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Abstract. This study presents the first tsunami scenario database in Marmara Sea, Turkey referring to 30 different earthquake
scenarios obtained with the combinations of 32 possible fault segments. The fault mechanisms in Marmara Sea have been
studied in detail within FP-7 MARSite project, which were derived from various databases and literature review. Tsunami
simulations have been performed according to these defined 30 earthquake scenarios by tsunami numerical code NAMI
DANCE (NAMIDANCE, 2011) which solves Nonlinear Shallow Water Equations (NLSWE) using leap-frog scheme. For
each earthquake scenario, tsunami hydrodynamic parameters, mainly maximum water surface elevations, arrival time of first
wave and maximum wave, and water level fluctuations were calculated at 1333 synthetic gauge points meticulously selected
along the coasts of Marmara Sea. The overall simulation results indicate that maximum expected wave heights due to these
earthquake scenarios are between Im and 2m and even more than 2m at some locations along Marmara coasts, such as
Kadikoy, Halic and Silivri coasts in Istanbul and Bayramdere and Kursunlu districts along the coasts of Bursa province. The
estimated maximum water levels at Bostanci, Pendik and Buyukada coasts in Istanbul, Cinarcik and Bandirma towns and at
the entrance of Izmit Bay would reach up to 2m. Tekirdag coasts and Buyuk Cekmece and Bakirkoy coasts in Istanbul and
Yalova coasts would experience maximum tsunami wave amplitudes around 1.5m. The waves reach up to 1m at Izmit and
Gemlik Bays, Erdek Peninsula and Marmara Island. The overwiew 1e results reveal that higher historical tsunami wave
heights observed in Marmara Sea cannot be explained by only earthquake-generated tsunamis. Therefore, there is strong
agreement on considering submarine landslides as the primary tsunami hazard component in the Marmara Sea as experienced

during history and expected in the future.

1 Introduction

Marmara Region is located at the northwest part of Turkey, being one of the most important settlements throughout history as
the passageway between two continents, Europe and Asia. The region literally acts as the heart of economy in the country
hosting mainly the megacity Istant @' with a population of higher th-n 15 million and huge capacity of trading, various

industrial facilities, ports, airports as well as other densely populated cities.
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Marmara Sea located in the middle of this region is seismic !'; very active area having various faults of different types with
great possibility of triggering big earthqu larger than 7.0 (Ambraseys, 2002). There are ¢ number of references in
literature proving the generation of historical tsunamis in the Marmara Sea caused by these earthquakes (Mihailovic 1927;
Gundogdu 1986; Oztin and Bayiilke 1991; Oztin 1994; Ambraseys and Finkel 1987, 1995; Altinok and Ersoy 2000; Arel and
Kiper 2000; Altinok et al. 2001, 2003, 2011; Yalciner et al. 2001a, b, c; Ambraseys 2002; Cetin et al. 2004; Rothaus et al.
2004; Tinti et al. 2006; Meral Ozel et al. 2011). The most significant ones among those the Istanbul earthquakes on 10
September 1509, on 22 May 1766, and on 10 July 1894; the Sarkoy-Murefte earthquake on 9 August 1912; and the 17 August
1999 Kocaeli earthquake (Necmioglu, 2016). During the 1509 earthquake, with a magnitt <ic :lose to 8.0, the sea flooded the
shores along Istanbul coasts, waves crashed against city walls and around 4000-5000 people died in the city (Ambraseys and
Finkel 1995). Tsunami waves with probably more than 6.0 m height overtopped the city walls and caused flooding (Oztin and
Bayiilke 1991). 1766 Istanbul earthquake, on the other hand, triggered tsunami with considerat = 1 Gemlik Bay in Eastern
Marmara (Ambraseys and Finkel 1995; Altinok et al. 2003).

There are mainly two motivations of study: the first one is investigating the nature of historical tsunamis in Marmara Sea,
namely whether they are generated solely due to those significant earthquakes or not. The second aim is directly correlated
with the operations of Regional Earthquake and Tsunami Monitoring Center (RETMC) in Kandilli Observatory and
Earthquake Research Institute (KOERI) acting as 24/7 National Warning Center (NTWC-TR), which provides monitoring and
warning services to the Eastern Mediterranean, Aegean, and Black Seas since 1 July 2012 under the framework of the
Intergovernmental Coordination Group for the Tsunami Early Warning and Mitigation System in the North-eastern Atlantic,
the Mediterranean and connected seas (ICG/NEAMTWS) initiative and has been accredited during 13th Session of ICG in
Bucharest, Romania, 26—28 September 2016 as a Tsunami Service Provider (TSP-TR). Due to short arrival times of first waves
in Vi2 ‘mara coasts, having prepared tsunami scenarios covering various possible earthquakes is quite vital.

On account of this purpose and necessity, we have identified a comprehensive set of earthquake scenarios for the whole
Marmara Region obtained by the compilation of historical records, past studies in literature and empirical results. These
scenarios constitute the basis for tsunami numerical modeling conducted to obtain tsunami scenario database in Marmara Sea.

