are ignored. Evacuation behaviors
at the time of the evacuation drill and actual evacuation route selection are compared.
As a result, they found out that there was a difference that is necessary to examine

for further analyses.

21



22



CHAPTER 3

TSUNAMI NUMERICAL MODELING

3.1  Capabilities of NAMI DANCE software

Numerical simulations of tsunami sources are performed via NAMI DANCE
software that is developed by Zaytsev, Chernov, Yalciner, Pelinovsky, and Kurkin
(Lynett et al. 2017; Yalciner and Zaytsev 2017; Yalciner et al. 2017). It is developed
specifically for the modeling of a tsunami and tropical cyclone. NAMI DANCE
developed in C++ solves nonlinear forms of long-wave equations with friction,
including initial and boundary conditions. It estimates the major tsunami parameters:
water surface elevation, flow depth, current velocities, momentum fluxes, and their
direction and Froude number of selected study domains in either a Cartesian or
spherical coordinate system. NAMI DANCE has been used and validated by several
coastal scientists (e.g. Sozdinler et al., 2015; Dilmen et al., 2015; Aytore et al., 2016;
Cankaya et al., 2016; Kian et al., 2016; Velioglu et al., 2016; Zaytsev et al., 2016;
Lynett et al., 2017; Tufekci et al., 2018) to solve different specific benchmark
problems some of which are introduced in International Workshops on Long-Wave
Runup Models (Synolakis, 1991, Synolakis et al., 1995, 2004; Liu et al., 2008, Lynett
etal., 2017).
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3.2 Selected Tsunami Sources

In the light of studies mentioned in the literature survey section of the Eastern
Mediterranean basin, large tsunamis occurred due to earthquakes, submarine
landslides, and volcanic eruptions because of high seismicity throughout the region
in the past 3000 years. In this study, tsunami hazards in the Gulf of Gokova and
South Aegean Sea are investigated, mostly affecting the southern coasts of Bodrum
Peninsula. Seismic and landslide tsunami sources are selected by the working groups
of the Tsunami Last Mile Project. According to the project, the 365 and 1303 AD
events occurred near Crete (Lorito et al., 2008; Shaw et al., 2008), 9 July 1956
Amorgos event (Galanopoulos, 1957, Papadopoulos and Pavlides, 1992; Yalciner et
al., 1995; Beisel et al., 2009; Okal et al., 2009), and rupture in Gokova (Necmioglu,
2014) and Giilliik Bay scenario (Acar, 2015) are selected as seismic scenarios of
tsunami hazard in this study as they have large tsunami runup heights and inundation
distances along southern coasts of Bodrum Peninsula. Based on the literature review
mentioned above, seismic source parameters are given as compatible with the fault

characteristics of each scenario according to the worst-case scenario (Table 3.1).

Table 3.1 Selected source parameters of seismic scenarios which are used in the
numerical simulations

P . . Length Width Strike Dip Rake DP™ Magnitude Slip Faulting
seiomic  Lon. () LLC) Ty gm0 0 O S Tw) (m) Type
Scenario (TOF)

365-Crete 23.40 35.00 130 85 314 35 90 5 84 14 Trust

1303-Eastern
Mediterranean

1956-
Amorgos

Gokova 27.40 36.90 80 20 100 60 300 5 7.2 1.5 Normal
Gillik Bay 26.592 37.26 50 25 66 45 45 20* 7.6 8 -
(* focal depth)

26.63 35.18 100 30 60 45 110 20 80 8 Trust

26.00 36.90 75 40 39 25 246 5 78 7 Normal
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In addition to seismic sources, the Amorgos submarine landslide (Okal et al., 2009)
is selected as the first landslide scenario. Another possible submarine landslide is
assumed to be triggered by the seismic mechanism of the Gékova scenario named
"Gokova-North-Datca". Parameters of two landslide sources needed for NAMI

DANCE numerical simulations are provided in (Table 3.2).

Table 3.2 Selected source parameters of landslide scenarios which are used in the
numerical simulations

Selected Landslide Ellipse Dimensions (major axis Maximum

Scenario L3t (@) Lik @) X minor axis) (km) Amplitude (m)
21ax5
Amorgos 23.40 35.00 18bx5 -18, +6
. 6ax2
Gokova-North-Datca ~ 27.5440 36.7853 6bx2 -20, +20

a subsidence-b uplift

Note: Each landslide scenario is assumed as a pair of elliptical shape subsidence and
uplift areas of which the dimensions are provided in Table 3.2
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3.3 Simulation of Selected Tsunami Sources

Modeling is one of the essential components of this study. It has several phases,
including combining available earthquake data, obtaining bathymetric and
topographic data with sufficient resolution, and selecting credible tsunami scenarios.
Ocean Engineering Research Center of Middle East Technical University performs
all the tsunami simulations within the scope of the Turkey Tsunami Last Mile
Project. The resultant maps represent the inundation of tsunami used to define hazard

zones during creating pedestrian evacuation maps.

Bathymetric and topographic data are gathered in order to be used during the
numerical simulations of NAMI DANCE software. GEBCO with 30 arc-second grid
resolution data is used as bathymetry. The bathymetry is enhanced with the national
navigational charts of the Aegean coast of Turkey for the regions close to the
southern coast of Bodrum. Additionally, the 5 m resolution Digital Elevation Model
(DEM) is used as topographical data for the simulations. Then, bathymetry and
topographical data are gathered to be compatible with each other. Simulation of
tsunami is performed for three nested domains, which are Southern Aegean (Domain
B), Bodrum Peninsula and Eastern Kos (Domain C), and a smaller area of Bodrum
Peninsula and Eastern Kos (Domain D) that are shown in Figure 3.1. Coverage area,
grid sizes, and boundary coordinates of all domains are provided in Table 3.3.
During the numerical simulations via NAMI DANCE, the time step is selected as

0.05 s, and the friction coefficient is taken as 0.015.

