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ABSTRACT

SOURCE-PATHWAY -RECEPTOR-CONSEQUENCE CONCEPTUAL
MODEL FOR FLOODING AND TSUNAMI AT THE AYAMAMA RIVER
AND COASTAL AREA

¢oban, Kl ker
Master of ScienceCivil Engineering
Supervisor. Assist.Prof. DrG¢ | i zar ¥zyurt Tarakcéo

February 2021112 pages

There are many sources of flooding of river basins and coastal areas such as
precipitation, tsunami, and storm surge. When assessing the risk of these hazards, it
is important to understand the source but also to define the flood plain characteristics
consdering links between elements of flood plain. Although numerical hydraulic
models are widely used to evaluate the risk quantitatively, description of the multiple
links between exposure and susceptibility of a specific location or population is not
achiewed easily. Also, they can be limited by data, quality of resources and
computational tools. SourdeathwayReceptorConsequence (SPRC) conceptual
model is an alternative method to define flood plain that describes relationships of
each element inside assaapshot. SPRC conceptual model aims to provide better
understanding of the study area, existing flood protection structures, the relationship
of the flood source, land use and all stakeholders. The aim of this study is to analyze
the tsunami inundation dn r i ver fl ooding at t he Ayame
coastline of Istanbul by using SPRC conceptual model. This study area has
experienced multiple river flood events in the last 20 years and the coastal area is

highly prone to tsunami. While SPRC model egmants an alternative view for



coastal flood plain, HEERAS and NAMI DANCE numerical models are also
constructed for this area in order to compare different approaches of modelling.
HEC-RAS model was run with 500 year return period flood and NAMI DANCE
model was run with expected land slide source in the Buytikgekmece coast. For
numerical models, CORINE database, gauge observations, meteorological data,
numerical elevation model are used. For the study area, the results highlighted those
locations which actas pathway for multiple receptors. These locations can be
assumed as suitable locations for protection measures. Output of the studies showed
that although SPRC models cannot provide a quantitative analysis of the critical
areas, it can be an efficient wiydescribe the propagation of flood over a complex

flood plain for different type of flood sources.

Keywords: SPRC, Tsunami, Flood Risk, Ayamama River, NAMI DANCE, HEC
RAS
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Oz

AYAMAMA NEHR KVE KIYI ALANINDA TSUNAM KVE NEHKR TAKKINI
K ¢ KKRYNAK -YOL -ALICI -SONUC KAVRAMSAL MODEL K
UYGULAMASI

¢oban, Kl ker
Yuksek LisansKk nk aat M¢hendi sl i]Ji

Tez YoneticisiDr.¥ ] r . Gyeyleiszar ¥zyurt Tarakceéeo

kubat,112 sayal

Nehir havzal arénda ,vet skuéyaani alvean | faérrétnédnaa

kaynajé vardér. Bu tehlikelerin riskini ¢
ayné zamanda takkén alanénén karakteris
di kkate al ar ak t anéml amadik ndodeler °riske ml i di r
dejerl endirmek i-in yaygén ol arak kull an:
takkéna maruziyeti ve duyarl él éjé araseén
el de edil emez. Ayr éca, bunl arr a-elrar, & yk aay
sénérl andeéer éYouAdli é&anaicl(KerAS) kakaangah raokleli, icindeki

her bir °Jenin ilikkilerini anleéek g°r¢nt
i-in alternatif bir y°ntemdir . KYAS kav
takkén koruma yapélaréné, takkeén kaynaj él
iy anl akéel maséné ama-1|lamaktadér. Bu - a
Nehr i ve Bakeérk°y kéeyeée «keridi késménl ar é
kavramsal modei n i kull anarak analiz etmektir.

birden fazl a nehir takkénée yakanmeéeckt ér
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kerelgandér . KYAS model i keyée takkeéen al anén

temsil ederkeea,ydllrkta @mimorden & ekmar k-él akt ér mal
RAS ve NAMI DANCE sayésal mdrAEniotleB500 de ol ukt
y él d°ng¢KkK periyodu takkeéen debisiyle -al ex
B¢eyéek-ekmece sahilinde bekliéren alt ept @k € k mg R
Sayeéesal model er i -in CORINE veri tabané, ° |
sayeéesal yé¢ksekl i k model i kull anéel maktadeéer .
al ece i -in yol gerevi g°ren k konumanl ar € v ur ¢
°nl eml er i almak i -in uygun yerler ol arak Kk
KYAS modell erinin kritik alanlarén nicel bi
kaynakl aré i-in karmakék bir takkbgn al ané ¢.
y ol ol abil ecejini glestermi ktir.

Anahtar KelimelerSPRC, Ayamama Nehri, Sel Takkeéné, T
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CHAPTER 1

INTRODUCTION

From the beginning of the humanity, peopl@stouct their lives near coastal areas,
anddeal withthe natural hazards against their civilizatiohbus, people tried to

fight against naturel'sunamis, river floods, hurricanes, sea level rise and pollution
can be considereaab the major dangers doastal aread.hese hazardsauselamage

to human lives, coastal structures, neighborhoods and natural ®Wehsthe
development of hydraulic and coastal engineeri@gographical Information
Systems (GIS), modeling, improvement of meteorological dmd various
inventions people began to menage the risks associated with these hazards.

Identifying therisks of hazards is the basisd$aster management

When the flow rate exceeds the capacity of riskeinnel excess amount of water

spills over its baks and spread over area. It might cause damage around the river
basin. This process is called river flodteavy rainfall, overflowing rivers, broken
dams, steep channels, insufficient cross sections, bridges and other structures may
lead to flooding ofivers (Nelson, 208). Flooding is not only a problem for rivers,

but also a problem for coastal areas. Sea can flood the land in many ways. High tides,
overtopping, breaching barriers can be count as coastal flooding ways. The reason
of coastal flooding & storms, sea level rise and tsunamis. Tsunami and river flood

are the hazards considered in this study.

Models can be used to produce flood and flasll maps for specified events. The
management of these risks requires understanding the flood systeespsnds to

a range of planned and unplanned interventions (e.g., better defenses, floodplain
development) as well as external changes. Flood risk studies conceptualize the
floodplain usually in to components; flood defenses that prevent or reduce the
floodwater and the floodplain behind the defenses which is at risk from flooding.



Numerical hydraulic models are widely used to evaluate the risk quantitatively by
defining hydraulic boundary conditions and integrate the flood defenses to determine
the flood probabilities and damages in the floodplain. However, numerical models
can be limited by data, quality of resources and computational tools. In addition, the
description of the flood plain in numerical models usually does not represent the
complexity anl connectedness of components of the system such as multiple links
between exposure and susceptibility of a specific location or population. For better
understanding of the study area, existing flood protection structures, the relationship
of the flood sotce, flood protection structures, land area and all stakeholders a
conceptual approach is needed. I n order to f
fill the gaps between the source and the flood area, S®attwvayReceptor
Consequence (SPRC) conaggdt model can applied as an alternative method in
flood risk studiegNarayan et al., 2014)

The SPRC model provides methodology to present a snapshot of the floodplain
state that is composed of elements; source, pathway or re¢Bjai@yan et al.,
2014) Since the definition of source, pathway and receptor is relative, each element
can be described dynamically according to its importance in studies, classification
of an element (pathway or receptor) can be discussed based ocutheffthe study.

The main advantage of SPRC model comes from this approach. The relationships of
the adjacent places in terms of flood propagation are not considered in detail in
numerical models for assessing the risks so a valuable information regiéwdohg

plain is usually lostHowever, SPRC aims to achieve a more comprehensive
description of floodplain consisting of multiple possible soyrathwayreceptor
linkages while still describing the risk assessment process following the- event
exposuresusceptibility definitions.Thus, SPRC model camprovide valuable
baseline for impact assessment as welteeng and weak pathways and possible
solution points.Additionally, & a preliminary approach to floodplain, SPRC
conceptual model offers quick and credible resplisr to advancg numerical
models with high data requiremeniBhis conceptual model is used in coastal

flooding (storms) and river flooding studies previously in Europe, but the model has



not been used to describésanamievent based on literature study done for this
study. Similarly, the SPRC model study as a floodplain analysis has not been done

in Turkey before.

The aim of thisstudyis to analyzéhe tsunami inundation and river flooding at the
Ayamama River and byBuaskgSokceRathwayReceptorl | n e
ConsequenceSPRQ conceptual modeahat presents an alternative description of
floodplain by describing the flood risk propagation across the dieen, SPRC

model is compared to the results wiimerical modelsapplied to this region
(Hydrologic Engineerig Center'River Analysis SystenfHEC-RAS) and NAMI

DANCE models) HEC-RAS modelwasrun with 500 year return period flood and
NAMI DANCE model wasunwith expected landigle sourcean the Blyukcekmece

coast. In the end of this studgpplicabilityof SPRC model for riverine and coastal
floods at an urban area in Turkey, its advantages and disadvantages, and comparison

of models ar@resented.

In this study, literatte review on SPRC and applications, past tsunamis and tsunami
models in Marmara Sea, astudies on floods in Ayamama River are summarized
in Chapter 2. Further details in study area and data, the applications eRAEC
NAMI DANCE and SPRC models, and detailed methodology is presented in
Chapter 3. Chapter 4 contains the results of theysand further discussions about
results and finally, Chapter 5 summarizes the findings of this study and further

studies that can be done in future.

