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Abstract

Due to lack of sufficient historical data of tsunami in the Makran subduction zone (MSZ) at the northwestern Indian
Ocean, a probabilistic method is employed to assess the tsunami hazards in this region. The method employs a
combination of probability evaluation of offshore earthquake occurrence and numerical modeling of tsunami to
determine the probability of tsunami wave height exceeding a certain level. The method allowed us to determine the
likelihood of tsunami in the region which is a key component of any comprehensive tsunami hazard assessment. In
this study, the results of seismic hazard assessment are validated using the previous estimates of the return period of
large earthquakes in the MSZ. Also, we validated our numerical modeling of tsunami using historical observations
of the Makran tsunami of 1945. It has been observed that the southern coasts of Iran and Pakistan as well as Muscat
are the most vulnerable areas in the region to the impact of possible tsunami. The probability of having tsunami
waves exceeding 5 m during the next 50 years in these coasts is 17.5 %. In addition, a probability value as high as
45 % during the next 50 years is found for moderate tsunamis along the southern coasts of Iran and Pakistan, as well
as southern coast of Oman. Based on the results, the first priority for tsunami hazard mitigation planning in the
region should be given to the development of inundation maps for the southern coasts of Iran and Pakistan as well as
Muscat. Also, the development of a regional tsunami warning system in the Makran zone is necessary since there is
a high probability for moderate tsunami in all Makran coasts.

Keywords: Tsunami, Indian Ocean, Makran Subduction Zone (MSZ), Probabilistic Tsunami Hazard Assessment
(PTHA), Numerical Modeling

1. INTRODUCTION

The 26 December 2004 Sumatra earthquake and tsunami was fresh evidence showing the potential tsunami hazard
associated with the large subduction zone earthquakes. This mega-tsunami reminded the international community
about the need to assess tsunami hazard for various world’s vulnerable coastlines to the impact of tsunami.
According to Walker (2005), failure to accurately assess the risks associated with tsunamis in the Indian Ocean, and
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absence of a general understanding of the destructive potential of tsunamis were key elements
recognized as contributing factors in the 2004 tragedy.

Although tsunamis are not as common in the Indian Ocean as in the Pacific, Rastogi and Jaiswal
(2006) reported about 90 tsunamis in the Indian Ocean. A review of various Indian Ocean and
world*s tsunami catalogs (Heck, 1947; Berninghausen, 1966; Murty and Rafig, 1991; Murty and
Bapat, 1999) reveals that essentially tsunami in the Indian Ocean basin have been generated by
two subduction zones in this region, namely Sunda subduction zone at the east and MSZ at the
northwest of this Ocean (Fig. 1).

MSZ at the northwestern Indian Ocean had generated the deadliest tsunami in the Indian Ocean
region prior to the 2004 tragedy, i.e. Makran tsunami of 1945 with the death toll of about 4000
people (Heck, 1947). In view of tsunami hazard assessment, Makran remains one of the least
studied regions in the Indian Ocean region. Until the present, no tsunami hazard assessment is
performed for this subduction zone and thus the level of hazard faced by different Makran
coasts is not known. However, Heidarzadeh et al. (2007-a&b) recently studied historical
tsunamis in this region. According to their work, the northwestern Indian Ocean has
experienced at least 8 tsunamis (Figure 1), most of which were generated due to the seismicity
of the MSZ. Although the provided tsunami list is a major progress towards the understanding
of the tsunami hazard in the MSZ, it is necessary to have quantitative estimates of the tsunami
hazard for development of reliable risk mitigation strategies.

Since there is very limited historical tsunami data in the MSZ, the assessment of tsunami hazard
for this region requires the application of the probabilistic methodology. Here we employ the
method of probabilistic tsunami hazard assessment (PTHA) to analyze the Makran tsunami
hazard for the first time. In our method, a combination of probability evaluation of offshore
earthquake occurrence and numerical modeling of tsunami are employed to determine the
probability of having a tsunami whose maximum water elevation exceeds a certain value at a
coastal site. To predict possibility of the earthquake occurrence, the doubly truncated
Gutenberg-Richter recurrence relationship is employed. Also, a well validated hydrodynamic
model is used for numerical modeling of tsunami.
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Figure 1. Two main tsunamigenic sources in the Indian Ocean including Sunda subduction
zone and Makran subduction zone (top-right) along with tectonic map of the Makran and
historical tsunamis (bottom-left). Abbreviations are: Strait of Hormoz (SH), Makran
Subduction Zone (MSZ), Zagros Thrust (ZT), Minab-Zendan Fault (M-ZF), Sonne Fault
(SF), Murray Ridge (MR), Owen Fracture Zone (OFZ), and Ornach-Nal Fault (O-NF).