For the critical parts throughout the southern coast of Bodrum Peninsula and
northeast of Kos island, seven gauge points are selected, providing time histories of
water surface during simulated tsunami (Figure 3.2). In this study, gauge points are
either selected from places where flow depth values of the simulated tsunami are
known as a result of field studies (Giimbet, Bitez, Karaincir and Kos-Port) after the
2017 Bodrum-Kos event in order to verify the simulation or from places where
knowing time histories of the water surface via sea level stations (IDSL, IDSL* and
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Bodrum-TG) is crucial for pedestrian evacuation. Coordinates of selected gauge
points are listed in Table 3.4.

Table 3.3 Study domains used during numerical modeling with their grid size,
boundary coordinates and coverage area

Domain Name  Grid Size (m) Boundary Coordinates Coverage area

22.500518° E — 28.499467° E
B 150 Southern Aegean
33.999078° N — 37.797605° N

27200246°E _ 27.6999850 F  -9¢ area of Bodrum

¢ 30 36.829972° N — 37.409784° N Pe”'"s”'aKZ”Sd Eastern

2720999° E — 27.599991° E Smaller area of Bodrum

D 5 Peninsula and Eastern
36.839988° N —37.209996° N Kos

Level (m)
2500
1400
950
700
475
350
225
100
70
40
15

375

37

36.5

-10
-35
-60

- -85
-150
-275
-400
-525
-650
-775
-900
-1050
-1300
-1550
-1800

36

35.5

35

34.5

34

23 235 24 245 25 255 26 26.5 27 27.5 28

Figure 3.1 Bathymetric and topographic map showing three study Domains (B, C,
and D) used for NAMI DANCE simulations
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Figure 3.2 Showing all gauge points by red stars in study Domain D

Table 3.4 Properties of gauge points

IDSL 27.424537 37.031483
IDSL* 27.435246 37.023434
Bodrum-TG 27.420310 37.028750
Giimbet 27.406760 37.029670
Bitez 27.382760 37.025304
Karaincir 27.301670 36.972844
Kos-Port 27.288852 36.894604
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3.4 Results of Tsunami Scenarios

34.1 Results of Tsunami Scenarios Generated from Selected Seismic

Sources

Tsunami nearshore parameters are computed and mapped for the smaller area
(Domain D) for five selected seismic tsunami sources. For the 1956-Amorgos,
Gokova, and Gilliikk Bay scenarios, the simulation duration is taken as 180 minutes.
For the sources far away from Bodrum Peninsula, which are 365-Crete and 1303-
Eastern Mediterranean, the duration is chosen as 240 minutes. Initial sea state
conditions of selected seismic tsunami sources for Domain D are presented in Figure
3.3. Distributions of calculated maximum and minimum water levels for the selected

seismic sources are given for Domain D (Appendix Al,2).

3.4.2 Results of Tsunami Scenarios Generated from Selected Landslide

Sources

Two selected landslide sources, which are Amorgos Landslide and Gékova-North-
Datca Landslide Scenarios, are simulated via NAMI DANCE software. Amorgos
Landslide source consists of 18 m elliptical subsidence and 6 m uplift with
dimensions of 21kmxSkm and 18kmx5km, respectively. Gokova-North-Datga
source is selected as possible landslide region that is the steepest coastal slope of
Gulf of Gokova located in northern site of Datga Peninsula. It consists of 20 m
elliptical subsidence and uplift with dimensions of 6kmx2km. Initial sea states of
two landslide sources are given in Figure 3.4. Simulation duration of Amorgos
Landslide Scenario is selected as 240 min while it is taken as 180 min for Gokova-
North-Datga Landslide Scenario. Maximum and minimum sea-level distributions of

each landslide scenarios are given in Appendix B 1,2 respectively.
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Figure 3.3 Initial Sea Surface Deformation of seismic tsunami scenarios of a. 365-
Crete b. 1303-Eastern Mediterranean c. 1956-Amorgos d. Gokova e. Giilliikk Bay
(label units in m)
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Figure 3.4 Initial Sea Surface Deformation of landslide tsunami scenarios in Domain

B a. Amorgos Landslide Tsunami Scenario b. Gokova-North-Datca Landslide
Tsunami Scenario
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34.3 Results of Tsunami Scenarios Generated from Combined (Landslide

and Seismic) Sources

Combined sources are generated by considering both landslide sources and their
possible assumed triggering seismic mechanisms. In this study, two different
combined seismic and landslide scenarios are determined that are Combined 1956-
Amorgos Seismic + Amorgos Landslide Scenario and Combined Gékova Seismic +
Gokova-North-Datga Landslide Scenario. Simulation duration of both combined
scenarios is assigned as 180 min. Maximum and minimum water levels of combined

landslide simulations for Domain D are given in Appendix C 1,2 respectively.

35 Selection of Critical Scenarios

According to the simulation results, 1956-Amorgos seismic scenario(i) gives
maximum flow depth and inundation distance values among all seismic sources at
selected gauge points in the southern coast of Bodrum Peninsula (Appendix D 1,2).
On the other hand, Combined Goékova Seismic and Gokova-North-Datca Landslide
scenario(ii) gives maximum levels at many locations among landslide and combined
seismic + landslide scenarios. As a result, most critical scenarios are appeared as
1956-Amorgos seismic(i) and combined Gokova seismic and Gékova North Datga
landslide(ii) scenarios for Bodrum Marina, Giimbet Bay, Bitez Bay which are the
places where most of the settlements and touristic places are located. The first and
maximum tsunami wave's arrival times to the gauge points are provided in Appendix
D 3 and 4 respectively. The earliest arrival of the tsunami waves to the gauge points
is about 10 minutes, considering all possible scenarios for Bodrum Peninsula.
Maximum flow depth due to 1956-Amorgos seismic(i) and Combined Gokova
seismic and Gokova-North Datca landslide(ii) scenario distribution of these places

is given in Figures 3.5-7.
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Figure 3.5 Distribution of maximum flow depth for Bodrum Marina and
surroundings due to a. 1956-Amorgos Scenario b. Combined G6kova Seismic and
Gokova-North-Dat¢a Landslide Scenario

2l

Figure 3.6 Distribution of maximum flow depth for Giimbet Bay due to a. 1956-
Amorgos Scenario b. Combined Gokova Seismic and Goékova-North-Datga
Landslide Scenario
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Figure 3.7 Distribution of maximum flow depth for Bitez and Karaincir Bays due to
a. 1956-Amorgos Scenario b. Combined Gokova Seismic and Gokova-North-Datga
Landslide Scenario
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CHAPTER 4

PREPARATION OF PEDESTRIAN EVACUATION TIME MAPS BY USING
PEAT

4.1  Concept and Methodology

Evacuation is the instant action of people moving from a hazardous location towards

a place of greater safety. It is an important component of population protection

analysis that is an element of community preparedness (Lindell and Perry 2007).