1.1  Study Area

Kstanbul i s the most popul ated city 1in
( TUKK, 2hBn2e@0)40% af thhe industrial facilities in Turkey (Durukal et al.,
2008). Thus, Kstanbul can be considered ¢
Being one of 39 municipalities in Kstanbl

one.Ontheweser n si de, Basénk®y Kst alOroat; Str ee



on the eastern side Prof. Dr . Turan G¢gnek S
Sea | imits Bakérk©oy. I n Bakérko°y, structur
shopping centers, maas, beaches, social facilities, fair centers, green and forest

areas exist. Being passed by three differen
Rivers) and neighbor to the sea, Bakérkoy i
than 500 year return ped of precipitationevent happeneth the Ayamama River

(Demir, 2010), people died and properties take damage in this fatal disaster. Since
Kstanbul I's close to the North, Caueat ol i an Fe
Marmara Fault (CMN) and possibleands| i de | ocati ons l' i ke Y
B¢e¢yéek-ekmece (LSBC) and Tuzla (LST), shores
hazard (Hebert et al., 200%8;a | - & n,e2020)&y combining all these factors;

Bakér k°y caoomsigdereshs wulaenabldagea. A possible tsunami or river

flood may cause property loses, even deathiseggevious eventsArea modeled in

this studyextends to41.204926degrees at the Nort#,0.932081degrees at the
South,28.775811degrees at the West a28.929874degrees at the East. Project

area is approximately 312 kilometer square. Main focus in the study area is the

Ayamama River and the Coastliffeigurel-1).
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Figure 1-1. a. Turkey Map(www.maps.com)b. Positions of Coastlline and the

Ayamama River in the study aréatellite view)






CHAPTER 2

LITERATURE REVIEW

In Chapter 2, previous studies abtaitnamievents in Marmara Sefood events in
Ayamama Riverand literature o'sPRC model arpresented

2.1  TsunamiEventsAnd Research in Marmara Sea

Historically, Marmara Sea is exposed to many tsunamis. More than 30 tsunamis are
reported between AD 120aid9 99 ( Yal - éner et al ., 2002)
affected the zone of Ayamama Riv8etween 477 and 480, a tsunami damaged
coast al a r €Gaidoboniret alk $994a Anibradeys and Finkel, 1981).

545, tsunami lead to many drownings in BospisdY a | - &t al.,e2002). In 553, a

tsunami occurred and four years later, in 557 another tsumasnobserved (Soysal

et al., 1981; Alténok, 2005). I n 740, an
Kzmit, Kzni k an(®&Guidbbonieta.,e1994; Arabraael/sfaedd-inkeld

1991).In 989 a tsunami was observed in the eastern part of the Marmara Sea

(Al t & n okAmbras€y® &d Finkel, 1991n 1344, an earthquake sourced

t sunami affected the <coasts (d6lu ddt anbul
inundated 2 kilometers of land&¥ @ | - & male 2002). In 1509, another tsunami
affected Kstanbul ; this tsunami was triog
tsunami wave height was over 6 meters. In 1641, a tsunami damaged 136 ships in

K's tub Im 4766, a tsunami that damaged Bosphorus and Gulf of Mudanya was
triggered by an earthquaki 1894, a tsunami with a wave height of 6 meters

i nundated 200m of l and in Azapkapé Bri dc
before the earthquake, sea madeded 50 meter¥ (a | - & a.e2002 In the 2¢

century, first known tsunami in Marmara Sea was in 1935 because of an earthquake

at Hay ér alénok et a&.,1281]). dlabylar form of the past tsunamis in



Marmara Sea is summarizedTiable 2-1. The first column represents the year of

tsunami and the second column represents the Area.

Table2-1 Historical Tsunamisn Marmara Sea

Effect on the Ayamama Rivg
Year Location Zone
120 Kapéedaj] Pe No
358 Kz mi t No
477 Kstanbul Yes
545 Kstanbul Yes
553 Kz mi t No
557 Kz mi t Yes
740 Kstanbul , K Yes
989 Eastern Marmara Yes
1344 Kstanbul , Yes
1509 Kstanbul Yes
1641 Kstanbul Yes
1754 Kz mi t No
1766 Bosphorus, Mudanya Yes
1894 Azapkapeée, G Yes
1935 Hayeérseéez | Yes
1963 Bandér ma, N No
1999 Kz mi t No

As Marmara Sea is one of the critical regions in Turkey, severabhsis&ssment

studies are prepared for Marmara Sea. In this section, methodologies and results of

key studies are summarized.
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offshore Tuzla and the third one is earthquake source at Armutlu Fault. The models
are constructed using a numerical model, TWO_LAYER, that is developed by
Tohoku University. Grid size of 300 meters are used inscdsehe first case, water
depth reached up to 3 meters where inundation in to the land was 8 kilometers. In
the second case, water depth reached up top 3 meters for 5 kilometers inundation

distance. Water depth reached up to to 5 meters in the third.mode

Hebertet al. (2005) presented both earthquake and landslide sourced tsunami
models. For seismic source, shallow water equations are used. Solving mass and
momentum conservation equations by finite difference methodupumalues
onshore are obtainebh order to identify shoaling effects, 300 meters, 60 meters and
20 meters of bathymetry grid cells are used. For landslide model, mass and
momentum conservation equations are written in a (x,y) coordinate system linked to
the topography. For landslide nedd60 meters of grid cells are used. Fault width
with 15 km and a M magnitude of 7.2 with mean displacement of 4.3 m are used
as seismic source for different scenarios of rake angles-ft8thdegrees tel20
degrees and rupture length of 40 km. Resgltimup values are between %5
meters. To identify landslide source, friction angle from 6 degrees to 15 degrees is
studied, and volume of mass is taken as 0.15, 0.6 and f.9&mmami reached to

the shore within 5 to 10 minutes. Maximum water lexzdues are determined as 0.5

to 5.5 meters (Hebert et al., 2005). These results provides an initial estimate of

maximum water level for the study area.

Hayir et al. (2008) identified a potential landslide source as depth of the top and the
bottom of sediment as 800 meters; slope of failure as 10.31 degrees, failure
inclination as 52.44 degrees in the offshore zone of Tuzla. Using TELERMAC
numerical results are obtained as up to 2.5 meters of wave height (Hayir et al., 2008).
Ozeren et al., (2010rtermined 15 meter of wave height when deep water equations

are used for submarine landslide model for Tuzla. These studies do not contain

Bakérk°ey Coast s, however, studies show

sourced tsunami in Marmara Sea #ésdesults.

a



Latcharote et al. (2016) discusses two different models, one is focused on landslide

and other one is focused on earthquake source. For both cases, the worst scenarios

are used according to the writers. The worst possible scenario is prdaighedt

tsunami events. Compared to Hebert (2005y, lwbgnitude of 7.5, 7.6 and 7.3 are

used with different displacements. For fully rupturey Khagnitude of 7.7 with 5

meters of slip, 160 kilometers of fault length and 15 kilometers width, 117.85 degrees

of strike slip, 70 degrees of dip slip arth0 degrees of rake angle used. For

landslide, 1.5 krfivolume, 15 kilometers of length, and 5 kilometers of width with

20 m thickness used. Grid size for the models is 90 meters. Maximum 4 meters of

tsunami heigt is observed for earthquake sourced tsunami. For landslide source,

maxi mum of 14 meter tsunami height is calcul
shores within 5 minuted. at charote et al ., 2016). This st
Coasts. Results givan opinion about the duration of the first tsunami waves that

reach to shores and the order of the inundation height in inundation area.

A risk assessment was prepared for Ayamama River (Tufekci, 2016). Earthquake
sourced tsunamis are modelled and maxinuird.7 meters of wave height, 350
meters of horizontal inundation and 1.7 kilometers of river inundation is determined
in Ayamama River area. The study area matches with the one in this thesis. Since as
tsunami source Yalova Normal Fault (YAN) is used liifekgi (2016) , which is

less critical than LSBC source used in this thesis, the lower results are obtained as it

can be seen fromigure2-1.
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Figure2-11 nundati on map for Bakér k°yiufektkpast s f
2016)

I n project of AKstanbul Tsunami Action P
IBB(2020 , i nundation maps f o bulaepresentedlin muni c
this study, inundation maps with and without structural protections are compared.

This study contains LSBC, LSY, PIN sources, possible hard protection suggestions

and numerical model results with that hard protectibmghis study,Ayamama

River is shown as one of the most critical locations for tsunami hazard. It is indicated

that the neighborhoods near Ayamama River have closer elevations and in the shape

of plateau. Therefore the tsunami waves come from the river can easilychifest

areas.This study provides the source information used in this thesis. Inundation
analysis, risk maps and regional disaster management approaches of this study are
also used as the guidelines for the thesis.
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Figure2-2 Inundation MapoBa k ér k°yalCoams 0120 et al

2.2  Flooding Events ofThe Ayamama River

In recent years, the Ayamama River is flooded several times, triggered by high
precipitation and intense flow. In 1995, a flood occured in the Ayamama River.
There was no life loss in this flood. However, a lot of business and vehicles were
damagedduetol ood (ken, 2015). In 2009, anot
River. This flood caused 31 |ife | oses
flood inundated an area of 60 meters on both sides of river channel and water
depthrisedupto-8met er s ( ¥zcan, 2017) . Kkitell.
Atat¢rk, Evren, Kn°n¢g and ¢oban-exkme di

to deaths, 50 people were injured (Gulbaz, 2019).