32 different fault segments are finally determined in that manner of which methodology is de <1 ed in the following section.

2. Methodology
2.1 Identification of Earthquake Scenarios

The main structural element controlling the morphological and structural features in Marmara Sea region is the northern strand
of the North Anatolian Fault zone, which « on'idered as a principal : {11} e-slip displacement zone (Alpar and Yaltirak, 2002).
The North Anatolian Fault (NAF) is a major right-lateral, strike-slip fault that extends more than 1200 km from eastern Turkey
to the north Aegean Sea (Sengor et al., 2005). It accommodates the relative right-lateral motion between the Anatolian region

and Eurasia at a geodetic rate of ~25 mm/yr (Meade et al., 2002; Reilinger et al., 2006). Along its westernmost segment, the
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fault bifurcates into northern and southern branches, the northern branch following Izmit Bay and entering the Sea of Marmara
southeast of Istanbul. By far the majority of long-term fault slip occurs on the northern fault branch following the northwest
striking Princes’ Islands Fault (PIF) and joining the east-west striking Central Marmara Fault (CMF) immediately south of
Istanbul [Le Pichon et al., 2001; Armijo et al., 2005]. After traversing much of the Sea of Marmara, the CMF merges with the
Ganos Fault, exiting the Sea along the Ganos Peninsula. Ergintav et al. (2014) concluded that the Princes’ Islands segment is
most likely to generate the next M > 7 earthquake along the Sea of Marmara segment of the NAF. Armijo et al. (2005) stated
that a zone of maximum loading with at least 4-5 m of slip deficit encompassing the strike-sli;* = zment 70 km long between
the Cinarcik and Central Basins would alone be capable of generating a le - ‘magnitude earthquake in the order of Mw 7.2.
Hergert et al. (2011) argues ir 1ic te that the Main Marmara Fault can be interpreted as a through-going fault that slips almost
purely in a strike-slip sense, but they also point out that, not contradictory to the previous statement, there is significant dip-
slip motion at some sections of the Main Marmara Fault. The South Marmara Fault lies between the highly active northern

branch and the weakly active (but still capable of generating magnitude 7 earthquakes) southern branch (Pichor = 1l., 2014).

The geometry of the possible tsunamigenic faults in the Marmara Sea has been derived from the GIS Databasc of the fault
parameters in the Marmara region produced within MARsite - New Directions in Seismic Hazard assessment through Focused
Earth Observation in the Marmara Supersite (FP7 Project-ENV.2012 6.4-2, Grant 308417). Fault parameters, on the other
hand, were subjectively assigned through an extensive review of the literature (Alpar and Yaltirak, 2002; Altinok and Alpar,
2006; Armijo et al., 2005; Ergintav et al., 2014; Gasperini et al., 2011; Hebert et al., 2005; Hergert et al., 2011; Hergert and
Heidbach, 2010; Imren et al.; 2001; Kaneko, 2009; Le Pichon et al., 2001; Le Pichon et al., 2003; Le Pichon et al. 2014;
Oglesby and Mai, 2012; Sengor et al.,2014; Tinti et al., 2006; Utkucu et al., 2009). Based on the databases and literature
review, faults segments were simplified in order to be able to use them as input for tsunami modelling, where each segment
correspond to a rectangular area with an associated hypothetical uniform slip (Figure 1). All parameters required for the
identification of the segments, such as geographical coordinates for the start- and end-points of the segments, hypocentre, type
of fault, strike, dip, rake, length and width of the segment, focal depth (where the top of the fault has been set to 0.5 km depth)
and corresponding displacements according to empirical relations provided by Leonard (2010) and Wells and Coppersmith
(1994) are presented in Table 1. This was followed by the definition of different hypothetical rupture scenarios reaching a total
number of 30 scenarios as described in Table 2. In each scenario, special attention was given that the total earthquake moment
derived from the summation of the earthquake moments, which are assigned to each segment, has been preserved by each
scenario obtained through the combination of several segments. Slip values have been assigned using the same logic but in an
arbitrary manner without any prior assumption, so that heterogeneous earthquake rupture scenarios can be represented. Figure

2 shows the map of all earthquake scenarios collectively including the fault segments (green lines) assigned accordingly.
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Figure 1: Simplified fault segments in Marmara identified for tsunami modelling. Segments correspond to a rectangular area with
an associated uniform slip.

2.2 Tsunami Numerical Modeling

Based on 30 earthquake scenarios defined in Section 2.1, tsunami numerical modeling has been performed using the numerical
code NAMI DANCE (NAMIDANCE, 2011), which solves Nonlinear Shallow Water Equations (NLSWE) with leap-frog
scheme both in Cartesian and Spherical coordinate system. NAMIDANCE was tested, validated and verified against analytical
solutions, laboratory measurements and field observations in several scientific articles (NTHMP, 2017; Lynett et al., 2017;
Velioglu, 2017).

