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Abstract We present a preliminary estimation of tsunami hazard associated with the
Makran subduction zone (MSZ) at the northwestern Indian Ocean. Makran is one of the
two main tsunamigenic zones in the Indian Ocean, which has produced some tsunamis in
the past. Northwestern Indian Ocean remains one of the least studied regions in the world
in terms of tsunami hazard assessment. Hence, a scenario-based method is employed to
provide an estimation of tsunami hazard in this region for the first time. The numerical
modeling of tsunami is verified using historical observations of the 1945 Makran tsunami.
Then, a number of tsunamis each resulting from a 1945-type earthquake (M,, 8.1) and
spaced evenly along the MSZ are simulated. The results indicate that by moving a 1945-
type earthquake along the MSZ, the southern coasts of Iran and Pakistan will experience
the largest waves with heights of between 5 and 7 m, depending on the location of the
source. The tsunami will reach a height of about 5 m and 2 m in northern coast of Oman
and eastern coast of the United Arab Emirates, respectively.

Keywords Tsunami - Indian Ocean - Makran subduction zone (MSZ) -
Deterministic tsunami hazard assessment - Numerical modeling
1 Introduction

The 2004 Indian Ocean tsunami was the deadliest tsunami in the history taking the lives of
more than 230,000 people (Synolakis et al. 2007). This event emphasized the need to
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assess tsunami hazards associated with the various tsunamigenic zones in the Indian Ocean
basin.

A review of various tsunami catalogs (e.g., Berninghausen 1966; Murty and Rafiq 1991)
reveals that tsunamis in the Indian Ocean basin have been generated by two subduction
zones in this region, namely, Sunda subduction zone located offshore Indonesia and
Makran subduction zone (MSZ) at the northwest of this ocean (Fig. 1) (Heidarzadeh et al.
2007, 2008b).

The Sunda subduction zone, responsible for the 2004 Indian Ocean tsunami, is the most
tsunamigenic zone in the Indian Ocean which generated at least 70 tsunamis in the past
(Rastogi and Jaiswal 2006). The MSZ has generated one of the deadly tsunamis in this
region prior to the 2004 Indian Ocean tsunami, i.e., the Makran tsunami of 1945 with the
death toll of about 4,000 people (Heck 1947). Recent studies by Heidarzadeh et al. (2008a,
b) revealed that this region has experienced at least eight tsunamis in the past (Table 1 and
Fig. 2), mainly generated by the earthquakes of the MSZ. Mahar and Nayyar (2006)
studied the tsunami generation and propagation along the coastal zone of Makran and
Karachi.

Here, we investigate the tsunami hazard associated with the MSZ using the method of
deterministic tsunami hazard assessment (DTHA). The tsunami hazard caused by large
subduction zone earthquakes from MSZ is considered. Landslides and volcanoes are not
considered in this research for two reasons. Firstly, it is long known that the main tsunami
sources are by far large subduction zone earthquakes (Synolakis 2003). Secondly,
according to Heidarzadeh et al. (2008a), the most common cause for tsunami generation in
the region is earthquake. Furthermore, the hazards associated with distant tsunamis orig-
inated from Sunda Arc are not studied. Okal et al. (2006a) believed that due to the
geographic curvature of the Sunda Arc (Fig. 1) and taking into consideration the effect of
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Fig. 1 Two main tsunamigenic zones in the Indian Ocean basin, namely, Makran and Sunda. The box
shows the MSZ enlarged in detail in Fig. 2
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Table 1 List of the tsunamis observed in the northwestern Indian Ocean (after Heidarzadeh et al. 2008a, b)

No. Year Location Earthquake Tsunami source  Loss Runup (m) CF*
magnitude of life

Longitude (°E) Latitude (°N)

1 326 BC 67.30 24.00 ? Earthquake ? ? 1

2 1008 60.00 25.00 ? Earthquake 1,000° 2 2

3 1524 Gulf of Cambay ? Earthquake ? ? 1

4 1819 Rann of Kutch 7.5-8.25 Landslide/ >2,OOOb ? 2
volcano

5 1845 Rann of Kutch >6 Landslide/ ? ? 2
volcano

6 1897 62.30 25.00 - Volcanic ? ?