Einfalt and Keskin (2010) used S&@Xirve number method and hgydrological
model was constructed by using Mike 11. In the simulation results, two peaks are
shown as 250 ffs flow and 220 riis flow. Estimated discharge in the basin for this
study is in the range of 300 to 316/m

Yucel (20B) presented a study fohe¢ flood event of 2009 in Ayamama River
watershed. In this study, station precipitation values on 8 September 2009 is shown

12
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as 2750 mm in the watershed, whereas satellite values are betw&Bnnin.
Average slope is specified as 6.94 percent, time ofemdration is 7.11 hours,
longest length of the river is 41.314 kilometers and Area is 71.62A¢tar applying
HEC-HMS hydrological model, flow on the 9 September 2009 is specified as 260

md/s.

Bahceci (2014), useinvironmental Protection Agency Storm W#aManagement
ModelandWatershed Modeling Systemorder to establish the model of Ayamama

River Basin. For 100 year of return period, 101.58rflow is found.

Ozcan (2017) presented a study using €B8method, and maximum flow rates
between 197200, in which hydraulic and hydrologic models are prepared. In this
study, it is stated that whenever the flow rate passes ¥80mthe Ayamama River,

the possibility of flooding is 97.2 %.

ken (2015) studied the fl ow ethodaz3b653 Ay amar
m3/s and 519.91 s, for 100 and 500 year return period, respectively. For LP IlI

method, flows are calculated as 189.8 and 253/8, mespectively and for Gumbel

EV I, 185.81 and 232.51 s, respectively

These studies showed that AyamaaRiver is prone to flooding. Flow for Ayamama
River with return period of 500 years is presented between 250 anth%0
Therefore, river flow to be used in thesis is also expected to be around these values.
However, these studies do not include relahips of rivedand connection. In other
words, path of the water in lands mdutded in previous studies. In this thesis, both
numerical model and conceptual models are constructed. Thereforelanger
relationship is presented by SPRC model andilit be compared to numerical

modes.

2.3  SourcePathway-ReceptorConsequence Method

The ter m-RathwayR&alerpder 0 concept as basic m
is firstly used in 19706s to describe fl

13



to potential receptors (Narayan, 2011). In order to identify the risk, there must be a
relationship between the source, receptor and pathway. Source can be a hazardous
substance or material, receptor can be an entity like human or building or water body
thatis vulnerable to the effects of source, and pathway is the bridge between source

and receptor while they contact (Darmendrail et al., 2002). This methodology is

firstly wused for waste management in | ate

assessmentsin@@D6s and the first use in coast al
(Narayan et al.,2011).

The idea of using SPR conceptual model in hydraulic engineering is offered by
Thorne Evans and Penning in 2007. In the study, sources are identified as weather
eventsor sequences of events that causes flooding, pathways are identified as
mechanism that convey floodwaters and receptors are identified as people,
industries, buildings or nature itself that can be damaged by flooding @ kb,
2007).In FLOODsite 209 final reportSPR concept is developed further; possible
source pathway and recepta@rieties are increaseahd risk acceptance section is
integrated to the model. This stupsesente@xpected damages, loses and tolerable

flood risk in the conceptuahodel(Narayan et al., 2011).

In 2011, SPR Model is developed once again by Narayan et al.. In the study, the idea
of using System diagrams is appli@the system diagram is a conceptual model that
combined elements in source receptor pathway relatiorehip describes the
floodplain in terms of constituent elemenihis systemmodel could be one
directional or multidirectional 1D models describes a flooding as a cressian,

only one direction of flooding can be observed in this type of mddguie 2-3).

For 2D models, flood direction can be observed in planar view.
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Pathway
(e.g. beach, defence and floodplain)  Receptor

(e.g. people in the floodplain)

Source
(river or sea)

E—

Figure2-3 1D SPRC model for Coastal Flooding (slgan et al., 201)

I n Narayandés (2011) st udy Western 8chelong e | I S
uni-directional and one muldirectional diagrams are made and connections are
presented on the diagrams. While onedirgéctional diagram is the singlbersion

of SPRC and provides less details, mditectional diagram provides more details

and spatial analysis. After constructing diagrams, one major separation for SPR
models is revealed; scale of the diagrams. While rduiéictional diagrams can hav

finer scales, undirectional diagrams are limited to large scale. Multi directional

diagrams can be focused on finer resolution areas, howevstirectional model is

more effective in showing | arge scale ar
multi-directional diagrams can have large scale, but since it is not feasible, it is not

applied in the study.

In 2014, Narayan et al. developed gt2Bi SPR for floodplain system. And
integrated consequences section to the SPR model. With this approaChynSe&

is formed to current application state. Wicholls et al. (2015), model built is
investigated in four steps; the first step is to decide landward boundaries of the
coastal area for the worst case scenario based on the source(s). The secotal step is
map all the elements of the floodplain. The third step is identifying the links between
the elements. The final step to identify the sources on all boundaries of the

floodplain Within the scope of THESEUS project, SPRC models are applied to
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Scheldt Estuary, border of Netherlands and Belgium, Vama Bulgaria, Yangtze
estuary China, Girondle Estuary France, Elbe Estuary Germany, Cesenatico lItaly,
Cancun Mexico, Hel Peninsula Poland, Santander Bay Spain and Teign Estuary
United Kingdom Narayaret al., 2a4). In Figure2-4, SPRC diagram that is applied

for Girondle Estuary is show@n the bottom of the figure, S1 and S2, on the top of

the figure S3 are the sources oé tmodel, the elements mapped in the middle are

pathways and receptors.

LEGEND
57— ALO0D SOURCE
57— FLOOO SOURCE 2 (AVER)
55— ALR0D SOURCE 3 (ATLANTIC OCEAN)

TN — INDUETRIAL

UR — LIRSAN

AG-W S

DYKE 1 EC1

EC2 EC3

Figure2-4 SPRC Diagrm for Girondle Estuary, France (Narayan et al., 2011)

While in 19706s the model polatants,uoslagd t o onl y
SPRC model can describe all areas, neighborhoods and stakeholders with all links

between them (Narayan et al., 2014). Coastal risk assessments can be done by using
up-to-date 2D SPRC method. Potential receptors and consequences wathesho

risks, damages and threats over coastal areas. As a result of previous studies,
characterisation of system, elements that is prone to flood sopossg)le flooding

16



of downstream elements, details on flood entry points and information on possible
flood routes and designated pathways within and between the elements (Narayan et
al. 2012) are obtained.

In Turkey, Koc et al. (2020) used SPRC method to describe the sources and the
pathways of the most severe river flood events across the country. ktutlys
climatic factors, circulation patterns, rainfall data are considered as sources, soil
characteristics, topography, land use, surface runoff are considered as pathways and
people and properties are considered as receptors (Kog et al., 2020). dheRRE

in Kog et al. (2020) is different than the use in this thesis. The main difference is
SPRC is used to describe the rainfall to flood process in the Kog et al. (2020) study,
while in this thesis, the floodplain is investigated using the SPRC model.
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CHAPTER 3

METHODOLOGY

In this chapter, the models used in the study are introduced and methodologies are
explained. NAMI DANCE version 10.06 is used for tsunami modeling. ArcMap 10.5
is used as GIS platform. HERAS version 5.06 is used as numerical hydraulic

model. At the end dhe chapter, SPRC model is explained in detail.

3.1  Hydraulic Model

The Ayamama Rivenydraulicmodel is constructedsingArcMap 10.5 and HEC
RAS 5.06. In order to construct the modebhut datasuch asflow hydrograph,
Digital Elevation Model (DEM@re needed

In the sectior8.1.], Digital Elevation Model (DEM) is explainedll proceduredo
calculae flow are explained in the sectid1.2 GIS procedures and HERAS
model setup ipresentedn the section8.1.3and3.1.4respectivelyIn Figure3-1,
flow chart of hydraulic model process idtdated from beginning to en8ince there

is no flow gauges exist in Ayamama River, a calculation of flow is needed.
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Obtain DEM

Determine Watershed Area

Determine Longest Branch of Rivi

Cut Thiessen and Corine Landco
Maps to Watershed Area

Apply Mockus Synthetic Method

Draw GIS Properties

Export GIS Properties to HERAS

Define Flow

Figure3-1 Flow chart of Hydraulic model

3.1.1 DEM

A DEM is a 3D representation of a sjfec area. In x and y directions, a DEM has
cells and each cell has an elevation value. Grid spacing of a DEM is important in
most of the studies because with finer grid spacing, more detail can be obtained from

a DEM. Inhydraulicmodellingpart of this studyDEM is obtained from thproject
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of AKstanbul T ¢Yuanl a ngin, @20)1ki boleatd Bdtam dedailed
results from HEERAS modelraw DEM with 5 meter grid spacing for Marmara Sea
is cut to the study areendresolution is increaseid 1 meterby interpolationusing
ARCGIS tools In Figure 3-2, the preparedEM is shown. Watershed ares

investigated in sectio®.1.2in details.

Legend

—— Ayamama River

3
Kilormeters

Value
High:242.15 m

Low:-99.2 m

Figure3-2 DEM for study area
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In order to calculate the flow ltyamama Riverfirstly river channeimust be drawn

for the longest branchn Figure3-2 longest branch of the Ayamama River is drawn

in blue color After estimating the longest branch of the river, wdtedsmust be
delineated. Boundary of a watershed consists of the line drawn across the contours
joining the highest elevations surrounding the basin. The river has many other minor
branches (dark colored areasHigure 3-2), but none of them leave the watershed
area, in other words, all of the minor branches start within the watershed area and
join the main branchit can be seen thatpstream of AyamamRiver startsis in
Bakakkehir , highlypopdased drdaes nodu gdhownstream i s

Themain brancHength is measured as 21,856.21 meters.