Evacuation may significantly reduce the damage caused by hazards like the number

of deaths and injuries (Lindell et al. 2006). Especially for the hazard-prone areas,

self-initiated evacuation is the main way to save life as they have a few minutes to

escape from the threat (Wood and Schmidtlein, 2012). For tsunamis, evacuation is

possible by reaching out of the inundation zone towards the higher ground

(horizontal evacuation) or evacuating to the higher floors like high buildings within

the inundation zone (vertical evacuation) (Dewi, 2012). Evacuation maps should be

created with the information of the direction to escape for pedestrian, available routes

guiding people towards the nearest safe area, a number of people that will use the

evacuation routes, minimum travel speeds of pedestrian, and the distance to the safe

zone (Scheer et al., 2012).

In this study, the Pedestrian Evacuation Analyst Tool (PEAT) is used for producing

evacuation walk time maps for the selected areas located on the southern coasts of

Bodrum. PEAT is an extension of ArcGIS that scientists and emergency managers

use for modeling pedestrian evacuation potential. It was developed by Jones et al.

(2014) for the researchers studying self-initiated pedestrian evacuation from sudden-

onset hazards such as local tsunamis, debris flows, lahars (volcanic mudflows), and

flash floods.
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In the literature, both static least-cost-distance (LCD) and dynamic agent-based
models are used in order to assess pedestrian evacuation from sudden hazards.
Among these evacuation models, GIS tools are used for LCD models to calculate the
shortest path to the safe area from every place within the hazard zone. PEAT is one
of the cost-distance models that include calculations based on static landscape
properties such as slope, land-cover, and roads etc., within the hazard zone.
Evacuation walk time maps are generated in PEAT by the main two steps:
preprocessing of input data and creating evacuation surfaces and maps (Jones et al.,
2014) (Figure 4.1). The first step of preprocessing of input data is the digital
elevation model preprocessing at which the DEM raster and study area vector data
are entered. Then, the tool clips the DEM according to the provided study areas.
Also, PEAT calculates the slope that is derived from the digital elevation model
(DEM). In this stage of PEAT, slope directionality is also considered during the
calculation of travel cost based on Tobler's (1993) hiking function representing the
relation between slope and walking speed (Wood and Schmidtlein, 2012). PEAT
requires all input files in the same projection in order to have maximum accuracy. In
this step, the analysis of cell size can also be defined; thus, the input DEM is either
sampled or aggregated to match the defined cell size. According to Wood and
Schmidtlein (2012), PEAT tended to underestimate evacuation travel times within
the hazard zone when the DEM has a coarser resolution. The second step is the land-
cover preprocessing at which PEAT considers the effect of different types of Earth's
coverage on pedestrian evacuation by assigning different SCVs, representing the
percentage of pedestrians’ maximum travel speed (Wood and Schmidtlein, 2012).
As a result of the land-cover preprocessing step, PEAT creates a cost-inverse raster,
representing the inverse of the land-cover/land-use SCVs. In the hazard zone
preprocessing step, the safe zone is created that is defined as the area out of the
hazard zone within the study that should be verified manually to create a quality-

assured safe zone in the safe zone validation step.
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Preprocessed DEM, the cost-inverse raster and validated safe zone are taken as input
to create the path distance surface representing the travel distance from every cell
within the hazard zone towards the nearest safe zone. The path distance surface is
multiplied by pedestrians' assumed travel speed during the evacuation that creates
the evacuation surface representing the time required for pedestrians to get out from
the hazard zone in minutes. The algorithm of path distance surface in ArcGIS is
sensitive to the instant changes of elevation depending on the resolution of DEM
input. It may calculate a very large distance for the sudden elevation changes
between cells that causes very high time values in the evacuation surface. Therefore,
the realistic maximum time value is identified manually, and by the time map tool
all the values larger than the realistic are set to that value. Finally, the evacuation
time map is created by reclassifying the evacuation surface into 1-minute increment

integer bands.

Preprocessing of Input data Creating evacuation surfaces
Digital elevation model Calculate path distance surface
Land-use / Land-cover Create evacuation surface

Hazard zone Determine maximum time value
Safe zone Creating time map

Figure 4.1 Two main processes of PEAT with their sub-processes (modified from
Jones et al., 2014)

4.2  Selection of study areas for PEAT

Tsunami numerical simulations are performed with NAMI DANCE software as
explained in Chapter 3, where 1956-Amorgos seismic scenario (i) and Combined
Gokova Seismic and Gékova North Datca Landslide scenario (ii) are determined as
critical scenarios. According to the results of numerical simulations, 1956-Amorgos
seismic scenario (i) and Combined Gokova Seismic and Gokova North Datga
Landslide scenario (ii) give higher inundation levels and flow depths among other
scenarios at many locations along the southern coast of Bodrum where densely