7 1945 63.00 24.50 8.1-8.3 Earthquake 4,000° 5-12 3

8 2004 95.85 03.32 9.3 Earthquake 0° 0.3-3.3¢ 3

? Heidarzadeh et al. (2008a) assigned a confidence factor (CF) to each event whose value indicates prob-
ability of actual tsunami occurrences. They defined it as (1) probable tsunami; (2) definite tsunami but the
generation mechanism and location are not certain; and (3) instrumentally recorded tsunami

® Both by earthquake and tsunami
¢ Recorded at the northwestern Indian Ocean

India
24°

. Raan of Kutch
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Fig. 2 Tectonic map of the MSZ along with the location of the Makran historical tsunamis. Abbreviations:
SH, Strait of Hormoz; MSZ, Makran subduction zone; ZT, Zagros thrust; M-ZF, Minab-Zendan fault; SF,
Sonne fault; MR, Murray ridge; OFZ, Owen fracture zone; O-NF, Ornach-Nal fault

directivity, tsunamis originated from Sunda Arc cannot produce large waves in the Makran
region.

Different source scenarios along the MSZ are considered, and for each scenario,
numerical modeling of tsunami is performed. Runup calculations are not performed here,
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but the maximum positive tsunami heights (amplitudes) along the coast are calculated,
which give a reasonable approximation of the runup heights (Tinti et al. 2006). These
calculations provide a preliminary estimation of tsunami hazard and show which locations
face the greatest threat from a large tsunami.

2 Tectonic setting

The MSZ extends east from the Strait of Hormoz in Iran to near Karachi in Pakistan with
the length of about 900 km (Figs. 1 and 2). Stoneley (1974) first proposed that a subduction
zone off the Makran coast forms the boundary between the Arabian and Eurasian Plates.
Later, Shearman (1977) and Farhoudi and Karig (1977) presented data to support this
hypothesis. Quittmeyer and Jacob (1979) stated that the seismicity in the Makran region is
consistent with the interpretation of this area as an active subduction zone. According to
Page et al. (1979), the raised beaches along the Makran coast confirm the tectonic model of
subduction zone along this region. Recently, a comprehensive study on the tectonic and
climatic evolution of the Makran region was conducted by Clift et al. (2002).

The boundaries of the MSZ are complex tectonic areas (Fig. 2). Major transpressional
strike-slip system, the Ornach-Nal fault system, forms the eastern boundary of the MSZ.
The Minab-Zendan fault system forms the western boundary of the MSZ as a transition
zone between the Zagros continental collision and the Makran Oceanic subduction (Byrne
et al. 1992). To the south, the Murry ridge delineates part of the Arabian—Indian plate
boundary.

Recent studies by employing a network of 27 global position system (GPS) stations in
Iran and northern Oman reveal that the subduction rate at the MSZ is about 19.5 mm y ™
(Vernant et al. 2004). Compared to the convergence rate of the other world’s subduction
zones, Makran is a relatively slow moving subduction zone. Makran is characterized by
extremely shallow subduction angle (Koppa et al. 2000). Seismic reflection profiles across
the MSZ showed that the MSZ includes extremely low dip angle ranging between 2° and
8° (Schluter et al. 2002). Makran has one of the largest accretionary wedges on the earth
and is characterized by large sediment thickness of 7 km (Koppa et al. 2000). Unlike the
other world’s subduction zones, there is no trench at the location of the MSZ (Schluter
et al. 2002). As for many subduction zones, active mud volcanoes are present all along the
MSZ (Wiedicke et al. 2001).

3 Literature review and the present methodology

Compared to seismic hazard analysis, relatively few research works have been devoted to
tsunami hazard assessment. Different researchers employed three main methods for tsu-
nami hazard assessment as follows: (a) direct statistical tsunami hazard assessment
(DSTHA), (b) DTHA (Geist and Parsons 2006), and (c) probabilistic tsunami hazard
assessment (PTHA).

DSTHA includes direct assessment of tsunami hazards in a particular region based on
tsunami catalogs. Using actual data of tsunamis in a particular coastline, some relations,
such as earthquake magnitude—tsunami height, will be obtained. Because DSTHA is based
on tsunami catalogs, it only can be applied to regions with sufficient historical data of
tsunami. In addition, application of statistical equations linking tsunami height with
earthquake magnitude may not be without deficiency, because the actual tsunami wave
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height at the coast would be strongly influenced by the local bathymetry and topography.
Among researchers who used DSTHA are Pelinovsky (1999), Tinti and Maramai (1999),
Kulikov et al. (2005), Orfanogiannaki and Papadopoulos (2007).