In the DEM,-99.22 m values represents the corrupted data. Because of technical
problems while producing DEM, the&ind of problems can occur. Since These
corrupted area is not in the watershed area, it is not a problem for this study. In
watershed area, there is no corrupted elevation value exists. If any corrupted data
were inside the watershed area, depending dfitgeof corruption, an interpolation
process could be applied or not corrupted data should be obtained. In this case, there
is no need for interpolation for this study. The only minus values in DEM except

these corrupted data is in the river channel.

In Figure 3-3, Watershed area is shown on sattelite vi#Matershed area is
estimated as 76.85 Km
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| Legend

¥
— Ayamama River

Watershed Area

0051 2 3
Kilometers

Figure3-3 Watershed Area In Satie View

3.1.2 Flow

Near watershed area, closgsecipitation observation stations of The General
Directorate of State Hydraulic Works are determined. These stations are; Istanbul
Airport (17060 station number), Florya (17636 statiomhar), Eylp (18101 station
number), Fatih(17454station number) and Gungoreli78l4station number)All

of closesfprecipitationobservation stations are shown in Fhgure 3-4.

23



Legend

¢ Station

Eyup

Fatih

Florya

Gungoren

Istanbul Airport

Ayamama River

Coastine

0 07515 3 45

B N <iometers |

Figure3-4 Precipitation dservation Station Locations

In order to identify the stations that have area in the watershed, thiessen polygons

are drawn according to the method stated in Usul (20@3heFigure3-5, thiessen

polygons of these stations are shown with different colors. As can be seen from the
figure, only Eyé¢p, FIl orya and Kstanbul Airp
Thus, only 3 of them are used in calculations.

24



Legend

Ayamama River

Watershed Area

thiessen
Area

Eyip

Fatih

Florya

Gungoren

istanbul Airport

005 1 2 3
I <ilometers

Figure3-5 Thiessen Area of 5 stations

Istanbul Airport Station has 13 yeafr data, from 2006 to 2018. Florya Station has

19 year of data from 2000 to 2018; and Eyup station has 6 years of data from 2013
to 2018. The maximumof monthlyrainfall data(mm) during years are tabulated
below.The data is taken from Turkish State Bt@ftlogical Service.
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Table3-1 Maximum Monthly Rainfall Valueg§mm) of Stations in the Ayamama
River Watershed

Year Kstanbul Florya Eyup
2000 - 44.8 -
2001 - 44.5 -
2002 - 27.2 -
2003 - 31.8 -
2004 - 49.9 -
2005 - 56 -
2006 36 24 -
2007 150.2 40.5 -
2008 59.2 63 -
2009 56.6 62.7 -
2010 40 47.8 -
2011 23.4 30 -
2012 37.2 41.1 -
2013 33 29.2 22.7
2014 34 56.2 57.9
2015 31.2 44.7 48.3
2016 67.4 70 72.7
2017 25 34.4 44.6
2018 33.8 27.2 39.6

As Turkish State Meteorological Service suggests SmiKmlmnogorov test in
order to determine the best distribution, the test is appliedder to establish 2, 5,
10, 25, 50, 100, 500 year return periods of these rainfall brathe testNormal
Distribution, LogNormal (2 Parameter), Leijormal (3 Parameter), Pearson Type
3, LogPearson Type 3 and Gumbel distributions are used. Using the valles in t

Table3-1 the following results are takarsing Smirnowolmogorov testUnits in
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Table 3-2 aremm. In appendices section, p values for Smirkmimogorov test

resultsare tabulated.

Table3-2 Results of SmirnoAKolmogorov Test for 3 statior(snm)

Station Kstanbul Eyup Florya

Accepted Log-Pearson Tip Pearson Ti8 Gumbel
Distribution 3 (Gama Tip3)

2 Year 37.30 47.49 41.41

5 Year 59.13 61.82 56.09
10 Year 81.27 69.39 65.81
25 Year 121.45 77.52 78.09
50 Year 163.26 82.80 87.20
100 Year 217.96 87.57 96.24
200 Year 290.22 91.97 105.25
500 Year 386.43 96.36 117.13

For 76.85 krf of total watershed area, distribution of these stationpgared
Istanbul Airport has 56.41 KinFlorya has 7.99 kfrand Eyiip has 12.44 Krarea in

the watershed. When it is mirrored to percentage, stations have 73.41 %, 10.40 %
and 16.19 %of area,respectively.By multiplying the areas with the Smirnov
Kolmogorov test results, and summing them up, the following rainfall data of the
watershed aré@iable3-3) is obtained.

Table3-3 Rainfall Data of the Ayamama Watershed

2Year | 5Year | 10 Year| 25 Year| 50 Year 100 500
Year Year
Total 39.98 59.25 77.74 | 109.83 | 142.32 | 184.19 | 311.46

(mm)
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Since the basin areausmder 1000 kf) T, gathering time of watds less than 30
hours, Mockus Synthetic Method can be applied to find discharge that will be used
in hydraulic modelln order to apply Mockus Methothllowing formulais applied
(Keskiner and Cetir2016.

8
Y m@immneg- Eq. 3.1

In order to calculate slo&), the river is divided into 10 equal pie¢ésn theTable

3-4). At the edge of the each piece, a point is attached. In total, 11 point is obtained.
From DEM, elevation values are identified to 11 poivWbkere Elevation represents

the digital elevation fothe specific point,h represents the difference between
elevations of two points,represents the length between two points.

Y p#AB - Eqg. 3.2

Table3-4 Calculation of Harmonic Slope

Number Elevation(m) h (m) [ (m) FO
0 0.1 0 2185.62 -
1 0.87 0.77 2185.62 53.28
2 4.16 3.29 2185.62 25.78
3 17.11 12.95 2185.62 12.99
4 17.62 0.21 2185.62 65.46
5 33.1 15.48 2185.62 11.88
6 5021 17.11 2185.62 11.30
7 69.02 18.81 2185.62 10.78
8 97.18 28.16 2185.62 8.81
9 139.45 42.27 2185.62 7.19
10 199.61 60.16 2185.62 6.03
Total 213.50
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W™ 10/ 213.50= 0.046839
S=0.002194
Then,

Te=7.522 hours.

0 ¢ Y Eq. 33
D= 5.485 hours.

Y @0 Y Eq. 3.4

Yop®H XY Eq. 35

Tp=7.26 hours and¥ 12.12 hours.

- Eq. 3.6

K is taken as 0.168s typical value in Turkey.
Qp=1.73 ni/s.
Where,

Tc is the time elapsed until the runoff formed by precipitation falling at the farthest
point of the basin reaches the project sectioig the measurement of the longest
branch of the river;is theone tenth of L; S is harmonic slope; D is rain durafign;

is the time to peak unit hydrographg i@ the peak of unit hydrograph.

To calculate surface runoff, firstly C{Curve Numbernpumber should be obtained

from Corine landcovedatasetFollowing assocation tablg3able 3-5, Table3-6)

are usedo calculate CN number, in these tables levels and type of surfaces are
universal, but corresponding CN numbers are the values that can be used in Turkey

(Ministiry of Agriculture and Forest, 2018).
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Table3-5 Level 1 Corine Landcover Types

Level 1 Type

1 Artificial surfaces

2 Agricultural areas

3 Forest and seminatur
areas

4 Wetlands

5 Water bodies

Table3-6 Level 2 Corine Landcover Types and Corresponding Curve Numbers

Level 2 | Type CN
11 Urban fabric 92
12 Industrial, commercial and transport un 88
13 Mine, dump and construction sites 85
14 Artificial, non-agricultural vegetated 85
areas
21 Arable land 69
22 Permanent crops 74
23 Pastures 61
24 Heterogeneous agricultural area 75
31 Forests 55
32 Scrub and/or herbaceous vegetat 75
associations
33 Open spaces with little or no vegetatior 69
41 Inland wetlands 98
42 Maritime wetlands 98
51 Inland waters 98
52 Marine waters 98
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In Table 3-5, only the first level landcovers are shown. After one more level
classification,Table 3-6 is constructedMinistry of Agriculture and Forest, 2018)
Typical Corine Numbers for Turkey are paired with related landcover in this table.
Although there is level 3 dataset which is more detailed, in this study Level 2 detalil

wasassumed as accuraeough to determe flow characteristics.

After defining curve numbers, in GIS platform, landcovers of the watershed area are
defined in level 2Kigure3-6).

Legend

m— Ayamama River
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Figure3-6 Level 2 Corine Landcovers in Ayamama Watershed

In order to calculate total CN of the watershegjghted average method is used
(Table3-7).
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Table3-7 Level 2 CN Calculation in the watershed

Area Corine Code| Type CN | Partial CN
24.73 11 Urban fabric 92 29.61
32.44 12 Industrial, 88 37.16

commercial and

transport units

3.21 13 Mine, dumpand 85 3.55
construction sites
1.05 14 Artificial, non- 85 1.16
agricultural

vegetated areas

8.22 23 Pastures 61 6.53
7.14 32 Scrub and/or 75 6.97
herbaceous
vegetation

associations
0.04 52 Marine waters 98 0.05
Total 85.03

Yucel (2015) presentetthat basiraveraged curve number is estimated as 65, and
stated that because of only one event exists in this study area, calibration study was
not possible. In this study, curve number is estimated as 85 using Ministiry of
Agriculture and Forest 2018 wads. Urbanisation and changing the land use can lead

this difference.