populated settlements and touristic places are located.
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Study areas are selected for PEAT among the places having the highest inundation
distances and ignoring the surrounding uninhabited islands which are out of the
scope for this thesis, which are Central Bodrum, Giimbet Bay, Bitez Bay, Yahsi Bay,
and Akyarlar-Karaincir-Aspat Bays shown in Figure 4.2. Evacuation walk time maps
are prepared according to the worst-case scenario, meaning that the scenarios have
the highest inundation at a location. It is observed that the Combined Gokova seismic
and Gokova North Datga landslide scenario (ii) appears as the worst-case scenario
for Central Bodrum, Giimbet Bay, Yahsi Bay, and Akyarlar-Karaincir-Aspat Bays.
Consequently, as input for the evacuation walk time maps, the combined scenario
(ii) is selected for those areas and shown in Figure 4.3-6. However, throughout Bitez
Bay at some locations the 1956-Amorgos seismic scenario (i) gives the highest
inundation distances, while at other locations of the Bay, the combined scenario (ii)
gives the highest values (Figure 4.7). Therefore, these two critical scenarios are
merged by taking the highest inundation values resulting from either of the two
scenarios and used as input during preparing pedestrian evacuation walk time maps.
The inundation maps are named as 'hazard zone' in the following chapters and used

for further processes.
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Figure 4.2 Resultant inundation zones and selected study areas for PEAT
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Figure 4.3 Maximum flow depth distribution due to Combined Gékova Seismic
and Gokova-North-Datga Landslide Scenario (ii) in Central Bodrum
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Figure 4.4 Maximum flow depth distribution due to Combined Gokova Seismic
and Gokova-North-Datga Landslide Scenario (ii) in Giimbet Bay
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Figure 4.5 Maximum flow depth distribution due to Combined Gokova Seismic
and Gokova-North-Datga Landslide Scenario (ii) in Yahsi Bay
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Figure 4.6 Maximum flow depth distribution due to Combined Gokova Seismic
and Gokova-North-Datga Landslide Scenario (ii) in Akyarlar-Karaincir-Aspat Bays

40



a. 533200 533800 534400

=3
=1
[
~
)
=]
<

4097900

4097300
4097300

T E— e ters
0 125 250 500

533200 533800 534400

b. 533200 533800 534400

o
[~
o
~
[+2]
o
<

4097900

pth
3,56883

4097300
4097300

CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community &

533200 533800 534400

Figure 4.7 Maximum flow depth distribution of Bitez Bay due to a. 1956 Amorgos
seismic scenario b. Combined Gokova Seismic and Gokova-North-Datca Landslide
Scenario
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4.3  Preprocessing of Data for PEAT

Data used in this part of the study is provided by Bodrum Municipality within the
scope of the Last Mile project. Additionally, for the cases where the data have
inconsistency or deficiency, open-source data are used, such as Google Earth Images

and Open Street Map.

43.1 Digital elevation model (DEM)

In order to use for both numerical simulations of NAMI DANCE and PEAT, 5 m
resolution Digital Elevation Model (DEM) is used. DEM also includes building
heights. In the preprocessing step, DEM is clipped according to the selected five
study areas within the scope of this study as explained in Chapter 4.2, which are
covering Central Bodrum, Bitez Bay, Giimbet Bay, Yahsi Bay, and Akyarlar-
Karaincir-Aspat Bays. The processed DEM of each study area is shown in Figures
4.8-12.
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Figure 4.8 Digital elevation model around Central Bodrum region
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Figure 4.11 Digital elevation model for Yahsi Bay
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Figure 4.12 Digital elevation model around Akyarlar-Karaincir-Aspat Bays
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43.2 Land-cover and Land-use Dataset

Land-use/Land-cover is an important issue for pedestrian evacuation from a sudden
tsunami disaster. The input data required for this tool are developed areas, bush and
cultivated crops, buildings, roads, rivers, and beaches that affect the pedestrian's
walking pace. The road data for some of the study areas are gathered from Open
Street Map due to the inadequacy of the provided data by Bodrum Municipality. The
data is subdivided into the base layer and the ancillary layer to satisfy the Pedestrian
Evacuation Analyst Tool's requirements. The base layer is represented as the spatial
distribution of observed Earth surface coverage, such as beaches, cultivated lands,
bushes, etc. Whereas ancillary layers are any surfaces that can affect the walking
pace of the pedestrian during sudden tsunami events such as roads, rivers, any type
of barriers, and buildings that are used in order to create more realistic evacuation
maps for pedestrians. Energy cost terrain coefficients are determined for certain land-
cover types by Soule and Goldman (1972). Then, Wood and Schmidtlein (2012) give
"speed conservation value" (SCV) for each type of land-cover/land-use by using the
inverse of the energy cost terrain coefficients. The SCV represents the maximum
travel speed percentages of each land-cover type. It varies from 0 (no evacuation
possibility) to 1 (easiest evacuation is possible). All the data related to land-cover are
converted to a single layer named as least-cost-inverse raster by PEAT and used as
an input in the creation of path distance surface.

Land-cover data in this study is created by using the latest acquired submeter
resolution Google Earth Images at the time of the thesis manually for coastal areas
around Central Bodrum, Giimbet Bay, Bitez Bay, Yahsi Bay, and Akyarlar-
Karaincir-Aspat Bays (Figure 4.13-17). Speed conservation values of each land-
cover type present in the study area are given by utilizing the information provided
by Wood and Schmidtlein (2012) (Table 4.1). For the developed-highly populated
areas, the maximum value is given to SCV as 0.9091 in the base layer because they
are closest to buildings that may provide vertical evacuation for pedestrians easily

from tsunami waves. On the other hand, beaches are formed from unconsolidated
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sand on which it is very difficult to walk so SCV is given as 0.5556. For cultivated

crops and bushes, SCV is assigned as 0.8333 as evacuation is easier than beaches.