When data of historical tsunamis for a particular site are lacking, tsunami hazard can be
calculated using either DTHA or PTHA. However, most tsunami hazard assessments in the
past have been performed using DTHA (Geist and Parsons 2006). DTHA is based on
adopting characteristic scenarios considering the largest event known to have hit the area
of interest in the past and to simulate this event through numerical modeling (Geist and
Parsons 2006). The tsunami scenarios can either be based on historic events or hypothetical
ones (Geist and Parsons 2006). In cases where deterministic scenarios are not based on
historic events, there may be a tendency to use maximum credible tsunami for a given
region (Geist and Parsons 2006). Further examples of application of DTHA can be found in
Tinti and Armigliato (2003), Yalciner et al. (2004), Legg et al. (2004), Okal et al. (2006b).

The PTHA is similar to seismic hazard assessment (Lin and Tung 1982). This method
uses a combination of probability evaluation for offshore earthquake occurrence and
numerical modeling of tsunami waves to determine the probability of having a tsunami,
whose maximum water elevation exceeds a certain value at a coastal site. Geist and
Parsons (2006) believed whereas probabilistic analysis of tsunami hazards yields infor-
mation on likelihood of tsunami events, the results of PTHA may be difficult to interpret.
Further application of PTHA can be found in Annaka et al. (2007) and Liu et al. (2007).

Here we employ the method of DTHA for Makran for the following reasons. First, the
historical data of tsunami in the Makran region are rather poor. The runup records are
known only for two events of 1945 and 2004. Therefore, the direct statistical method
(DSTHA) cannot yield useful results. Second, establishment of specific tsunamigenic
zones offshore Makran coast is difficult because only one event is instrumentally recorded.
This makes the application of PTHA problematic. Furthermore, as this is the first study on
the Makran tsunami hazard assessment, there is a preference for the deterministic method
over the probabilistic one, because the results of the former method are relatively easier to
interpret and can more effectively be used by civil defense authorities. The present
deterministic methodology includes the following steps: (1) selecting the characteristic
earthquake, (2) modeling ocean-floor displacement field, and (3) numerical modeling of
tsunami.

4 The components of the present method
4.1 The characteristic earthquake

The 1945 Makran earthquake (M,, 8.1-8.3) is considered to be the characteristic earth-
quake for tsunami hazard assessment, because (1) it is the most destructive event in the
region, among those known; (2) it has been the largest earthquake occurred in this region;
and (3) there is sufficient information on the seismic parameters.

Byrne et al. (1992) reported seven large earthquakes (M,, > 7) in the MSZ in the past
500 years. However, they concluded that none of these events were as large as the 1945
one. Byrne et al. (1992) calculated the source parameters of the 1945 earthquake as seismic
moment of 1.8 x 10*' N m, moment magnitude of M,, 8.1, rupture length of 100-150 km,
rupture width of about 100 km, slip on the fault surface of 67 m, strike angle of 246°, dip
angle of 7°, slip angle of 89°, and depth of 27 £ 3 km. Byrne et al. (1992) believed that
similar events would be expected to repeat at least every 175 years in eastern Makran.
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Fig. 3 Five earthquake scenarios (S1-S5) considered in this study along with the bathymetry of the MSZ
and major coastal cities

Page et al. (1979) estimated that the recurrence of a similar 1945-type earthquake along
the MSZ is approximately 125-250 years. Quittmeyer and Jacob (1979) reported the
intensity (in modified mercally scale), surface magnitude (M), and rupture length of the
1945 event to be 10, 8, and 150-200 km, respectively. Several authors reported that this
earthquake produced 2 m of uplift on the ocean floor (e.g., Ambraseys and Melville 1982).

Here we moved the earthquake’s epicenter along the MSZ to define different scenarios
for tsunami modeling. Based on the seismic parameters of the 1945 event, five earthquakes
spaced evenly along the MSZ from Karachi to the Strait of Hormoz have been considered
because any similar earthquake is capable of rupturing about 150-200 km of the plate
boundary (Fig. 3).

4.2 Modeling of ocean floor displacement field and verification

The tsunami modeling process can be divided into three parts: generation, propagation, and
runup (Synolakis 2003). Generation modeling forms the first stage in the modeling of
tsunami and includes the calculation of the initial disturbance of the ocean surface due to
the earthquake-triggered deformation of the seafloor. A hydrodynamic model takes the
initial wave to model the propagation and runup of the tsunami waves.