Themultiplicationof Pluviograph and Precipitation Area Distribution coefficients is
usedas0.68. Correction factor is taken as 1(Keskirer, 2018) By multiplying
these values with the results in theble3-3 andTable3-2, total Precipitation values
(P) of the watershed for each return peaoelobtained Table3-8) .
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Table3-8 Precipitation Values of the Ayamama Watershed

2Year | 5Year | 10 Year| 25 Year| 50 Year| 100 500

Year Year

Total 30.26 | 45.52 | 59.73 | 84.39 | 109.36 | 141.53 | 239.33
(mm)

Surface Runoff{Q) is calculated and shown in tA&ble 3-9 using the following
formulas(Ornek et al.,2016)

C

Eq. 3.7

Y — ¢@ Eq. 3.8

Where Q is runoff, P is Precipitation, S is potential maximum retention after runoff
begins, CN igurve number

Table3-9 Runoff(Q) Values of the Ayamama River

2Year | 5Year | 10 Year| 25 Year| 50 Year| 100 500
Yea Year
Total 6.86 16.42 26.96 47.31 69.41 99.07 | 192.84
(m3s)

This runoff values for different return periods can be also estimated using monthly
maximum series of rainfall series in hydrological model and applying frequency
analysis to outputin this study, runoff values for different periods are calculated

using rainfall values for corresponding return periods.

The final step for calculation of flow data is to determine baseflow. In order to

determine baseflow, nearest possible river thashasii FI ow Obser vati on

The Gener al Directorate of State Hydraul
Ri ver . Wat ershed area of N2ik thea @eneRal v e r [
Directorate of State Hydrolic Works archives
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(https://www.dsi.gour/Sayfa/Detay/74% Usually, closest river with similar

watershed area is used in determining the baseflow of a river that is without an

observation station on it. However, since there is no available data with a river of

similar meteorological data orccls er ar e a, Nakkak River is the
that has baseflow data closer to the Ayamama River. The baseflow data during 12

months is available for 22 years from 1967 to 1992 with some missing years
(https://www.dsi.gov.tr/Sayfa/Detay/ 7R 4Averagebaseflow values of each month

is taken for 22 years. Then, the greatest values of three months in a row is determined

as December, January and Februsmythe each baseflow values of the recorded

years, and the averages of the mont hs Decemk
River is shown. Taking average of the last row, the baseflow inthe Hak Ri ver i s
estimated a8.623m3/s. Taking the two third of watershed area ratio as in equation

3.9, baseflow of the Ayamama River is calculated as 43& m

Table 3-10, each baseflow values of the recorded years, and the averages of the

mont hs December, January and Febrwuary in t
average of the last row, the baseflow inthelNakk Ri ver 0.623n¢/s.t i mat ed a:
Taking the two third of watershed area ratio as in equation 3.9, baseflow of the

Ayamama River is calculated as 4.08sn

Table 3-10 Greatest Three Month Basefloym®s) Aver age i n Nakkak
River(https://www.dsi.gov.tr/Sayfa/Detay/7}4

YEAR | DECEMBER| JANUARY | FEBRUARY
1967 0.548 1.355 0.641
1968 0.257 2.692 0.306
1969 1.080 1.665 0.919
1971 0.389 0.728 0.303
1972 0.440 0.240 0.366
1975 0.077 0.526 0.291
1976 0.508 0.164 0.275
1977 0.754 0.486 0.114
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Table 310 Greatest Three Month Baseflow {ms )

River(https://www.dsi.gov.tr/Sayfa/Detay/7#é&ontinued)

1978 0.511 1.652 0.990
1979 0.491 0.519 0.136
1980 0.482 1.128 1.007
1981 0.392 2.479 1.301
1982 2.878 2.319 0.910
1983 0.020 0.626 0.746
1984 0.032 0.234 0.200
1985 0.094 0.443 0.210
1986 0.216 0.570 0.341
1987 0.130 0.635 0.667
1989 0.231 0.088 0.109
1990 0.039 0.050 0.118
1991 0.145 0.360 0.601
1992 1.550 0.313 0.042
Average| 0.512 0.876 0.482

Baseflow is determined as,

Where

A1=76.85n,

Az=4.64 nt,

Q2= 0.623m3s.

Average

Eq. 3.9

Baseflow value of 4.05 #fs can be acceptable for 70 kbasin. However, Ayamama

river

doesnot

have that
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from industri al waste water. Therefore the

0.623 ni/s.

In the final calculation of flow values, following ediem is used,;

~ ~
g g

0 0z0 O Eq. 3.10

Table3-11 shows the flow values with return periods from 2 years to 500 years that

will be used in hydraulic model.

Table3-11 FlowrateValues of the Ayarmma River

2Year | 5Year | 10 Year| 25 Year| 50 Year| 100 500
Year Year
Total 12.46 | 28.98 | 47.17 | 82.30 | 120.45| 171.65| 333.54
(m?s)
For the unsteady model |, flow hydrograph i s
Hydrographo method which is developed by V

dimensionless unit hydropgraph and mass curve are tabulated in the following table
(Table3-12and

Table3-13) (Fang et al.,2005).

Table3-12 Ratios for dimensionless unit hydrograph

Time Ratios (t/F) | Discharge ratios| Time Ratios (/) | Discharge ratios

(9/Qp) (9/Qp)
0 0.000 1.7 0.460
0.1 0.030 1.8 0.390
0.2 0.100 19 0.330
0.3 0.190 2.0 0.280
0.4 0.310 2.2 0.207
0.5 0.470 2.4 0.147
0.6 0.660 2.6 0.107
0.7 0.820 2.8 0.077
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Table 312 Ratios for dimensionless unit hydrograalntinued)

0.8 0.930 3.0 0.055
0.9 0.990 3.2 0.040
1.0 1.000 3.4 0.029
11 0.990 3.6 0.021
1.2 0.930 3.8 0.015
1.3 0.860 4.0 0.011
14 0.780 4.5 0.005
15 0.680 5.0 0.000
1.6 0.560

Since0.623m°/s base flow exists in the river, the hydrograpbwn in

Table 3-13 starts and ends with this valughis hydrograph used as an input ofr
HEC-RAS model.

Table3-13 Hydrograph for Gyo Flow

Time (hour) Discharge Discharge With
Without Base Base Flowate
Flowrate(m?s) (m3s)
0 0 0.62
0.5 6.97 7.59
1 19.03 19.65
1.5 35.74 36.36
2 56.64 57.26
2.5 82.04 82.66
3 111.72 112.34
3.5 148.88 149.50
4 191.21 191.84
4.5 233.29 233.91
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Table 313 Hydrograph for @ Flow (continued)

5 270.44 271.07
5.5 297.82 298.44
6 318.83 319.45
6.5 332.76 333.38
7 335.78 336.40
7.5 335.83 336.46
8 333.07 333.70
10 268.70 269.33
15 86.07 86.69
20 28.15 28.77
25 9.16 9.78

30 3.16 3.78

36 0 0.62

3.1.3 GIS Model

In the preparation of HERAS model, ArcGIS is also used. GIS models are used in
a wide variety of fields. Hydraulic modelling, Geometric networks, Cartographic
modelling, GeostaticAgricultural Applications Telecom and Network Services
TransportatiofPlanningand many more can be shown as usage of field. In this study
, GIS model is used for hydraulic moddelling as a step tool. As GIS model, ArcMAP

ArcGIS version 10.5 is used.

First thing to do in the ArcMAP is to defin@ojectedcoordinate systenilTRF96
UTMZone3® i s defined to the model. Then,
After adding DEM, ArcMAP workspace is ready for calculating flow stépgufe

3-2). The details of flow calculation is written in the sectih.2

Firstly, RAS Geometry Layer is constructed as mdb file. Then, from beginning to

end, river is drawn as center line. Then, river banks are drawn for left and right
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boundary sides. For the moirban areas cross sections are drawn with maximum of

1 km intervals, and for urban areas cross sections are drawn with maximum of 250
meters to optimize the detail of the study. In addition to these cross sections,
additional cross section lines are drafor upstream and downstream sides of
bridges(Figure3-7).

Legend

Aysmama River

w— XSCutLines

— Banks

0051 2
Kilometers

Figure3-7 Cross Sections, Banks and River Centerline

Left Bank is drawn as 21281 meters and right bank is 21441 meters. Cross sections
ends generally 10 meters higher than bank elevations since more-tharet@rs

river flood height is not expected in the Ayamama from historical events (Ozcan,
2017). Flowpaths defined with banks and centerline. With this step, flow direction

is identified. In layer setup section, DEM is defined to the RAS layer as elevation
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reference. Then, 3D versions of river and cross sections are obtained. Stations with
elevations and b&s are constructed. By exporting this RAS layer as GEORAS file,
HEC-RAS model base is constructed.

3.1.4 HEC-RAS Model

HEC-RASIis a computer program that is developed by US Army Corps of Engineers.
The program is mainly used for one dimensional steady flonnaodiimensional
steady and unsteady flow simulations for riv@fEC, 2016) In this study, one
dimentional unsteady flow analysispgeeparedModel version 5.0.6 is usetth Sl

unit systemThe interface of the version is shown in Eigure3-8.