Tsunami numerical modelling is performed using 90m grid sized bathymetry - topography data as a single study domain,
which includes multi-beam bathymetric measurements and 900m grid sized GEBCO data in the sea and 30m grid sized ASTER
data on land. Besides, coastline and coastal defence structures i.e. breakwaters, groins : 11d large docks in the ports were also
digitized in GIS environment and added to bathymetry - topography data for increasing the resolution and precision in coastal
zones.

The initial sea surface at the time of fault rupture for each segment has been calculated using Okada (1985) formula. In each
scenario, it was assumed that all designated fault segments are ruptured at the same 1< :ance. NAMIDANCE calculates the sea
surface after the rupture of each segment and combines them in order to output the final sea surface that was used as the
tsunami source of each scenario. For instance for Earthquake Scenario #1 (SNO1), segment-1, segment-2, segment-3 and
segment-4 are the fault components designated for this scenario. The sea surface for each fault segment was calculated using
Okada (1985) formula as if they are rupturing at the same instance. NAMIDANCE then outputs a final sea surface as the
combination of these four segments as an overall tsunami source for SNO1. We applied same 510 edure for all earthquake

scenarios accordingly.
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The synthetic gauge points along the coasts of Marmara Sea were selected with very sensitive analysis so as to locate them in
shallow zone at water depths less than 20m. We considered the locations of industrial facilities, residential areas, harbors,
marinas, factories and six Tsunami Forecast Points (TFPs) while selecting those gauge points (TFPs are located at Marmara
Eregli, Haydarpasa, Yalova, Mudanya, Erdek and Degirmencik, where the arrival time of first wave and tsunami alert level
are calculated and included in national tsunami alert messages disseminated from Regional Tsunami and Earthquake
Monitoring Center in KRDAE; see Figure 3).The total number of gauge points is 1333 located at the water depths of less than
5m. The northern part of the area has much more important locations then the southern part, therefore gauge points in the
northern part is denser than the southern part.

The maximum and minimum water surface elevations of tsunami sources calculatc <-“)r each scenario are given in Table 3. As
seen from the table, the initial sea surface disturbances for all scenarios are less than 1m. The highest sea surface was calculated
for SN23, which includes the rupture of segments 17, 18 and 19 located at the center of Marmara Sea raking 1 I W-SE
direction.

Tsunami simulations were conducted for each scenario during 2 hours 1510z the corresponding tsunami sources. Tsunami
hydrodynamic parameters such as maximum and minimum wave amplitudes, arrival times of first and maximum wave, flow
depths and current velocities were calculated throughout Marmara basin and at 1333 synthetic gauge points. We discuss the
simulation results in the following section in an integrated manner instead of giving the details of each scenario results in the
main text of this paper. However, the distributions of maximum wave amplitudes and arrival time of first wave plotted for
each scenario are provided in Supplementary Material. These plots directly reflect the hydrodynamic parameters calculated at
each synthetic gauge point according to the defined color scale. The maximum wave amplitudes less than 25cm (accepted as
threshold for critical water level that has potential to fall a person do were colored with green as a representative of
relatively safer coastal zones of Marmara Sea. Besides, Supplementary Material also includes water level fluctuations
calculated for each scenario at six TFPs (Haydarpasa, Yalova, Mudanya, Erdek, Degirmencik and M. Eregli) and also 20 other
locations that are selected out of 1333 synthetic gauge points considering the locations of industrial facilities, harbors, marinas,

refineries and shipyards. These fluctuation plots also indicate the arrival time of first wave at each location.


alberto
Evidenziato

alberto
Nota
corresponding to the tsunami initial condition computed for each scenario

alberto
Evidenziato

alberto
Nota
striking?

alberto
Evidenziato

alberto
Nota
Are you sure this is enough? In closed or semi-closed basins late arrivals can still be of relevant amplitude.

alberto
Evidenziato

alberto
Nota
to cause a person to fall down


//doi.org/10.5194/nhess-2019-186

https

arted: 8 July 2019

(© Author(s) 2019. CC BY 4.0 License.

1Scussion st

Preprint. D

©MO)

*sramgys 9Y) U0 uoneuLIOjuUI dLIPWeRIC] ] d[qe ]