Table 4.1 Speed Conservation values of the land-cover types (Wood and
Schmidtlein, 2012)

Land-cover Type Speed Conservation Value (SCV)
Developed- highly populated 0.9091
Cultivated crops 0.8333
Bush 0.8333
Beach 0.5556
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Land Cover Types
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Land-cover [l Cultivated crops
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Figure 4.13 a. Google Earth Image of Central Bodrum b. Classified land-cover type
polygons for Central Bodrum

46



633200 533800 534400 13800 83300

Land Cover Types
| Beach

| Bush

I Cuitivated crops
5 Developed-highly

633200 533800 534400 533200 533800 634400

Figure 4.14 a. Google Earth Image of Bitez Bay b. Classified land-cover type
polygons for Bitez Bay
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Figure 4.15 a. Google Earth Image of Giimbet Bay b. Classified land-cover type
polygons for Giimbet Bay
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Figure 4.16 a. Google Earth Image of Yahsi Bay b. Classified land-cover type
polygons for Yahsi Bay
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Figure 4.17 a. Google Earth Image of Akyarlar-Karaincir-Aspat Bays b. Classified
land-cover type polygons for Akyarlar-Karaincir-Aspat Bays

Ancillary layers are composed of existing roads, fences, buildings, water bodies
within the study area that affect the pedestrian’'s evacuation. Roads and rivers are the
ancillary layers used in this study. Among all the layers, roads are the most important
ancillary layer as they provide pedestrians to evacuate in the easiest way. Except for
the data provided by Bodrum Municipality, in some places, Open Street Map is used
due to the inadequateness of the provided data. In addition to that, some road data

within the hazard zone are added from Google Earth Images since they are thought
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as essential for pedestrian evacuation. On the other hand, barrier data are not used in
this study since types of barriers are not exactly known from the data (concrete
garden separators, metal fences, security walls, etc.). Furthermore, the availability of
high-resolution DEM, which already include the building heights removes the

necessity to include the building data in ancillary layers.

Bodrum Municipality provided river data used in the study. It is assumed that
evacuation is not possible and even dangerous because tsunami waves are
propagating fast through rivers. Maximum SCV (1) is given to the road layer as they
provide pedestrians to evacuate the fastest and easiest way, while minimum SCV (0)
is given to the river layer as they block the pedestrian evacuation, according to Wood
and Schmidtlein, (2012). The Pedestrian Evacuation tool gathers base and ancillary
layers in the first step, and then, it creates the cost-inverse raster at which the values

are showing the inverse of the given SCVs for five study areas (Figure 4.18-22).

536800 537800 538800 539800

A gum= ,,_;;% s
D g Ol B
£Eafliak ote)

i)

4098900
4098900

4097900
4097900

4096900
4096900

1/SCv

I Road - 1

] Beach - 17998560867

I cuttivated crops and Bush - 1.20004797
: Developed- highly populated- 1,099989057

4095900
1
4095900

e Kilometers
0 025 05 1

T T T T
536800 537800 538800 539800

Figure 4.18 Cost-inverse surface around Central Bodrum
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Figure 4.20 Cost-inverse surface for Bitez Bay
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Figure 4.21 Cost-inverse surface for Yahsi Bay
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Figure 4.22 Cost-inverse surface for Akyarlar-Karaincir-Aspat Bays
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4.3.3 Hazard and Safe Zone

Inundation results of the tsunami modeling simulation are used as hazard zone areas
in this study. 1956-Amorgos seismic scenario (i) and Combined Gokova seismic and
Gokova North Datca landslide (ii) scenario are the most critical two scenarios which
create maximum inundation distances throughout the study area. The resultant raster
data showing maximum inundation areas with flow depth values are converted to
vector data. This process was performed for five study areas, and a representative
Bitez Bay example is shown in Figure 4.23. These polygons are used in the hazard

zone preprocessing part of PEAT.
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Figure 4.23 a. Raster data of maximum flow depth distribution of merged two
scenarios for Bitez Bay b. Vector data showing hazard zone polygon used as input
in PEAT for Bitez Bay
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The safe zone is the places within the study area that are out of the hazard zone.
Hazard zone polygons are used as input by PEAT in order to create safe zone areas.
After safe zone areas are generated by PEAT, validation is needed due to the
remaining sliver polygons. Those sliver polygons within the hazard zone are
investigated and most of them are found to be due to the existence of buildings or
any sudden changes in the DEM. Additionally, any safe island polygons within the
inundation zone are removed as they are thought to be unsafe places for pedestrians
to evacuate. After the safe zones are reviewed and corrected for five study areas, a
quality-assured final safe zone is created that is used in the following processes of
PEAT (Figure 4.24).
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Figure 4.24 Validated safe zone polygons (green color) after manually removal of
excessive polygons (orange color) used further analysis for a.Central Bodrum, b.
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4.4  Resultant Tsunami Evacuation Walk Time Maps

The pedestrian evacuation analyst tool (PEAT) calculates the first path distance
surface and then the evacuation surface to create an evacuation time map.
Preprocessed DEM, the least-cost-inverse raster and validated safe zone areas are
used as input in the Path Distance (PD) surface generation step of PEAT. In this
stage, the travel distance from each cell to the nearest safe zone is calculated. After
that, the evacuation surface (ES) multiplies the path distance surface with the desired
travel speed and calculates travel times to reach the safe zone. According to different
travel speeds shown in Table 4.2, users can create different evacuation surfaces using
the same path distance surface data. According to the crosswalk walking standards
in the United States, a slow walking pace is recommended (Wood and Schmidtlein,
2012). Therefore, in this study slow walking pace (1.1 m/s) is selected as travel

speed.

Table 4.2 Categories of Travel speed with their corresponding values used in the
Pedestrian Evacuation Analyst Tool. Values are taken from the Federal Highway
Administration (2009) and MarathonGuide.com (2011) and modified by Jones et al.,
2014.

Travel-speed categories Travel speed value (m/s)
Slow walk 11
Fast walk 1.52
Slow run 1.79
Fast run 3.85

Evacuation time maps are produced by using PEAT for selected five coastal areas:
Central Bodrum, Giimbet Bay, Bitez Bay, Yahsi Bay, and Akyarlar-Karaincir-Aspat
Bays, and given in Figures 4.25 to 4.29, respectively. Those maps are generated for
the areas being highly populated and touristic and have the highest inundation

distances resulting from the two critical tsunami scenarios (i) and (ii).
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According to the resultant evacuation time maps, the highest travel times for
pedestrian to reach the safe zone is calculated by PEAT as 8, 3, 4, 6 and 5 minutes
for Central Bodrum, Giimbet, Bitez, Yahsi and Akyarlar-Karaincir-Aspat Bays
respectively. In Central Bodrum, the longest value of 8 minutes is resulted by the
calculation of the evacuation from the tip of the breakwaters of Bodrum Marina.
However, in the case of the absence of breakwaters, the maximum travel time
becomes 4 minutes from Aganlar Shipyard & Marina. The tsunami waves propagate
mostly through valleys located at Giimbet Beach, so the longest travel time is 3
minutes around those regions in Giimbet Bay. Similarly, in Bitez Bay, the longest
pedestrian evacuation times are calculated as 5 minutes around the valley entrance.
In Yahsi Bay, the longest travel time is 6 minutes for Camel Beach and Yahsi Marina.
The longest travel time value is 5 minutes for Aspat Beach and Karaincir Municipal