2. TECTONIC SETTING

MSZ in the northwestern Indian Ocean extends east from the Strait of Hormoz in Iran to near
Karachi in Pakistan with the length of about 900 km (Figure 1). Makran, known as the Indian
Ocean's forgotten subduction zone (E. A. Okal, personal communication, 2006), is a relatively
recently known subduction zone. For the first time, Stoneley (1974) proposed a subduction zone
off the Makran coasts that formed the boundary between the Arabian and Eurasian Plates. Later,
Shearman (1977) and Farhoudi and Karig (1977) presented data to support this hypothesis. By
conducting a comprehensive study on the Makran’s seismicity, Quittmeyer and Jacob (1979)
concluded that the seismicity in the Makran region is consistent with the interpretation of this
area as an active subduction zone. In addition, Page et al. (1979) by performing a field survey of
the Iranian coastline, air photo analysis, and aerial reconnaissance, concluded that the raised
beaches along the Makran coast confirm the tectonic model of subduction zone for off the
Makran coast.

As shown in Figure 1, the boundaries of the MSZ are rather complex tectonic areas. Major
transparessional strike-slip systems, the Ornach-Nal fault systems, form 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
(Vernant et al., 2004). Also, to the south the Murray ridge delineates part of the Arabian-Indian
plate boundary.

Recent studies by employing a network of 27 GPS (Global Position System) stations in Iran and
Northern Oman revealed that the subduction rate at the MSZ is about 19.5 mmy™ (Vernant et
al., 2004). Compared to the convergence rate of the other world’s subduction zones, Makran is a
relatively slow moving subduction zone (Heidarzadeh, et al., 2006). Makran has one of the
largest accretionary wedges on the earth, and is characterized by an extremely high 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 many other world‘s subduction
zones, many active mud volcanoes are present all along the MSZ. Snead (1966) reported that
active mud volcanoes have been developed along several of the weak anticlinal axes.

3. REVIEW OF INTERNATIONAL EFFORTS IN THE FIELD OF PTHA

Compared to seismic hazard assessment, tsunami hazard analysis is a relatively new science and
few studies have been devoted to this subject. In view of engineering purposes, determining the
likelihood of a tsunami with certain wave height is a key component of any tsunami mitigation
program. This is possible only through PTHA. A review of international efforts in this field
reveals that researchers have used two types of PTHA as follows:

a) Modeling based PTHA: Lin and Tung (1982) suggested that tsunami hazard can be
calculated following the idea underlying seismic hazard analysis. They combined simple
seismological and hydrodynamic models and analyzed tsunami hazard as the probability of the
event that the water elevation at a site exceeds an arbitrary but specified level. Despite their
hydrodynamic and seismological models were rather simple, the methodology used by Lin and
Tung (1982) was novel, and later was employed by several researchers. Rikitake and Aida
(1988) used the same methodology but an improved hydrodynamic model to assess the tsunami
hazard probability in Japan. However, their numerical modeling of tsunami was stopped at the
200 m depth contour, and then, they used empirical amplification factors to calculate onshore
wave heights. This method also has been applied by some other authors (e.g. Giest and Parsons,
2006; and Annaka et al., 2007).

b) Runup data based PTHA: An alternative approach is to examine the past record of
tsunami at individual locations to determine whether a scaling relationship describes the record
(Burroughs and Tebbens, 2005). Using runup data from 10 locations in Japan, Burroughs and
Tebbens (2005) examined the cumulative frequency-size distributions and determined the
scaling relationships and recurrence intervals for runup heights. Orfanogiannaki and
Papadopoulos (2007) used the tsunami runup data of three tsunamigenic regions of the Pacific
Ocean to present a conditional probability assessment of the tsunami potential. Using data of the
runup heights obtained in the field surveys of several tsunamis, Choi et al. (2002) calculated the
empirical distribution functions. It is evident that the runup data based PTHA is applicable only
when adequate historical information and measurements of tsunami runup are available.

4. OUR METHODOLOGY FOR THE MAKRAN PTHA

In the present study, we employ the modeling based PTHA method for the Makran tsunami
hazard assessment. The historical data of tsunami in the Makran region are rather poor. Only
one tsunami (the 1945 event) is instrumentally recorded in this region. However, no tide gauge
data is available for this event, and the distribution of tsunami wave heights along different
Makran coasts are not well recorded. Therefore, it is clear that the method of runup data based
PTHA cannot yield useful results, and thus we employ the modeling-based method.



Our method is similar to that of Rikitake and Aida (1988) with some improvements in
hydrodynamic and seismological models. In contrast to the work of Rikitake and Aida (1988),
we employ a well-validated hydrodynamic model. Also, we modify the Rikitake and Aida’s
(1988) approach by considering a doubly truncated Gutenberg-Richter recurrence relationship
for seismic hazard estimation. The method used here includes the following three steps:

(1) Probabilistic forecast of seismic hazard.

(2) Numerical modeling of tsunami.

(3) Probabilistic tsunami hazard assessment.
Specifics of each step will be given in the sections to follow.

5. PROBABILISTIC FORECAST OF SEISMIC HAZARD AND VALIDATION

As the occurrence of a large earthquake in offshore region is necessary for tsunami generation,
the first step in the modeling-based PTHA is to evaluate the probability of offshore earthquake
occurrence. For predicting possibility of the earthquake occurrence, the most common treatment
assumes that the frequency of seismic events follow the Gutenberg-Richter (GR) relation. This
relation is:

Log,,N =a—-bM 1)

where N is the cumulative total number of earthquakes with magnitude equal to or greater than
M that occur in a given region, and aand b are constant parameters that depend on the
region.