9Z+IETY'T L9 97 |Ssz+36115'2| 29 [s0| £9 8'89T | set [s'er | ozz [ 08 | ozt [ 4N |6v9v90'ee | €2zLes'Or | TL8EET'6T | 6569690 | 9ZvS66'8Z | 98SLSLOV J1o1euld [43
SZ+3TT0°S v'9 €T |Se+3e8.L'T| 19 [v0| 'S 00ZT or |zt [ o6 |08 | S8 | 4¥ |8veess’sz | TLeseL’Ov | Lizese'sz | LooviOv |6T¥TT8'8T | TLOOEL'OV elewley 1€
ST+IBYS'E €9 80 |sz+361157| 29 [v'0| 'S 0'StT or |svt| s |08 | oot | 4SS | 6€0816'8Z | 82S90L0v | SETE00'6T | €69v69°0v |€Ev6TER'8T | C9E8TLOY 3S ulseg yjidJeuld 0€
SZ+I8YS'E €9 v'T |vz+3se16'8 | 6'S [€0| 'S 008 or | 8 [oee |08 | €zt |4SSN| Tv8v6L'8Z | £8L2EL'OY | €60VER'ST | SL9ETL'Ov |68555L°87 | 8681SL°OV S uiseg y1aIeul) 67
ST+ITIST 7’9 0T |vz+3sz16'8| 6S [€0| s 0L ot | sz | oe |os8 | s8 |45su|ss8erL'8z | LvsosL'ov | 68695.'8T | 9tvesL'Ov | 2489987 | 8.9LvL'Ov MS ulseg yi1eury 8Z
9Z+3818'C 69 9T |9z+3seiv't| L9 60| 6L 0°0vS st [9e | s o8| 68 |iss |ezosoz'se | vseoto'or | £s88sv'8z | 66Sv19'0v | zrSo'8z | 601909°0y | 3sedyays usayinos T
9Z+IETY'T L'9 T |se+3seco’c| s'9 [20] 6« 0°09€ st [ vz | s |08 | cot |4ss |ezovite‘se | vToOv9‘or | £8¥v0'8T | £8€609°0v |LEvSiLzz| Tv90L9°0r | 3s9m ylays usaynos | gz
97+3566'T 89 ST 9Z+31 99 [s0] 61 S'L6€E ST [s9z| s |08 | v6 | 4SS |evs819'2¢ [069289°0r | 86vLL'tT | S96€EL9'0v | 90Seov'LT | STYTE9OY pues| eleuwlep ST
vZ+IL9Y'Y L's v'0 |vz+3cgee| s's [Zo| ¥'s 0'SE or |s€| s |os8| 68 |4dSS |T/18T1'6Z | 88Y699°0v | €6v6ET'6C | 61269907 |8¥8960°'6Z | £52699°0F 311eu) vZ
ST+ITIST 7’9 L0 |sz+3e8LL'T| T9 [v'0| 'S 0STT ot |sTr| s |o8 | 18 |4SS |ozvreo6z | 999199°0r | €12L60°6C | 60€699°0v | 2295968 | €20VS9‘Op MjiDJeUD 13
vZ+IL9Y'Y L'S €0 |vz+3ezor’e| 9's [o| s 0'0v or | v s |o8 | se |4ss |ssosve'sz | 8L18€9°'0v | €5€096'8Z | veTes9‘ov |9se0e6’sz | 1EZEZOV 3N NANuLY 22
SZ+38YS'E €9 80 |sz+361152| 9 [v0| 'S 0'syT ot |svt| s |os8 | s9 |4ss |szzess'sz |orsessor | L6sse6'8T | 641L19%0v [25918L'8T | TwETosOr |eJ3ua) n3nwiy 1z
SZ+365Z'T 9 S0 |vz+3szie’s| 6S [e0| v's 008 or | 8 s | o8| 6. |4Ss |6v0TEL'8T | Lv6ESSOV | €8T8L4'8T | 1880950V |ST6€E89'8T | €TOLYS'OF MS nnULY 0z
ST+3BYS'E €9 7T |se+36852'T| 09 [v'0| 'S 006 or | 6 [ozz |08 | szT | AN | €880T9'8Z | ¥O¥Z9s‘Ov | ¥15559'8Z | Z0S6€SOF |2S2995°8T | SOES8S'OV 35 Y3IH [eluad 61
97+3566'T 89 LT |st+361T0°S | ¥'9 [9'0| 'S 0'sze ot |sze| oz |08 | szt | AN | vEOESy'8Z | 9TSEV9OV | 988295'8T | €0vS8S‘Ov |Z8TEVE'ST | 8Z9TOL'OY 4Inos Y3IH [e13Ua) 81
SZ+3710°S £ v'T |S2+36852'T| 09 [v'0| 'S 0'0TT ot | tr [ozz | o8 | ser | IN | Z1s962'8Z | 991OvL'OY | €SZIVE'ST | v99zoL'Ov |T8TZSZ'8T | £99LLL°0F MS YBIH [e43u3) LT