Beach located Akyarlar-Karaincir-Aspat Bays region.
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Figure 4.25 Tsunami Evacuation Walk Time Map for the areas around Central
Bodrum resulted from Combined Goékova Seismic and Gokova-North-Datga
Landslide Scenario(ii)
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Figure 4.26 Tsunami Evacuation Walk Time Map for the areas around Giimbet
Bay resulted from Combined Gokova Seismic and Gokova-North-Datga
Landslide Scenario(ii)
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Figure 4.27 Tsunami Evacuation Walk Time Map for the areas around Bitez Bay
resulted from two merged scenarios, which are 1956-Amorgos Seismic
Scenario(i) and Combined Gokova Seismic and Gokova-North-Datga Landslide
Scenario(ii)
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Figure 4.28 Tsunami Evacuation Walk Time Map for the areas around Yahsi Bay
resulted from Combined Gokova Seismic and Gokova-North-Datga Landslide
Scenario(ii)
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Figure 4.29 Tsunami Evacuation Walk Time Map for the areas around Akyarlar-
Karaincir-Aspat Bays resulted from Combined Gokova Seismic and Gokova-
North-Datga Landslide Scenario(ii)
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4.5  Validation of Tsunami Evacuation Walk Time Maps

The accuracy of the resultant maps is crucial for proper and fast evacuation.
Therefore, evacuation time maps should be verified. The maximum evacuation time
locations to reach the safe zone from the shortest available path are selected as
validation routes in the places where wide and fastest route may be selected easily.
Three different selected sites are selected for validation among the five study areas:
Guimbet Bay, Bitez Bay, and Yahsi Bay. For this validation, four different routes are
selected, located in Giimbet Bay (Figure 4.30), Bitez Bay (Figure 4.31 and Figure
4.32), and Yahsi Bay (Figure 4.33). The validation is performed by a walk at which
the time and distance are recorded. It is aimed that the speed constant and not
exceeding 1.1m/s (pedestrian speed used in PEAT) during walks. The time in the
resultant evacuation time map at the locations where the validation route is starting

is compared with the time passed to reach the safe zone during the walk.

According to the measurements taken during the walk and shown in Table 5.1, the
measured time to reach the safe zone from selected validation routes is lower than
the calculated evacuation time found by PEAT. For those three validation routes,
evacuation is possible with a speed about 1 m/s within the time proposed evacuation
time by PEAT. However, in the case of Bitez-2 validation route measured time
exceeds the calculated evacuation time due to overwalking about 40 meters shown
in Figure 4.32. The validation route is right next to the valley at which the inundation
distance continues 40 meters longer. This situation had led us to be mistaken during
the walk. Such misconceptions may happen to people during the actual evacuation

depending mostly on the resolution of the data.

63



Table 4.3 Measurements during the walk on validation routes

Evacuation Time Measured Measured
Average speed

Validation Route from PEAT Distance Tir_ne e
Results(min) (m) (min)

Gilimbet 3 124 2.32 0,82

Bitez-1 4 171 2.52 0,99

Bitez-2 5 356 5.35 1,06

Yahsi 6 361 5.35 1,08

Google Earth

Figure 4.30 Validation Route in Giimbet Bay shown as blue line
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Google Eartt

Figure 4.31 Validation Route Bitez-2 shown as blue line, overwalking shown as
red line
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Figure 4.33 Validation Route in Yahsi Bay shown as blue line
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CHAPTER 5

DISCUSSIONS

In this study, tsunami evacuation walk time maps are prepared by PEAT for southern
coastal regions of Bodrum Peninsula against the selected two worst-case critical
tsunami scenarios: (i) and (ii). Here, the least-cost distance model (LCD) is
implemented instead of other methods, such as agent-based models (ABM), to
understand the spatial distributions of evacuation time within hazard zone. LCD
models ignore individual behavior and the interaction between individuals during an
evacuation. In contrast, ABMs assess hundreds of individuals' decisions and their
interactions based on a set of rules (Wang et al., 2017). During the evacuation,
individual decision-making behaviors are a challenging phenomenon that depends
on the different levels of awareness of all individuals, such as near experiences and
ancestral knowledge of that region (Tufekci et al., 2020). It is assumed in LCD
models that all individuals in a community have the same and constant speed of
evacuation (no fatigue in time), which does not reflect the real situation and may lead
to underestimating the required evacuation time from tsunami hazard (Wood and
Schmidtlein, 2012).

PEAT is one of the LCD models that require lots of complex data representing
landscape properties that affect pedestrian evacuation pace such as slope, water
bodies, any type of barriers and roads etc., within the hazard zone (Wood and
Schmidtlein, 2013). In this thesis, some of the available data, either taken from
different open-source data such as Google Earth Images and Open Street Maps
and/or provided by Bodrum Municipality. The gathered data should be up to date as
Bodrum is one of Turkey's important touristic places where the shoreline is
constantly changing and developing due to the construction of new coastal facilities
such as marinas, renewed buildings, constructions of new buildings like hotels, and

roads. Since those changes in the shoreline would directly be related to tsunami

67



hazards and affect the evacuation, it is crucial to modify the available dataset.
Therefore, the data should be updated regularly in order to avoid misleading the

pedestrian during evacuation.