HEC-RAS 5.0.6 - X
File Edit Run Wiew Options GISTools Help

=8| =|=a| =] LlEsls]E = -2 A #kn| Bl Kadl
Project: g

Plan:

[

|
Geometry: |
Steady Flow: [
|

Unsteady Flow:
Description :

J |US Customary Units

Figure3-8 HEC-RAS version 5.0.6 Interface

A new project is created in the HERAS. Then, the GEORAS file that is taken from
ArcMAP is imported to the modéFigure3-9).
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| Import Geometry Data

| Intro | River Reach Stream Lines  Cross Sections and I8 Nodes | Storage Areas/2D Flow Areas and Connections |
Node Types in Table
’7 ¥ Cross Sections (X5) ¥ Bridges and Culverts (BR/Culv)  [w Inline Structures {IS)  |v Lateral Structures (LS)

Import River:  [{All Rivers) ~ | Import As: #RS =71 #New= 71 #Import =71
Import Reach: ~ | Import As: Check Mew | Check Existing I Reset |

The imported RS can be edited here, change the import River and Reach names on the previous tab

Import File Import File Import File Import As Import |Import

River Reach RS RS |Status |Data
1|ayamama ayamama 21339.82 21339.92 new v
2|ayamama ayamama 20436.05 20436.05 new v
3|ayamama ayamama 19559.05 19559.05 new e
4| ayamama ayamama 18650 185690 new e
5|ayamama ayamama 17812.5 178125 new el
6| ayamama ayamama 16957.83 16957.83 new el
7|ayamama ayamama 16038.95 16038.95 new el
8|ayamama ayamama 15106.02 15106.02 new |7
9| ayamama ayamama 15023.39 15023.39 new v
10| ayamama ayamama 14754.83 14754.83 new v
11|ayamama ayamama 14560.92 14660.92 new ol
172lavamama  [Avamama 13817.37 13817.37 new [~

e ——— ) Match Import File RS to Existing Geometry RS

[¥ Nodz= Names 7 Ineffective freas ’VMatd’ﬂng Tolerance |01 Match to Existing
[T Descriptions [T Blocked Obstructions
™ Picture References ™ %5 Lids Round Selected RS
[V GIS CutLines ™ Ice Data ’VIZdeumaI places - Round ‘
|7 Station Elevation Data |_ Rating Curves
¥ Reach Lengths [ skew fngle Generate RS Based on main :hann;l lengths —————
[~ Manning's n Yales ™ Fixed Sediment Elevation {only available when loaking at a single reach)
[V Bank Stations [T HTab Parameters Starting RS Value: |0 2 decimal place 'I
P LCDntractmn Expansion Coef [ Pilat Channel Parameters Create RS in klometers I Create RS in meters |

EVEES

| Previousl Text I Finished - Import Data I CancEII

Figure3-9 Imported GEORAS File

As it can be seen in thagure3-9, 71 cross sections are imported to the model. The
next step is to fix shifted points. Sometimes bank points on the cross sections does
not exactly overlap th®EM grid. Thereforewhen the 3D layer is created, bank
points maybe selected abe nearest grid point. Thisoblem causes the wrong bank
point identification in the cross sectiorss it can be seen in tliegure3-10, while

left bank is on theorrect place, right bank is located in river batl cross sections

are investigated and problematic odegerminedValidation of this process is made

by measuring the river width from boBoogleSatelliteview and DEM.
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AYAMAMA  Plan

Figure3-10 Shifted Right Bank Point

If the bank points are at the wrong place and it is validated @owygle Satelite
measurement, the bank point is moved to the right pRicgire 3-11). Then, the
RAS Mapper feature is opened from the interface. Projection is defin#tRIS06
UTM Zone 3% After defining projection. DEM is defined as a float file and a
basemap is defined in project arlaw cros sections are added to thiggical places

like sharp curvesr manning changdggigure3-12).
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AYAMAMA  Plan

I

Eleation (m)

Figure3-12 RAS Mapper View after adding extra Cr@asctions
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Structuresthat are determined bijeld research an@Google Earth Webmagery

views are added to the modeéh total 16 structures are added. Some examples are
shown in figures Hew (Figure3-12-Figure3-21). The first image from every cross
section represents HERAS model cross section data, #ezond image represents

the real life photos of cross sections that taken by me, and the third image are the
Google sattelite images of the represented cross section. The location of the
structures are defined as distances in meters from the upstrearofpoein river

branch in the watershed of the study.

Figure3-13 Bridge at the station 22 meters
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Figure3-15 Google Sateite View at the bridge station 22 meters
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Figure3-17 View near the bridge at the station 3250 meters
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Figure3-19 Bridge at the station 10050 meters (Upstream only)
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Figure3-21 Google Sateite View atthe bridge station 10050 meters
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Model cross sections and bridges are validated by real life observatioGeagie
satelite imagesAfter configuring all the 16 bridges, manning values for the all cross
sectionsof the riverare defined. For outside of the channel, 0.05 constant value is
usedwhich corresponds to pavement and other urban .afe@sinside of the
channelTable3-14is usedArcement et al., 1989)

Table3-14 Manning values for the Ayamama River

Type Manning Value Cross Sections

Upstream13256
Natural River Bed 0.035 96148658
63635531
119399662
Concrete Rectengular Be 0.016 83746560
53292670

Trapezoidal Stone Bed 0.02 2417Downstream

In all cross sections, levee points are described in the model. Levee points are set to
the structures or obstacles like barri®y doing this, potential flood area is
controlled such thatsmall obstacles like a tree does not prevent flooding in the
model.Model setups nowreadyfor importing the steady and unsteady flow data.
Firstly, steady flow dat& imported.Then, as a bawdary condition, normal depth

as 0.1 meters is definéBigure3-22).
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3= Steady Flow Data - steady — O %

File Options Help

Description : I J Apply Data |
Enter/Edit Number of Profiles (32000 max): IT— Reach Boundary Conditions ... |
| ocations of Flow Data Changes
River: Iayamama LI Add Multiple. .. |
Reach: Iayamama LI River 5ta.:|21339.92 LI Add A Flow Change Location I

Flow Change Location Profile Mames and Flow Rates
10 25 50 100 500
1|ayamama 21338.92 (12,46 47,17 82,30 120,45 171.65 333.54

Edit Steady flow data for the profiles (m3/s)

Figure3-22 Steady Flow Data
For steady flow runmixed flow is selecte(Figure3-23).

B Steady Flow Analysis — X
File Options Help

Plan : |steady ShortID  [steady

Geometry File : Iayal‘l‘lal'l'la4

Le] Lo

Steady Flow File : Isteady

Plan Description :

—Flow Regime
" Subecritical

~ Supercritical
" Mixed

— Optional Programs

|

| Floodplain Mapping

Compute

IEnterIEdit short identifier for plan {(used in plan comparisons)
Figure3-23 Steady Flow Analysi

Steady model run results are used to provide rating curves for unsteady run model.
This step is made fatable unsteady run. While steady run provides only one flow

to channel without time dependency, unsteady run provides hydrograph as a flow
with time dependency.

For unsteady model, unsteady flow hydrograph with 500 year return period is given

as inputMinimum and initial flow is given a3.62m%/s in any timeAs downstream
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boundary, 0.1 meters of normal depth is given. 30 minutes of flow intervals used in

hydrograph(Figure3-24).

amama RS5: 21339.92

" Read from DSS before simulation Select 0SS file and Path |

File: |
Path: |

{* Enter Table Data time interval: |30 Minute - i

Select/Enter the Data's Starting Time Reference
{* Use Simulation Time: Date: [DISEP2019 Time: [00:00

(" Fixed Start Time: Date: & || Time:

Mo. Ordinate5| Interpolate Missing Values | Del Row | Ins Row |

]
¢

Hydrograph Data i

Date Simulation Time Flow 1
(hours) {m3/s) [
1 31Aug2019 2400 00:00 0.62 i
2 015ep2019 0030 00:30 7.59 H
3 015ep2019 0100 01:00 19.65 |
4 015ep2019 0130 01:30 36.36 :
3 015ep2019 0200 02:00 57.26 ,
B 015ep2019 0230 02:30 32.66
7 015ep2019 0300 03:00 112,34 :
8 015ep2019 0330 0330 143,50 I
9 015ep2019 0400 000 191.84
10 015ep2019 0430 04:30 233.91 |
11 015ep2019 0500 05:00 271.07
12 015ep2019 0530 05:30 293,44 ]
13 015ep2019 0600 05:00 319.45 |
14 015ep2019 0630 05:30 333.38 i
15 015ep 2019 0700 0700 336.40 I
16 015ep2013 0730 07:30 336.46 i
17 015ep2019 0300 03:00 333.70
18 015ep2019 0830 08:30 319.77 |
19 015ep 2019 0900 09:00 304.47 I
20 015ep2019 0930 09:30 287.90
21 015ep2019 1000 10:00 269,33
22 015ep2019 1030 10:30 247.57 [
23 015ep2019 1100 11:00 223.27 b

Time Step Adjustment Options ("Critical™ boundary conditions)
[ Monitor this hydrograph for adjustments to computational time step [

Max Change in Flow (without changing time step):
Min Flow: |n.52 Multiplier:

PlotData | oK Cancel |

Figure3-24 Unsteady FlowHydrographData
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For unsteady run , 30 seconds of computation interval, iB@tes of hydrograph
output interval, mapping output interval and detailed output inteelaktions are

made. Simulation duration is set to 12 hours.

A Unsteady Flow Analysis >
File Options Help
Plan : W500 Short 1D: |us00
Geometry File : |ayamama4 j
Unsteady Flow File : |uSDD j
Programs to Run Plan Description
[v Geometry Preprocessor
[V Unsteady Flow Simulation
I Sediment
|v Post Processor
[v Floodplain Mapping
Simulation Time Window
Starting Date: 01SEP2019 J Starting Time: 00:00
Ending Date: 025EP2019 J Ending Time: 12:00
Computation Settings
Computation Interval: 30 Second v | J Hydrograph Output Interval: |30 Minute v |
Mapping Output Interval: |30 Minute - | Detailed Dutput Interval: 30 Minute |
D55 Output Filename: |d: \tez_onemli\abc\hecras\ayamama4. dss E

Mixed Flow Regime (1D only) is enabled.
Computation Level Qutput is on,

| Compute

Figure3-25 Unsteady Flow Analysis

As output of HECRAS numerical model, water depth, water velocity, water surface
elevation and inundation mapme obtained with 30 minutes of intervals for

Ayamama watershed.