97+3566'T 89 v'T 9z+3T 99 [g'0| (9 o'0sy |ser | 9e | szt [o08 | 16 | 4SS |€8692L%6 | L906EL’0r | €9€TV6'6T | 6LL5EL’0y | €09TTS'6T | SSETVLOY JIno Nwz| 91
GZ+IBLL'T 19 9'0 |vz+3seie’s| 6S [€0] L9 st8 |ser| ¢ [set|os| z8 |4ss |o9eeov'6r | €99s€L’0r | 880TTS'6C | TZZvLOv |TE9sTY'6T | 9TTEEL'OV MWz ST
ST+ITIST 7’9 80 |sz+36852'1| 09 [v'0| 49 o000t |ser | 8 [sct |os8 | ze |4ss |zsoese'er |seTvEL'Or [ v9sev'er | Leszes'ov |esvzee'sr | 6SSSELOY EMN Jwz| v1
YZ+ITE'9 8'S v'0 |vz+3€eor’e| 9's [2o| L9 g'er [ser|se|sct o8| 8. |4SS |teerteee | evereLor | Szeeee'6r | LzeseL'or |9Tvoez6r [ 9Sv8TLOV TMN Jwz| €1
SZ+365C'T 09 S0 |ve+3sete’s| 6s [g0| £'9 0SL szt [ 9 |se1 | o8| ze | dss |ecteszer | eeviecov | 8r668z'67 | vOSOEL'Or [89€9TZ6T | E€LETELOY TMN Jwz| 4
STHITIST 7’9 L0 |S2+36852'T| 09 [v'0| 49 szit [ser | 6 |sct [o8 | sz | 4SS |seozee’se | 9680zL0r | 9TLEBE'6T | BETEL'OV | €EE€€08Z'6Z | TTHOTL'OV MS Nwz| 1T
SZ+ITIST 7’9 T'T |v2+3960€'9 | 8'S [€0| £9 889 szt | s's [ st | o8 [ <ot | 4ss | esseve’6r | 6z86TL'0v | 209z8z'6r | 9cveis'ov [9ttsizer | 18TLTL'OV 3S uiseg yjidJeurd 01
97+3T86'E 0L L't |Se+3s6L0't| 9 [L'0] s 0'SEE ot |see| otz | 08 | 611 |4SSN| 60011067 | 65296L°0r | zS0sTZ'6T | 8S9vZLOr |S96998°87 | 658L98°0F Spue|s| ssadulld 6
SZ+ITIS'T 9 £'0 |sz+368sT'T| 09 [v0| ¥'S 0011 or | 1t [szt | o8 | S6 | 4SS | 69050882 | 9559£8°0v | 8v80/8'87 | z8€7L8°0v |6826EL'8T | 62£088°0y | 1se3 elew.e uley 8
ST+I8LLT 1'9 90 |sz+36852'T| 09 [v'0| 'S 056 ot | s [ st |os | 9 |4sS | v€0689°8Z | S666£8°0r | vSOSvL'8T | 89,068°0v |€T0€€9'8T | 2zz698'0r | |en1ua) esewsey uew [ £
ST+ITIST 7’9 L0 |se+3e8.L't| 19 [v0| 'S 0STT ot |sTr| szt |08 | €6 | 4SS | zeor9s'8z | 0zeos8'0v | TzEE9'8T | Lv9,98°0v |€S8v6V'8T | €6L2/8'0v | 1SOM Elewlie uleiN 9
9Z+IEV6'L L S |9z+3seiv'T| L9 [6'0| 6 SLYS st |s'9e| otz | o8 | z£ [4ssn|T9zese'sz | 1sT6E8‘0r | vBEOOS'8T | TSYL/8'0v | 8ET9L08Z | 1580080V ujiseg zednquiny S
9Z+3T 99 6T |Sz+361152| 29 [s0| 6L 059T st | 1t | otz |08 | vOT |4SSN|91Ss00°8 [ £86208°0r | T9S690°8C | T9zT6L'0v |TLVIVE'LT | TILVI8OY uiseg [eua) ¥
9Z+IETH'T L9 €T |sz+3s6L0'L| 9 [L'0] 6L 0°0€E st | ez | set|os | 98 |ass |ezreis‘ze [evotis‘or | goteve'ze | eviszis'ov |1STe89’zz | 6v6v08°OY YBIH uIRIsaM €
SZ+36L0°L 59 T |[sz+3tsvs'e| €9 |90 62 0'sze st | st | szt |os | 18 |4ass |96TTT9'22 [ 8evTO8’0r | vIve69°LT | Sotzisov |LlzeTes'iz| T1L06L°0V uiseq SepujaL 3
ST+IETE'8 99 7T |sz+361T0'S | v'9 [9'0| 6% ST ST [sor| szt |08 | sz | 4ss |oeseev'se | 0850LL°0r | OvEvES'LT | 96TT6L'0v | vvSEE'LT | v966vL°Oy | uiseg BepayaLsoues | T
(ws-uAp) W) | (wo-ukp) (w) (wy) (zwy) () | () adhL NO1 1v1 NO1 1V1 NO1 1V1