Corine land cover (CLC) (EAE, 1995) is not used as a land cover layer in this study
since the selected study areas are very small compared to CLC’s spatial resolution.
Therefore, the land-cover/land-use data are preferred to be produced manually from
submeter resolution Google Earth Images. The produced land cover data may change
depending on the person who created it and the purpose or priority of the study.
Hence it is totally human-dependent. In this stage, some sensitivity analysis could
have been done to reduce the human dependency, however, for this thesis both the
study areas are too small and the classes are so distinct that it is not implemented.
Also, created land-cover data are classified, and SCVs are given to them, according
to Wood and Schmidtlein (2012). Pedestrian evacuation maps are sensitive to the
assumptions made in changes of land-cover and slope SCVs (Schmidtlein and Wood,
2015). Therefore, any changes in land-cover through time will result in different
evacuation time maps. In order to keep the resultant evacuation time map up-to-date
the landcover data which might have changed through time should be automatically

updated with newer images.

The earthquake impact on buildings, roads, or any infrastructure is ignored, which
may slow the evacuation. Moreover, all buildings in Bodrum region are mostly hotels
and summer houses with three floors or less, reinforced concrete buildings, assumed
to, stay undamaged after the earthquake and during the tsunami. However, in the
case of a building collapse to the road after a strong earthquake, important roads for
evacuation may be blocked, which creates panic and congestion during an
evacuation, leading to the prolonged evacuation. Additionally, roads are assumed as
the safest places to evacuate in PEAT; however, a large and strong earthquake may
destroy the road network due to liquefaction. In the available road dataset,
information of the human capacity does not exist, which is vital knowledge to
prevent crowding and congestion situations during the evacuation. Furthermore,

roads in Bodrum region mostly consist of narrow streets that are hosted by fairs,
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markets, and cafes. This concept is also essential for emergency managers and local
decision-makers to offer the shortest evacuation route. Special to Bodrum region,
some roads, perpendicular to the sea, intersect with stream valleys, which are the
main routes of tsunami waves to propagate through the land. Hence, the road may be

flooded by the tsunami waves, which makes evacuation difficult.

The building dataset has already been used as high resolution topographical source
for numerical modelling to increase the accuracy and precision of the DEM. This
create a topographical barrier to the waves hence conveys the calculated waves to be
flowed through only openings. Besides the presence of the building, no information
can be produced considering the availability of entrance to that building, hence in
this thesis, vertical evacuation is ignored. Furthermore, horizontal evacuation is
assumed to be on foot since the use of vehicles may cause congestions in evacuation

routes.

Over the past five decades, Bodrum has developed from a small fisher town to
Turkey's largest holiday town and become a significant economic activity center
around tourism. Although Bodrum population in 2012 is estimated as 152.440, it
raises to 2 million people with visitors and tourists in the summer season (Erdogan,
2016). The population's spatial distribution increases significantly for outstanding
touristic places like Bodrum due to tourists' migration in the summer seasons. The
spatial distribution of the population is also time-dependent because of the variability
of human activities and mobility in a daily cycle (Freire et al., 2011). Since tsunamis
are time-specific events, spatially detailed demographic datasets that include the
population dynamics both in the summer and winter seasons are needed for the
touristic regions to create more accurate evacuation planning. However, in this
thesis, the spatial distribution of population, based on different evacuation conditions

in both day/night and summer/winter, is ignored due to the lack of available data.

Depending on the tsunamigenic source's location, the arrival of a tsunami wave to
the land differs in a real case, but it is assumed that all locations are inundated at the

same time to get the critical worst-case scenario. Therefore, for some locations where
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the tsunami waves come later, there is more time for people to initiate the evacuation.
In addition to different arrival times of tsunami through the study area, the reaction
time of the tsunami warning system, including the institutional notification and the
decision time to notify the people, is also neglected since there is no effectively
integrated tsunami warning system such as tsunami sirens in the study area. Even
there is no tsunami warning system; earthquakes may act as natural warnings for
incoming tsunami waves for people living in coastal regions as they may start
evacuation after recognizing the tremor. However, as it is mentioned above, the
difference in reaction times of people against tsunami hazard is not included in LCD

models.

The routes for validation are selected among the wide and perpendicular routes to
the sea. For the regions having several routes side by side with the same properties,
it is difficult to suggest the fastest evacuation route for the emergency managers and
local decision-makers. Here, factors such as the human capacity of the road, the
possibility of buildings collapsing to the road during an earthquake, and the
engineering characteristics of the road, gain importance during the decision of the
fastest and easiest route for evacuation. During the preparation of emergency
response plans, they should also put the tsunami signs along the selected and critical
evacuation routes in order to lead evacuees. The people should be aware of these
signs and maps before a tsunami event occurs to learn the routes ahead of time for

home, work and school.

The tsunami inundated on land assumed to be consist of only water, not the debris
material. However, the damage is mostly due to the debris materials such as boats,
cars, parts of trees etc., that are carried by the tsunami waves. As observed in the
recent Izmir-Samos earthquake and tsunami event, debris materials mostly damage
the coastal regions with no engineering structures. Also, simulations are performed
according to the present water level, meaning neither at the high tide nor a storm

event present.
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CHAPTER 6

CONCLUSION

Tsunami evacuation walk time maps are generated for the five selected areas located
in Bodrum Peninsula's southern coastline; Central Bodrum, Giimbet Bay, Bitez, Bay,
Yahsi Bay and Akyarlar-Karaincir-Aspat Bays. Tsunami generic sources for
Bodrum Peninsula were selected and modified to constitute the possible largest
earthquakes in the Gulf of Gokova and Eastern Mediterranean. As a result of
numerical simulation via NAMI DANCE, two critical worst-case scenarios are
selected. Inundation maps of the five selected areas are generated and used for the

tsunami evacuation time map.

The data used during the generation of evacuation walk time maps were gathered
from different sources. Numerical simulation results were used as hazard zone data.
The remaining required spatial datasets were acquired from Bodrum Municipality,
Google Earth Images, and Open Street Map. Pedestrian Evacuation Analyst Tool
(PEAT), one of the Least-Cost Distance (LCD) models, was used to generate
evacuation time maps. It calculates the evacuation time surfaces by considering the
speed conservation values for the different spatial distribution of terrain with a
defined travel pace. In this study, a slow walk (1.1 m/s) walking speed was selected

to generate walk time maps.