3.2 Tsunami Model

Tsunami modeld constructed via NAMI DANCE 10.06ombined withSurfer
version 8. In order to construtte model, bathymetry and tsunami sources are
neededo be definedIn section3.2.1bathymetry of the study area is investigated.

Tsunami source that will be used in the model is explained in s&fdh NAMI
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DANCE Model setup is explained in secti@2.3 General flowchart is also given

in Figure3-26.
ObtainBathymetry

DetermineTsunami
Source and Parametg

Create Gauge Data f¢
interested area

Define all data to
Model

Determine Run
Parameters

Run

Figure3-26 Run Flowchart for Tsunami Model

3.2.1 Bathymetry

For a tsunami inundation numerical model, one of the magsbrtant detail is the

bathymetry quality. Working with high resolution bathymetry will generate more
accurate results. The bathymetry data used in this study are taken from the
Department of Coastal Engineering, METU. These bathymetries are also used in
2020 joint | BBt andulMET#8u ra mpr cEjyd cetm PT haen
bathymetry data is taken from GEBCO (General Bathymetric Chart of the Oceans).
Coarser grid spacing is 42 meters. Finer bathymetry that is used for nested run has a

grid spacing of 5 mters In Figure 3-28 and Figure 3-27, legend color scale is in

meters. Note thaminus values means the land in tsunami bathymetry , positive

values means sea level.
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Figure3-27 Coarse Batymetry in Surfer 8
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Figure3-28 Nested Bathymetrin ArcMAP
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3.2.2 Tsunami Source

From the literature reviewPrince Island Normal Fau{PIN) and Landslide over
Blyukcekmece water territofi.SBC)is determinedis the most critical two tsunami
sources for the Ayamama River arldser areagAlpar et al., 2001; Aytore, 2015;
Tufekgi, 2016).

3.2.21 PIN

Tsunami source PIN is the normal form of the first four oblique segments of Prince
Islands Fault (PI)ln this scenario, it is assumed that all of four segments are broken
(Yal - & n e2019)eThe £gnhent and break parameters are given inTtide

3-15.

Table3-15 Tsunami Source PIN parameters (OYEB, 2007)

2 | 2 2
() o) Q < ) S o
el E £ e e |2 |g e|S £ E 23|33
S 2 = X 5 | < X 5 | © = 51 8 2 | g E
2= =2 0] s c < T £ S = s s & | S &
< S a h < | | <9 = a | Z g |2 &
—
3 a ) 8 < 8 <
o = =
£ =
(O] (] (O] ) (]
o 2 o o 2
15 2 € 2 5 2 1S 1S S 1S S
a} a o o o}
40.75691| 29.12942 | 744 108.15 70 270 8753 17027 5 1.05 -2.57
40.78610| 29.06928 | 740 123.15 70 270 6024 17027 5 0.94 -2.41
40.81653| 28.99465 | 779 118.85 70 270 7148 17027 5 0.98 -2.47
40.87251| 28.90432 | 1210 | 129.90 70 270 9834 17027 5 0.92 -2.36

In theFigure3-29, PIN source is shown on Marmara Sea. On the color scale on the
left, red part shows positive instant displacement, blue part shows negative instant
displacement. On the right hand side of figaere, Blue colors show the sea depth

and the green colors show the land area. Both left and right hand side scale units are

in meters.
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1 Degrees

Figure3-29 Tsunami Source PIN

3.2.2.2 LSBC

LSBC is thepossible tsunami source at the offshore part of Buytkcekmece territory.
The source isreated by 25 kilometers of parallel and 5 km of perpendicular with 15
meters of thickness land slide. In tRgyure 3-30, scale on the left represents the
instant displacements of water in terms of meters. While red scale represents the
positive displacement, blue scale represents negative displacement. Qhttside,

the scale represents bathymetry in terms of meters. Blue colors show the sea depth
and the green colors show the land al@tial maximum displacements are 16.5 and

minus 11.5 meters for this tsunami source.
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Figure3-30 Tsunami Source LSBC

3.2.3 NAMI DANCE Model

NAMI DANCE is a numerical computational tsunami model that is developed by
Zaytsev, Yalciner, Chenov, Pelinovsky and Kurkin. Program is developed in C++
programming language. In order to urstand tsunami behavior and analyze it, to
making risk analysis, NAMI DANCE is a proper tool with computation of nonlineer
long wave equationis shallow waterNAMI DANCE can be used for computation

of current velocities, fluxes and relative damage levels

(http://namidance.ce.metu.edu.tr/

NAMI DANCE computes the tsunami source for specific parameters and rupture
characteristics, propagation of tsunami waves and its arrival times to a specific point,
coastal amplification, inundation over land, animatibtsonami progress and many
more features. In this study, most important feature of NAMI DANCE is inundation

part.

The program needs a bathymetry, a sougaege pointeind model run parameters

in order to start computatiofror bathymetry preparation, Surfer Computer program
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is used in this study. Raw bathymetry file is used as input. From Grid Data dialog, x
axis is represented in Column A, y axis is represented in Column B and z axis is
represented in Column C. For z giend elevations are taken negative, sea level is
taken as positive values. After saving this grid data as ASCII grid file format,
bathymetry is preparedirom Source Generation section, both elliptic and seismic
sources are prepared with given data iatisas 3.2.2.1and 3.2.2.2 Outputs of
tsunami source data is in grd filé%r gaugelata,84 points areattached to the area

of interest as shown in thégure3-31.
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Figure3-31 Gauges on the Study Area

The gauge data is saved as dat file. The first column represents the name of the gauge,
the second column represents the lateral coordinate and the last column represents

the longitude coordinate of the gaugeis data is presead in Appendix A.

Next step is t@rovideNAMI DANCE model run parameters. In Tsumilator section,
the firstinput parameter is bathymetry. Coarser bathymetry is added to the model
with gauge points that are identified above. Then, nested bathymetry &deglo

with same gauge points. For LSBC model, irgmurcesor this sourcare uploaded.
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Initial displacements are given as eta data logic, and horizontal flux inputs are given
as flux x and flux y data logid=romprevious researclt,is shown thatun duration

for the initial waves are observeathin 1 hour but to observe the complete process,

4 hour run duration is determined. As the model suggests maxomumme step
durationas0.0307216 seconds, it is taken as 0.03 seconds. Gauge storage step is
taken as 1 output per 10 time st&pa output(water level)is taken as 60 seconds.
Model run is processed withPU since rendering and computation process is faster
than CPU.For PIN model, source part is changed with PIN source. After run
processes, thmost critical model is run again with finer time periods in order to
observe wave motioanlearly for inundation proceskr the first wave Eta output
(water level)are taken for each 5 secondigure 3-32 is an example oNAMI
DANCE interface.
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Tsumilator & X
B MARMARA-d... gaugel.dat (8138,2458) NL Spherical false A
C bakirkoy_zbur... gaugel.dat (2499, 3883) NL Spherical false

Add Remove
~=s Simulation ﬁ Video
Input Data [] input in time series
’ : Time Series Input
Data Logic Crawle Time (s Example Name Full Regex ¥
Eta No 0 eta-twol-end-42m.... -
Flux X No 300 mmm-twol-end-42... -
Flux Y No 300 nnn-twol-end-42m.... - e et M
Quick Add Add Remove
Obtain At Time
[] simulation Start Date 01.2000 - 00:0¢
Max Depth (m) 1177.54 :
Start (min) 0 End (min) |240 | At 0.03 [] variable dt
min &x (m) 4.98065 Gauge Data [] sediment Motion Analysis
max Ax (m) 6.6027 Store at every 10 time step
cartesian Ax (m) 5.00772
Limits Output
min At (s) N 0.0231744 Velocity Limit (m/s) 112 ‘ Output Type GRD Binary -
max At (s) < 0.0307216 Wall Depth (m) 40 Interval ' seconds v
cartesian At (s) < 0.0233003
Flow Depth (m) 0.1 ‘ Eta 60
Threading Friction Omit After 1000 meters  Discharge Flux O
Velocity [] s00
GeForce GTX 1650 is compatible Momentum Flux ] 600
NetCDF Time Series [ | Advanced
Processor GRY 21 Estimated Output Size 25.938 TiB
Memory Usage 1.626 GiB
Thre Friction
Friction Coefficient [0.015 | [] From File v

>

1 |Simulation v (& (®)

Figure3-32 Nami Dance Run Parameters For LSBC Model

3.3 SPRC Model

An SPRC Conceptual Model is a representation of a dynamic process that starts with

an source, passes through pathway to receptor and investigation of impacts on

receptors. In this study, in order to understand the study area as flood basin and

pathways of flod, this conceptual model is used. Two different models are

constructed; one for the river flood on the Ayamama River, and one for the tsunami

i nundat

on

on Bakérk°y <coast s. Then
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Ayamama River Mouth is also investigd to present similarities and differences of

inundation process of two different flood sources.