Most studies of tectonic tsunamis use Mansinha and Smylie’s (1971) formula or
Okada’s (1985) analytical formula to predict seafloor displacement due to an earthquake
and to model initial water displacement (Legg et al. 2004). Here, the algorithm of
Mansinha and Smylie (1971) is used to calculate the seafloor deformation. This algorithm
calculates the sea floor deformation using input seismic parameters. Only one rectangular
source is considered for each scenario because the MSZ is relatively straight (Fig. 2).

We varied the rupture length, width, and slip in order to reproduce the vertical dis-
placement of 2 m on the ocean floor. The dip, strike, slip angles, and the depth of the
earthquake were kept constant. However, in all cases the seismic moment of 1.8 x 10*' N
m was maintained. It is well known that for a rectangular fault of length L and width W, the
seismic moment (M) is defined as My = uLWD (Kanamori and Anderson 1975) in which u
is the rigidity of the earth (about 3 x 10'° N m~ for the Makran region; Bayer et al. 2006),
L and W are the length and width of the rupture, respectively, and D is the amount of slip.
A summary of dislocation modeling efforts is presented in Table 2. According to this table,
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Table 2 Results of the dislocation modeling using variable rupture length, width, and slip for the Makran
earthquake of 1945

No. Dip Slip Strike Depth Length Width Slip Moment Uplift
) ©) ©) (km) (km) (km) (m) (N m) (m)
1 7 89 246 27 150 75 5.3 1.8 x 102 17
2 7 89 246 27 150 70 5.7 1.8 x 10 1.8
3 7 89 246 27 150 65 6.15 1.8 x 101 1.9
4 7 89 246 27 140 75 5.7 1.8 x 102 18
5 7 89 246 27 140 70 6.1 1.8 x 10*1 1.9
6 7 89 246 27 120 80 6.25 1.8 x 10*1 20
7 7 89 246 27 130 75 6.15 1.8 x 101 1.9
8 7 89 246 27 130 70 6.6 1.8 x 10*1 20
A-A section
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Fig. 4 Result of the tsunami generation modeling for S3 showing a 2D in plan view of the seafloor
deformation and a cross section perpendicular to the strike of the dislocation

the seismic parameters presented in the last row were used for tsunami generation mod-
eling. The displacement field of the earthquake for the case of S3 is shown in Fig. 4.

4.3 Modeling of tsunami and verification

The numerical model TUNAMI-N2 is used for simulation of propagation and coastal
amplification of tsunami. The model was originally authored by Professors Nobuo Shuto
and Fumihiko Imamura of the Disaster Control Research Center in Tohoku University
(Japan) through the Tsunami Inundation Modeling Exchange (TIME) program (Goto et al.
1997; Yalciner et al. 2002). TUNAMI-N2 is one of the key tools for developing studies for
propagation and coastal amplification of tsunamis in relation to different initial conditions.
It solves nonlinear shallow water equations in Cartesian coordinates using the leap-frog
scheme of finite differences (Yalciner et al. 2004). Also, a similar methodology is used in
the numerical model of method of splitting tsunami (MOST) developed by Titov and
Synolakis (1997, 1998). TUNAMI-N2 and MOST are the only two existing nonlinear
shallow water codes, validated with laboratory and field data (Yeh et al. 1996).
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Fig. 5 Snapshots of the tsunami simulation after # = 15, 30, and 45 min for the cases of S3 (left column) and
S5 (right column) scenarios

In this study, we apply bathymetry data provided through general bathymetric chart of
the oceans (GEBCO) digital atlas (IOC et al. 2003). The total number of grid points in the
computational domain was 369,852 consisting of 833 x 444 points. The time step was 1.0
s to satisfy the stability condition. The duration time of wave propagation was 5 h. Figure 5
shows examples of snapshots of the water surface displacement at times ¢ = 15, 30, and 45
min for the cases of S3 and S5 scenarios.

To verify the tsunami propagation modeling, we compare the modeling results with the
actual data of the 1945 Makran tsunami. Among five different scenarios considered in this
study, the epicenter of the S4 coincides with that of the 1945 event, and thus, we compare
the wave heights resulting from S4 scenario with the actual data of the 1945 event.