Jusawo Axm_\:v;_)_ xewq JusWwo mn a —tnmm SRy M 1 b u_n_ aAas jne4 qucmuon;I pu3 uels SIIEN 2Pod

[e204 | juswsas
Y66TOM 01021 uopewou| Juawsag
SINIWDO3IS 11NV4



alberto
Nota
Add the meaning of the "Fault Type" codes.
Add the "degree symbol" (°) to Strike, Dip and Rake.


Natural Hazards
and Earth System

//doi.org/10.5194/nhess-2019-186

https

8 July 2019

(© Author(s) 2019. CC BY 4.0 License.

i arted:

1Scussion st

Preprint. D

Sciences

Discussions

©MO)

SuIopow rwreuns) ur pasn 3q 0) SOLIBUIIS ()¢ J10J SJUIWSIS J[ney 0) pausisse suwamdR[dsI(q :7 dqeL

85 29 | oz+avsziv't ov'o | 2’9 | sze3sestis [se'sot | 8sz OENS
[Z33 99 | gz+3610T'T ov'o | €9 | szeascoose | scz VT vz | v 6ZNS
660 99 | Sz+351809%6 w'o | v'9 [ szeaeevezv | o0f zee't| se'o [ se'o 8INS
8v'T TL | 9z+3sroze’9 ve'o | 69 | 9zeasvozr'e |szezt 61T |s12'z| 61T L2NS
8€'T 07 | 9z+asLov'E 690 | 89 [ 9zsasecor't |suse B 9ZNS
vs'T 89 | 9z+392566'T wo |99 9z+31 S'L6E [ SINS
19 s'9 | sesateete’s o | v9 [ szeazstecs | stv oz'o [oc'o [oc'o | oc'o | oc'0 YINS
90 69 | 9z+30zrSeZ ss'o | s'9 | szeaweest | s 8v'T | 852 | sv'T €2NS
90' 69 | gz+arzerae vs'o | 2’9 | gzsacsseet |sz'oss 62e'T | £9' [ £9% [ £9% [ 29 TaNs
29 s'9 | sz+3asoost’ ve'o | €9 [ sz+agasse’e |sz'goe s€'0 |1€6'0 160 | SEO TZNS
98'T TL | 9z+3veEveS'9 850 89 | 9z+3T/Ev0T |€T60T 2E'T | £9'0 | £9'0 | 9'0 | L9°0 VZET 0ZNS
127 0L 92+309'% oso | 99 9z+I0'T  |ST'TYe 00T |00 | 00T | 00'T TE'E 6INS
197 07 | oz+asvesy'y €50 | 99 [ se+avesoe's |sz'ots T | o' | vE'E 8INS
99'€ 0L | 9Z+3LOTS6'E 59’0 §'9 | sz+39v6L0'L SEE 99'E LINS
65T L | 9TavsvLTL [ 6'9 | 9z+azeeLv'T |ETINT 6L£7| 650 | 650 [ 650 | 650 6.7 650 | 650 | 650 9INS
69'7 TL | 9z+3826L2'S wo | 2’9 | 9zeazeesy't |sz'o6 6.0 | 6L'0 | 620 | 620 8¢’ | 640 | 62°0 | 620 SINS
06 1L | 9z+359€9T's ev'o | 2’9 [ 9zsassoze'r |[sz'oes 8U'T | zv'T [ s8'z | zv'T [ 811 [ 81T PINS
61T 0L | 92+382T99'Y €50 | 9'9 | 9gz+a9scert | ss9 S8Z'E [ ¥O'T | ¥O'T | ¥O'T EINS
590 s'9 | se+3sozo8'9 wo | v'9 [ seeaetoezy | oze 25’0 [186%0 | 250 ZINS
6£' v | cze3srzst 190 | oz | 9z+398ses’e [8'ssel 667 [zt [avt et [a1T 886 | z1'T [ 21’1 [ 21T [886Z TINS
[153 €L | Le+39zezeT 6s'0 | 69 | 9z+398ss8'z [8's0ST SLT|SLT|seT | st Tee'e| et | set | set [reee OINS
16 €L | cz+36901€T 190 | 69 | 9z+3soees’z |8'eser €9'T | €9'T [evo'e| €9' | €9'T [ €9'T [evo'e 60NS
€' €1 | cz+3ov09z'T so'0 | 69 | ogz+atossz [szozt €0'v | 00T [ 001 | 00'T | €0'% 8ONS
90'E TL | 9z+3eve9's so'0 | 89 [ gzsastavs'T | <'z98 se'T | se't [ se't [ezse LONS
'y Te | 9z+3szeve's 6’0o | 2’9 [ gzsavsziv't | suvs 'y 90NS
v2'z ve | czaastict 090 | oz | gzsazevssy |etser sv't | sv'T | o€’ [ sv't [ sv't [ svT [oe%e [ vt | svT [ ST | st SONS
9E' v | £z+3€9199'T 290 | oz | gzsaezsee’y | o1z ves'e| s’ | ss'1 [ ss't [vese [ ss1 | sst [ st | st YONS
[333 €1 | Le+3zse9TT 190 | 0z | 9z+362459°E | SEST V8T [ v8T | v8'T |80L°E [ v8'T | VBT [ v8'T | v8'T EONS
E%3 €L LT+35S6T'T 990 6’9 | 9z+ar9szz’e | sist 6vZ'v| OV'T | OV'T | OV'T | OV'T 2ONS
871 07 | 9z+3ELTIOY 850 | 89 [ 9z+avisI8T | 529 907 | 90 | 901 | 16T TONS
(wo/ukp) (wo/ukp) | (zw) |8'891 |00zt [0'svT | 0'08 [ 0'sz [o'ovs [o'09€ [s'ze€ | 0'se [o's1T| 0'0v |0'svT| 0'08 | 006 [0'Szz [0'0tT [0'0sy [ 528 [o'00t | 8'ew | 0's. |s‘zrt| 8'89 [o'see |00t | 0's6 [0t [szvs [0'sat [o'ocE [0'szz [ vz | easy uawSes
(w)3neq | M oW (w)3eq | M oW eary | 2€ | 1€ [ 06 |6z | 82 [ sz |9z |se|[ve e |z |te [oz|er [t [ for|st|vr et |ax|for|e6 |8 |c[o]|]s|[v|[e]z]T
YE6TIM otoz1 ney Q30NTONI SINIWD3S GRS