Methodology of 2DSPR model consists of 4 steps (Narayan et al., 2014) as shown
in Figure3-33. The first step is to determine the land boundaries of the model using
the most extreme water level that can occur. This assumption is done by considering
failure of all coastal defence systenPast events, numerical model results can be
used to determine the most extreme water level. The second step is determining of
elements of flood plain in the model. All defence systems and land use elements are
mapped and categorized. For specific paceumber of the elements can be
increased so resolution of model in that part can be improved. Categorization of the
elements (such as protection structures, roads, etc.) can make the model easier to
follow and understand. The third step is defining eltitionships between neighbor
elements. Pathways and receptors are identified in this step. While considering the
relationship between two neighbor elements, elevation difference, slope, natural
flow direction, habitation, friction and other parametersuthte considered. The

final step is to define source as a boundary in the model.
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Determine Land Bounda
for Extreme Case

Mapping of Elements

Defining relationships of
elements

Defining the Source
boundary

Figure3-33 Methodology Flowchart for SPRC model

Before constructing river diagram, study area is determined. As it is sStated
literature review sectigra flood is not expecteid be over8-10 meters above the
bank points. Since 10050 meter horizontal inundation area is another criterion,

limits of theflood plain for the river system diagramdetermined.

Next, places and key points are categorized in the study area defined for river system
diagram. Categories are determined as follows to reflect land use and human
activities; Airport, Constructio, Industrial, Military, Recreational, Residental,
River, Road and Social. On a blank page, each unit is mapped. This map is not scaled,
but gives general opinion about the locations and their topology within the system.
Each unit is numbered and descrilpedperly in another file, so that one can follow

the general classifications, or specific place in diagrams. All categories are colored
for ease to follow where any of them located in the model. Since river is the major
source in this model, specificat®@mround Ayamama River are detailed to reflect

the structures along the river channel such as vertical walls and culverts. These
important points are added to the model map. Then, for each neighbor unit in the
model, relationships are investigated. Flowmection, elevation and slope between
units, characteristics are taken into consideration. The worst possible case is thought
and estimated flow chart is added to the map. If two units are not neighbor, they

62



canodét have any r el adranust behaipgthwaylbetweenttioe r wo
non neighbor units. Results of hydraulic model (HERS) is also added on to this

system diagram, so that a comparison can be made.

For tsunami SPRC model, literature review and NAMI DANCE model results
obtained in this sidy are taken into consideration to determine the flood plain of
system diagram along the coast. Since maximum water elevation of 15 meters and
maximum of 22.5 km inundation area is observed in both previous studies and
NAMI DANCE model results, study aags accepted as similar. If any previous study

is not available, study area would be decided by wave height at the shores, pathways
and elevation of neighborhoods, with empricalumformulas. For tsunami system
diagram, categories are determined. Inligoin to categories in the river SPRC
model , ABeacho category is added in this
study area. Similar procedure of developig river system diagram is applied to the
tsunami study, with a few changes. Instead drrigpecifications around the shore

are detailed in this model such as revetments or vertical walls. This information
allows us to observe the inundation motion from shore, as pathway. As in the river
system diagram, all relationships between units aresimyated, the worst scenario

of inundation is applied and estimated flowchart is added to the tsunami SPRC
model. Results of NAMI DANCE is also added on to this system diagram, so that a

comparison can be made.

Finally, another SPRC system diagram is constructed for Ayamama River Mouth to
analyze the area where river flood and tsunami inundation overlaps. In this
intersection system diagram, units in both Tsunami and River B&&IC models

are investigated. This system diagram includes both river and tsunami flow charts,

and corresponding numerical model results.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, results of hydraulic model, tsunami model, and SPRC models are
presented. Ba&sl on these results, affected areas, highlights of the study,
relationships between sources, pathways and receptors, and comparison of models

are investigated and discussed.

4.1  Hydraulic Model

In this study, hydraulic model is constructed via HEBS with hep of ArcGIS.

The flood maps are discussed in three sectisniscan be seen froRigure4-1. The
upstream of the river is identified as section 1, middle of the river is identified as
section 2 and downstream of the river is identified as sectiéigG@re is between
40.950- 41.134 degrees latitudes, 28.7328.977 degrees longitudes. Ayamama
River, numerical model inundation result for 500 year return period of flood values,

and coastline are shown in the figure.
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Legend

Ayamama River

Q500 inundation

e Coastine

- 0051 2

3
Kilometers

Figure4-1 Three sections of inundation maps for 500 year return period

In Figure4-2, inundation of 500 year return period flow flood at the upstream part
of the Ayamama River is shown. This part of the river is in the Orugreis Military
Recredional area. Average of 8000 meters of inundation from the riverannels
observed in this section. At the bottom of the figure, it can be seen that the right hand
side of the river is floodeuhto the shorter branch of the Ayamama Raeyund 600
mekrs.In thissection of the basjm50756 M area isdetermined to bloodedand

al of itis in the recreational are@herefore, damage is expectede limitedin this

area. Maximunilood water depth is obtained as 6 meters and average of maximum

water depth in inundation area is betweehr8etersThissectionis the least flooded

66



section along the watershed of the thseetions of the whole river basin modeled in

this study

Legend

Ayamama River

U500

= 00204 08 12
| == e |

g Kilometers |5

Figure4-2 Flood inundation with 500 year return period flow in the Ayamama River
(Upstream)

In Figure4-3second sectiondafhe f | ooded area is shown. T
OSB Highway Connection and ends -850 Dejir
meters and maximum of 550 meters of inundation from the river channel is observed.

In this section, mostly neighborhoods (&sttents) and industrial areas are flooded.

With a total of 973185 Ainundation area, this section is the highest flooded area of

the three sections. Mahmut bey, At at ¢r k,
Yeni bosna, Kn°ng¢ Nei gh b .dMaxiimom dater deptheis t he f
obtained as 6 meters and average of maximum water depth in the inundation area is
between 12 meters.
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Legend

Ayamama River

U500

00204 08 12
Kilometers

Figure4-3 Flood inundation with 500 year return period flow in the AyamanvamRi
(Center)

In Figure4-4, flooded area of downstream section of the Ayamama River is shown.

This section starts at Dejirmenbmadb0- e Street
meters of inundation is observed from the river channel. In this section, the river

does not overflow along the river bed, but at specific locations contorary to the other

two sections. At the locations where river overflows, generally 150 meters of

inundation is observed. Yenibosna Center and Atak®9710 neighborhoods,

biological waste plant and World Trade Center Fair Area are inundated in the model.

841306 M area is flooded in this section. Maximum of 2 meters water depth is

observed in flood# area. Average maximum depth is betweerlOneters.
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Legend
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Figure4-4 Flood inundation with 500 year return period flow in the Ayamama River
(Downstream)

In 2009 flood event, 16@50 meter inundation with maximum7meters of depth

was observed in this area. Similar to 2009 flood everit,a t ¢ r k Evren, K
toban-exkme districts are flooded in the
flooded in 2009 is not shown as flooded in the numerical model. Previous
investigations showed that an uncontrolled filling for truck parking area and
inadequate vent opening lead to the flooding in 2009 event and this blocked the

hi ghway connecttiedn.i AAsr eaa rweassu Iftl,o okdkeid i n
DEZKM, 2009) . However, effects that <can
added in the numerical model as this was a specific occurrence valid only for 2009
event. Except Kki t e d2009 fldod evant arercongsisentinc a | m
the flooded areas. This numerical model showed that flood occurred in 2009 had a

high flow which corresponds to a return period around 500 years.

FromFigure4-5 to Figure4-8 flood propagatiorof the 500 year return period event

modeled in this studgan be seerhe first flooding is observed &tenibosna and

Hal kal é Center Nei ghbor hoods 3:30 hour s
inundations at 4:00, 6:00 and 10:00 hours after the beginning of the run are also
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shown in the figures. Inundation area is at its maximum at 10:00 hours after the
modelstart. These figures are compared with SPRC model pathway and receptors in
SPRC section.

Legend

] ——— Ayamama River

v D Time: 3:30

o 0012K25 05 075
I — o

Figure4-5 Flood inundation at 3:30
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—— Ayamama River

|:|T|me: 4:00

Legend

—— Ayamama River

\:I Time: 6:00

Figure4-7 Flood inundation at 6:00
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Legend

Ayamama River

I:‘ Time: 10:00

Figure4-8 Flood inundation at 10:00

4.2  Tsunami Model

In this study, tsunami model is constructed using NAMI DANCE. Both LSBC and
PIN sources are used as model inputs, and maximum eta values are compared. As it
can be seen fromigure4-9 andFigure4-10; LSBC sourced tsunami model is more
critical than PI N s ourCoastdincéisundatoomerea foro d e
LSBC sourced tsunami is wider. Moreover, sum heights are higher in the LSBC
sourced model. Thefore, LSBC model is decided as the most critical scenario for
Bakerk°y Coast s, resul ts antdis ndodel ran. | s

Following figures (Figure4-9 andFigure4-10) belong to nestediew of results.
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Figure4-9 MaximumFlow DepthMap of PIN Sourced Model
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Figure4-10 Maximum Flow DepthMap of LSBC Sourced Model

The results of LSBGcenario shows thatarimum value of 12.081and average of
3-5 meters of water depth is observed in the land part of the studywéhem the
minimum eta map isnalyzed(Figure 4-11), minus 8.73 meters of eta value is

obtained as lowest valuklinus values only occurs on the sea.
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Figure4-11 Minimum Eta Map of LSBC Sourced Model

Instant eta profil®utputsare taken at 1 minute intervals for tsunami jpggtion
These outputsire used to comparéhe results withSPRC method. Inundation of
tsunami waves can be seen in the first 10 minutes of propad&igure 4-12 to
Figure4-17). Tsunami waves reach to the Ayamama River at 5th minute. Then, it
inundates onward to the larid.AyamameRiver, approximately 5 km of inundation

is observed, and in the land, maximum of 500 meter inundation is observed.
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Figure4-12 Tsunami propagation atDminutes
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Figure4-13 Tsunami propagation at2 minutes

Figure4-14 Tsunami propagation at3 minutes

Figure4-15 Tsunami propagation at Bminutes
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