The data of Makran 1945 tsunami wave heights on the coastlines are rather poor, and no
tide gauge data is available. However, we were able to collect some data about tsunami
wave heights on various Makran coasts. Based on Page et al. (1979), the 1945 tsunami
reached a height of 7-10 m in Pasni. According to Ambraseys and Melville (1982),
tsunami wave height in Pasni was about 4-5 m and was about 1.5 m high in Karachi. Also,
they reported that the tsunami was observed along Makran coasts of Iran and Oman.
However, no damage and loss of life were reported from these coasts. Among reports, the
report by Ambraseys and Melville (1982) seems more reliable since their report is based on
the detailed research on the historical earthquakes in the region using specialized methods
to discriminate between reliable and unreliable historical accounts.
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Fig. 6 Distribution of maximum positive tsunami wave heights in various Makran coasts due to the S4
scenario which is similar to the Makran tsunami of 1945

Figure 6 presents the results of numerical modeling of tsunami for the S4. As can be
seen, the distribution of tsunami wave height along various Makran coasts reproduces most
feathers of the historical observations during the 1945 event. Our numerical model suc-
cessfully reproduced the wave height of between 4 and 5 m at Pasni as well as 1.5 m in
Karachi. In addition, Fig. 6 shows that the simulated wave heights are less than 1 m at the
southern coast of Iran and northern coast of Oman; thus, it is reasonable that there is little
information about the effects of Makran tsunami of 1945 on these coasts.

4.4 Runup modeling

To further examine the accuracy of the results, we performed runup modeling for one
coastal site (Pasni) using high resolution bathymetry and topography data. In addition, such
modeling gives important information about the evolution of tsunami in coastal areas, e.g.,
the maximum horizontal penetration of tsunami in dry land. The modeling practice pre-
sented in the Sect. 4.3 is repeated to calculate the runup heights in Pasni.

The nested grid version of TUNAMI-N2 (known as TUNAMI-N3) was employed. It
solves the linear form of the long-wave equations in spherical coordinates in the largest
domain (the deep sea) and nonlinear shallow-water equations in Cartesian coordinates in
smaller domains with finer grids. A set of four-level nested grid (grid set of ABCD in
Fig. 7), where the grid resolution increases in the coastal areas, was used. The first grid,
entitled A, covers the entire MSZ between 55-70°E and 20-28°N at a resolution of about
2,500 m. For the region entitled D, where inundation of tsunami in dry land is permitted,
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Fig. 7 Result of detailed runup modelling performed in Pasni due to the Makran tsunami of 1945

the resolution of the bathymetry and topography data was about 100 m. Kukowski et al.
(2001) developed detailed bathymetric images of the MSZ.

The result of the runup modeling in Pasni is shown in Fig. 7. The maximum simulated
runup height is about 5 m, which is in agreement with both the historical observations and
the results of maximum tsunami heights along the coast presented in the Sect. 4.3. In
addition, Fig. 7 shows that the maximum horizontal penetration of the 1945 tsunami in dry
land is about 1 km.

5 Results

Figures 8 and 9 present the results of the tsunami modeling for all the five scenarios.
Figure 8a—e shows the maximum wave height of the tsunami as it travels in the north-
western Indian Ocean. Since the energy of a tsunami is a function of its wave height, these
figures also show the propagation direction of the tsunami’s energy. Most of the tsunami’s
energy travels perpendicular to the strike of the fault which is evident from the theory of
directivity (Ben-Menahem and Rosenman 1972). Due to this effect, most of the energy
propagates in the north—south direction (Fig. 8) focusing on the southern coasts of Iran and
Pakistan in the north direction and also on the northern coast of Oman and eastern coast of
United Arab Emirates (UAE) at the south direction. Furthermore, tsunamis originating
from the middle and eastern part of the MSZ have minor effects on the Omani and Emirian
coasts (S3, S4, and S5 scenarios—Fig. 8c—e). This result is in agreement with the observed
impact of the 1945 tsunami whose location was close to the S4 scenario.

In the case of S1 (Fig. 8a), whose epicenter is located in the westernmost of the MSZ,
most of the tsunami’s wave height remains close to the coasts of Iran, Oman, and UAE, and
only a small part of it affects other coasts. By contrast, the S5 scenario, at the easternmost,
produces only large waves on the Pakistani coast. The location of the S4 scenario is close
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Fig. 8 The maximum positive tsunami wave height at various locations for different scenarios (graphs a—
e). Graph f shows the tsunami travel time for S3 scenario. In this graph, the time interval between two
neighboring contour is 5 min

to the November 1945 tsunami near Pasni. As mentioned before, it affected a similar area
with similar wave heights. The three scenarios of S2, S3, and S4 seriously affect large parts
of the Makran coast. However, it is clear from the maximum positive tsunami wave height
(Fig. 8) that all the five scenarios are capable of affecting the entire Makran coasts,
although the wave height is less than 50 cm at distant coasts.