alberto
Evidenziato

alberto
Nota
Displacements (in m, blue cells)


https://doi.org/10.5194/nhess-2019-186 Natural Hazards ¢
Preprint. Discussion started: 8 July 2019 and Earth System 3 EG U
© Author(s) 2019. CC BY 4.0 License. Sciences 3

Discussions
By

Figure 2: Map representation of the scenarios considered in this study.
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5  Figure 3: The locations of Tsunami Forecast Points (white dots and white-highlighted names written in red) and other important
coastal districts (red stars and white names) where estimated tsunami effect is significant.
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NAME OF MIN. WATER MAX. WATER SEGMENTS
SCENARIO SURFACE SURFACE
ELEVATION (m) ELEVATION (m)
SNo1 -0.08 0.07 1-2-3-4
SN02 -0.54 0.33 1-2-3-4-5
SNO3 -0.47 0.29 1-2-3-4-5-6-7-8
SN04 -0.45 0.28 1-2-3-4-5-6-7-8-9
SNO5 -0.43 0.26 1-2-3-4-5-6-7-8-9-
10-11
SN06 -0.58 0.33 5
SN07 -0.50 0.29 5-6-7-8
SN08 -0.53 0.31 5-6-7-8-9
SN09 -0.48 0.28 5-6-7-8-9-10-11
SN10 -0.44 0.26 5-6-7-8-9-12-13-14-
15
SN11 -0.39 0.23 5-6-7-8-9-12-13-14-
15-16
SN12 -0.03 0.05 6-7-8
SN13 -0.39 0.25 6-7-8-9
SN14 -0.33 0.22 6-7-8-9-10-11
SN15 -0.41 0.26 6-7-8-9-12-13-14-15
SN16 -0.29 0.18 6-7-8-9-12-13-14-
15-16
SN17 -0.48 0.28 9
SN18 -0.44 0.25 9-10-11
SN19 -0.44 0.25 9-12-13-14-15
SN20 -0.31 0.18 9-12-13-14-15-16
SN21 -0.033 0.05 12-13-14-15
SN22 -0.04 0.06 12-13-14-15-16
SN23 -0.61 0.39 17-18-19
SN24 -0.03 0.04 20-21-22-23-24
SN25 -0.07 0.10 25
SN26 -0.08 0.09 25-26
SN27 -0.06 0.10 25-26-27
SN28 -0.05 0.07 28-29-30
SN29 -0.09 0.23 28-29-31
SN30 -0.44 0.25 32

Table 3: Maximum and minimum wate rface elevations of tsunami sources calculated for each earthquake scenario with
corresponding fault segments

2.3 Summary of Results

As described in previous section, the simulation results are presented here as an integrated distribution of maximum wave
amplitudes for overall tsunami scenario database in Marmara Sea. The maximum wave amplitudes were calculated at each

synthetic gauge point for 30 earthquake scenarios. The calculated results of all scenarios at each gauge point were sorted from
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larger to smaller and the highest value was stored as the representative maximum wave amplitude at this gauge point. After
defining all maximum wave amplitude values at 1333 synthetic gauge points, their integrated distribution was plotted for entire
Marmara Sea (Figure 4). As described in previous section, the coastal zones with green color represents relatively safer
locations according to the earthquake scenarios used in this database.

5 Following the same procedure, the integrated distribution of arrival time of maximum waves (that is exactly the time of
occurrence of maximum wave amplitude at each gauge point in entire earthquake scenarios) was plotted in Figure 5. The
results show that the arrival of maximum waves is expected at Prince Islands, Yalova coasts, some parts of Kadikoy and Silivri
coasts within 5 minutes as « riti sally short time for evacuation (refer to Figure 3 for the locations of affected districts).