The resultant map represents the time needed a person to get out from hazard zone
in the fastest way. According to the resultant tsunami evacuation maps, longest
evacuation times for pedestrian to get out from hazard zone is 8, 6, 5, 4, and 3 minutes
for Central Bodrum, Yahsi, Akyarlar-Karaincir-Aspat Bays, Bitez, and Giimbet bays
respectively. The resulting evacuation time maps were validated on-site in selected

four different routes by performing walks.
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APPENDIX A
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Figure A.1 Distributions of maximum water for seismic scenarios of a.365-Crete
b.1303-Eastern Mediterranean ¢.1956-Amorgos d.Gokova e.Giillik Bay
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Figure A.2 Minimum water level distribution of seismic tsunami scenarios of a. 365-
Crete b. 1303-Eastern Mediterranean c. 1956-Amorgos d. Gokova e. Giilliik Bay
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Figure B.1 Distribution of Maximum water levels in Domain D for a. Amorgos
Landslide b. Gokova-North-Dat¢a Landslide
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Figure B.2 Distribution of Minimum water levels in Domain D for a. Amorgos
Landslide b. Gokova-North-Dat¢a Landslide
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Figure C.1 Distribution of Maximum water levels in Domain D for a. Combined
1956-Amorgos Seismic + Amorgos Landslide Scenario b. Combined Gokova
Seismic + Gokova-North-Datga Landslide Scenario
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Figure C.2 Distribution of Minimum water levels in Domain D for a. Combined
1956-Amorgos Seismic + Amorgos Landslide Scenario b. Combined Gokova
Seismic + Gokova-North-Datca Landslide Scenario
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APPENDIX D

Table D.1 Maximum flow depth values at all gauge points according to selected
seismic, landslide, and seismic/landslide combined sources (units in m)

Scenario IDSL | IDSL* | Bodrum- | Gumbet | Bitez Karaincir | Kos Port
TG

365-Crete 151 | 154 1.56 1.81 1.88 0.80 2.17

1303-Eastern 124 | 1.26 1.26 1.08 1.26 0.72 1.01

Mediterranean

1956-Amorgos 1.70 | 1.74 1.78 1.86 2.84 1.03 1.89

Gokova 0.77 |0.85 0.86 1.55 0.70 0.93 1.48

Giilliik Bay 1.60 1.65 1.62 1.70 1.57 1.27 1.50

Amorgos 0.23 | 0.26 0.25 0.72 0.44 0.45 0.83

Landslide

Gokova North | 1.33 | 2.31 2.65 2.43 2.91 2.20 0.92

Datga Landslide

Combined 1956- | 1.70 | 1.55 1.75 2.25 2.80 1.2 2.25

Amorgos and

Amorgos

Landslide

Combined 154 | 2.50 2.98 2.70 3.20 2.30 1.70

Gokova and

North Datca

Landslide
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Table D.2 Maximum inundation distances (m) according to selected seismic,
landslide, and seismic/landslide combined sources

Scenario/Arrival Time | Bodrum Giimbet | Bitez Yahsi Akyarlar-Karaincir-
Center Bay Bay Bay Aspat Bays

365-Crete 75 200 300 140 30

1303-Eastern 70 80 225 25 20

Mediterranean

1956-Amorgos 100 210 350 210 115

Gokova 60 190 110 25 20

Giilliik Bay 90 195 300 140 265

Amorgos Landslide 30 15 12 15 25

Gokova Datga North | 65 225 240 310 410

Landslide

Combined 1956- | 100 220 350 200 100

Amorgos and Amorgos

Landslide

Combined Gokova and | 90 270 320 325 300

North Datga Landslide

Table D.3 First tsunami wave arrival times (min) according to selected seismic,
landslide, and seismic/landslide combined sources

Scenario IDSL IDSL* Bodrum- | Giimbet Bitez Karaincir | Kos
TG Port

365-Crete 90.2 90.5 90.2 89.8 89.3 88.6 88.1

1303-Eastern 65.2 65.3 65.2 66.6 63.0 64.7 57.1

Mediterranean

1956-Amorgos | 43.0 43.4 43.1 41.3 42.8 41.0 40.5

Gokova 9.6 10.1 20.8 9.9 21.8 15.9 13.4

Giillik Bay 34.8 35.1 33.8 32.1 32.3 29.0 27.2

1956-Amorgos | 90.7 91.2 90.9 64.3 59.2 62.1 61.8

Landslide

Gokova North | 14.0 15.0 14.4 16.9 16.5 15.2 14.5

Datga Landslide

Combined 1956- | 43.0 43.4 43.1 41.3 42.8 41.0 40.5

Amorgos  and

Amorgos

Landslide

Combined 9.6 10.1 14.4 9.9 16.5 15.2 13.4

Gokova and

North Datca

Landslide
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Table D.4 Arrival times of maximum wave (min) for the simulated scenarios

Scenario IDSL IDSL* Bodrum- Giimbet Bitez Karaincir Kos
TG Port

365-Crete 135.9 | 136.9 135.9 128.5 173.1 | 1374 166.1

1303-Eastern 86.7 87.1 86.2 87.9 127.2 | 125.6 121.8

Mediterranean

1956-Amorgos 129.1 | 129.2 128.7 159.5 94.5 63.9 64.2

Gokova 55.5 57.5 56.0 24.2 87.4 22.7 40.9

Giilluk Bay 82.7 82.8 82.3 82.1 80.4 76.7 74.9

1956-Amorgos 209.2 | 158.2 158.6 210.5 172.2 | 174.7 143.8

Landslide

GoOkova  North | 19.0 21.1 21.7 19.0 26.6 26.9 21.4

Datga Landslide

Combined 1956- | 126.0 | 98.0 128.0 101.0 94.0 64.0 67.0

Amorgos  and

Amorgos

Landslide

Combined 27.0 29.0 22.0 24.0 28.0 21.0 20.0

Gokova and

North Datga

Landslide
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