Figure 8f presents an example of the tsunami travel time chart for the case of S3
scenario. It shows that the travel time curves are very close to each other near the Strait of
Hormoz and western coast of India. This is due to shallow water of these regions as shown
in Fig. 3. According to this graph, in the case of S3 scenario, the first tsunami wave reaches
the northern and southern coasts of Makran in about 10 and 25 min, respectively. However,
modeling results reveal that the largest tsunami wave arrives in about 20 min after the
earthquake at the northern coast of Makran. Therefore, if we suppose at least 5 min in order
to take refuge from tsunami, emergency services have only about 15-min time to detect and
measure the event and issue the required warning to the coastal communities.

Figure 9 shows the maximum positive tsunami wave height for all the five scenarios.
The northern coast of Makran experiences the largest waves for all the scenarios. Along
this coast, the maximum amplitude of tsunami waves ranges from 5 to 7 m, depending on
the location of the source. The waves on the Iranian coast are slightly larger than those at
the Pakistani coast, which can be attributed to the local bathymetry and topography.
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Fig. 9 Distribution of the maximum positive tsunami wave heights along various Makran coasts for all the
five scenarios

In northern Oman, where the average amplitude of the tsunami is about 1.5 m, Muscat
and its adjacent areas experience relatively huge amplitude of up to 5 m. A similar situation
can be observed in Karachi and also in the eastern Oman headland, south of Sur. In these
populated coastal cities, a significant amplification of the tsunami waves is evident. In
Fig. 9, the tsunami wave height in Karachi and Muscat is twice that in adjacent areas.
Despite Emirian coast is not known for its tsunami hazard, Fig. 9 reveals that the tsunami
wave height in eastern coast of UAE (e.g., in Al Fujayrah) is up to about 2 m, which
indicates that the tsunami hazard of this region cannot be neglected.

6 Discussion

TUNAMI-N2 treats the coastline as a vertical wall, and hence, flooding was not permitted.
Therefore, it is possible that our results underestimate or overestimate the runup heights in
some areas due to hydrodynamic effects during wave evolution on the actual beach
topography.

In addition, the results are obtained considering an M,, 8.1 earthquake as tsunami source
for each of the five scenarios. Different studies reveal that Makran exhibits strong variation
in seismicity between its eastern and western segments (Quittmeyer and Jacob 1979; Byrne
et al. 1992). While a 1945-type earthquake can occur every about 150-250 years in eastern
Makran (Page et al. 1979; Byrne et al. 1992), the western Makran has no clear record of
historic great earthquakes and has not experienced a large earthquake at least in the past
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500 years (Byrne et al. 1992). Hence, Byrne et al. (1992) concluded that either entirely
aseismic subduction occurs in the western Makran or the plate boundary is currently locked
and experiences great earthquakes with long repeat times. Therefore, it is necessary to take
into consideration this fact for assessing tsunami hazard in western Makran or developing
inundation maps for coastal areas in this region.

7 Conclusion

A number of tsunamis, each resulting from a 1945-type earthquake (M,, 8.1) and spaced
evenly along the MSZ, were simulated in order to provide a preliminary estimation of
tsunami hazard faced by different Makran coasts. The results of numerical modeling of
tsunami were verified by comparing with historical observations of the 1945 earthquake
and tsunami. The following conclusions can be deduced:

(1) Most of the tsunami’s energy in the MSZ propagates in the north—south direction
focusing on the southern coasts of Iran and Pakistan and also on the northern coast of
Oman and eastern coast of UAE.

(2) Southern coasts of Iran and Pakistan experience the largest waves with heights of
about 5-7 m depending on the location of tsunami source.

(3) Northern coast of Oman and eastern coast of UAE experience wave heights of up to
about 5 and 2 m, respectively. It can be concluded that the tsunami hazard of Emirian
coast cannot be neglected.

(4) The results reveal significant wave amplification in the two most populated coastal
cities in the region, namely, Karachi and Muscat.

(5) Due to the effect of directivity, tsunamis originating from the middle and eastern part
of the MSZ have minor effects on the Omani and Emirian coasts.

(6) Since Makran is naturally enclosed in three directions, any tsunami from MSZ can
affect the entire region.

(7) The largest tsunami wave arrives about 20 min after the earthquake at the nearest
coast. Therefore, emergency services have about 15-min time to detect and measure
the event and issue the required warning.

(8) Runup modeling performed in Pasni revealed that the maximum inundation distance
of tsunami in dry land was about 1 km due to the 1945 Makran tsunami.
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