Due to the evaluation of the modeling results for all earthquake scenarios, maximum wave amplitudes would be estimated
10 between 1m and 2m and even more than 2m at some locations along Marmara coasts. The results show that the maximum
wave amplitudes for Kadikoy, Halic and Silivri coasts in Istanbul and Bayramdere and Kursunlu districts along the coasts of
Bursa province would be more than 2m. The estimated maximum water levels at Bostanci, Pendik, Buyukada coasts in
Istanbul; and Cinarcik, Bandirma and at the entrance of Izmit Bay would reach up to 2m. Tekirdag coasts especially M. Eregli,
B. Cekmece and Bakirkoy coasts in Istanbul and Yalova coasts would experience maximum tsunami wave amplitudes around
15 1.5m. The waves reach up to 1m at Izmit and Gemlik Bays, Erdek Peninsula and Marmara Island. A summary of the simulation
results for all earthquake scenarios are given in Table 4 including the calculated maximum wave amplitudes for corresponding

earthquake scenario and the names of most affected coastal regions.

/ Integrated Max. Positive Amplitudes {(m)

0-025 L] 125-15

025-05 1.6-1.75
175-2
2-225

Fault Segments

20  Figure 4: The integrated distribution of maximum wave amplitudes calculated at each gauge points for all earthquake scenarios
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Figure S: The integrated distribution of arrival times of maximum wave amplitudes calculated at each gauge points for all
earthquake scenarios

Maximum wave Corresponding scenario Name of most affected coastal region
amplitude calculated
2m —2.2m SNO06 Kursunlu, Bayramdere, Eastern Silivri coasts,
Kadikoy, Halic
1.75m - 2m SNO02, SN03, SNO7, Bostanci, Pendik, Cinarcik, Bandirma and
SNOS8, SN09, SN23 Buyukada
1.5m - 1.75m SNO04, SNO5, SN10 Western Silivri coasts, Kadikoy
1.25m - 1.5m SN11, SN13, SN15, Prince Islands, Tekirdag, M. Eregli, Bakirkoy,
SN17, SN18, SN19, B. Cekmece,
SN30
Im - 1.25m SN14 Yalova, Western Silivri coasts, Tuzla, Pendik
0.75m — 1m SN16, SN20, SN29 Izmit and Gemlik Bays, Erdek Peninsula,
Marmara Island
Negligible effect SNO1, SN12, SN21, Gelibolu, Lapseki, Degirmencik; Marmara,
SN22, SN24, SN25, Avsa and Pasalimani Islands; innermost
SN26, SN27, SN28 locations of Izmit and Gemlik Bays, northern
Bosphorus, west of Erdek Peninsula, Sarkoy
coasts

Table 4: The calculated maximum wave amplitudes with corresponding scenarios and the names of most affected coastal regions in
Marmara Sea (the locations of affected coastal regions are shown on the map in Figure 3).
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As of doing deterministic tsunami hazard assessme '* ‘1e maximum wave height calculated within entire tsunami scenario
database in this study does not exceed 2.2m. However, we should note that this value would be naturally higher in terms of
having probabilistic tsunami hazard assessment, i.e. as Hancilar (2016) provides inundation maps resulting from probabilistic
tsunami hazard analysis for a 10% probability of exceedance in 50 yr including the building numbers and types, lifeline systems
and demographic data in Istanbul. Hancilar (2016) also highlights that the residential buildings at risk are mainly located in

Kadikoy, Tuzla, Bakirkoy and Prince Islands where our study points out significant wave heights as well.

3. Conclusion

This study, as the most comprehensive study so far to investigate the tsunami hazard due to earthquakes in the Marmara region,
provides comprehensive tsunami scenario database including the estimated arrival times of first and maximum waves and
maximum wave heights along Marmara coasts as well as integrated coastal impact maps. The water level fluctuations at TFPs
and critical important locations in the Marmara Sea are also presented for each earthquake scenario. The results show that
higher historical tsunami wave heights observed in Marmara Sea cannot be explained by only earthquake generated tsunamis
and submarine landslides should be considered as the primary tsunami hazard component in the Marmara Sea. Depending on
the landslide volume fundamentally, as proved by several previous studies, sible tsunamis from submarine landslides in
the Marmara Sea could be significantly higher than those from earthquakes and waveforms from all the coasts around the
Marmara Sea indicate that other residential areas might have had a high risk of tsunami hazards from submarine landslides,
which can generate higher tsunami amplitudes and shorter arrival times, compared to Istanbul (Latcharote et al., 2016). To
address this issue, Necmioglu (2016) proposed a tsunami warning system in the Marmara region coupled with the existing
earthquake early warning system, which could work without waiting for any focal mechanism parameter determination that
may lead to underestimate tsunami hazards in the case of a strike—slip fault earthquake, due to the fact that submarine landslides
could generate large tsunamis in the Marmara Sea. That coupling as well as the use of tsunami scenario database would enable
RTEMC-KOERI to have most efficient operations in tsunami early warning in Marmara region without having any gaps in

the system.
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