The area surveyed for assessing the seismicity comprised a rectangle limited between 23° to
28°N, and 57° to 70°E. A variety of sources was used to compile an earthquake catalog for the
MSZ which can be classified as belonging to one of two categories: historical (non-
instrumental) or modern (instrumental). All data concerning events prior to 1900 are of
historical type. Modern data consist of hypocenters and instrumentally recorded arrival times
from worldwide stations that are reported in various catalogs, books and journals. The
epicenters and magnitudes of the compiled earthquakes are shown in Figure 2. The catalog of
Makran historical and instrumental large earthquakes with magnitude greater than or equal to
6.5 is presented in Table 1. According to Table 1, the maximum observed earthquake in the
region is the event of the November 27, 1945 with the moment magnitude of 8.1. Figure 3
presents the G-R relation for the MSZ.

The probabilistic forecast of seismic hazard in this study was performed by making use of the
Kijko-Sellevoll’s method (Kijko & Sellevoll, 1989; Kijko & Sellevoll, 1992) which uses a
doubly truncated Gutenberg-Richter equation. Assuming the Poisson occurrence of earthquakes
with an activity rate 4, the density and cumulative magnitude distributions of the earthquakes in
the form of the doubly truncated Gutenberg-Richter magnitude-frequency relation can be
written respectively as follows (Kijko & Sellevoll, 1992):

f(xm)=BACX) /(A — A, ) My <X <M, )
F(Xm)=Pr(X <x)=[A, - AX)]/(A, - A,) My <X <M 3)

where A =exp(-pm... ). A, =exp(—-pm,. ). A(Xx)=exp(—p£x), and magnitude X
belongs to the domain (M,;,,M,., ), M., is the maximum regional magnitude, and m;, is
the threshold magnitude. £ is related to Gutenberg-Richter parameter b through the relation
A =bLn(10). Kijko and Sellevoll (1989) showed that the maximum regional

magnitude, m can be obtained using the following equation:

max !



E,(n,)—E;(n
mmax = mr%t;i l( 2 ) 1( . ) + mmin exp(_n) (4)
ﬂEXp(_nz )
where mr‘:]basx is the maximum observed magnitude (M,, 8.1 for the Makran region), n is the
number  of all  recorded  magnitudes, n,=n/{l—exp[-A(m, , -m_ )]}

n, =n, exp[-A(m,, —M,, )], and E,(.) denotes an exponential integral function. E,(.) is

defined as E, ( z)=]oexp(—§)/ &eE.

The Kijko-Sellevoll’s procedure permits the combination of both historical and instrumental
data. The historical part of the catalogue only contains the strongest events, whereas the
complete part can be divided into several sub-catalogues, each assumed complete above a
specified threshold of magnitude. The method can also consider gaps when records in the
catalogue are missing, and uncertainties in earthquake magnitudes.

Here, we divided the catalog of Makran earthquakes compiled from the above sources into 4
parts. The first part contains historical large events (non-instrumental events). The other three
parts are complete catalogs including instrumental data each having certain threshold magnitude
and standard deviation. The results of seismic hazard assessment for the MSZ are shown in
Figure 4. Estimates of the earthquake return periods in the MSZ are shown in Fig. 4-a. Also,
Fig. 4-b presents the probability of earthquakes with certain magnitudes in the next 1, 50, 100
and 1000 years. For example, based on Figure 4, the return period of an My, 8.1 earthquake is
about 250 years in the MSZ, and the probability of having such an earthquake in the next 50
years is about 17.5% in this region.

To validate the results of the seismic hazard assessment, we compare our results with the
previous estimates of the return period of large earthquakes in the MSZ. Byrne et al. (1992)
believed that if all of the plate motion between Eurasia and Arabia occurred during earthquakes
like the 1945 event (M,, 8.1), such events would be expected to repeat about every 175 to 300
years in eastern Makran. By calculating the average uplift rate along the Makran coast, Page et
al. (1979) estimated that the recurrence of a 1945-type earthquake along the MSZ is
approximately 125 to 250 years. Our results presented in Figure 4-a suggest a return period of
about 250 years for a 1945-type earthquake (M,, 8.1) which is in agreement with the previous
estimates made by Page et al. (1979) and Byrne et al. (1992).
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Figure 2. The epicenters and magnitudes of earthquakes in the Makran region.



Table 1. Catalog of Makran historical and instrumental great earthquakes (Magnitude

26.5)
N Date Latitude Longitude goc:l: . «  Intensity Ref, +
0 (yy-mm-dd) (degree) (degree) (liﬁl) Ms Mw ™M) f elerences
1 326BC 2400N  67.30E Strong tsunami was 1234
produced
25.00 60.00
2 1008-5 (27.7)¢ (52.3)l 8-9 2,3,4,5,6
3 1483-2-18 24.90 57.90 10 57,8
4 1668-5 25.00 68.00 8-9 79,10
5 1688-5 24.00 68.00 8-9 79,10
6 1765 25.40 65.80 8-9 8,11
7 1849 27.70 57.60 8-9 5,7
8 1851-4-19 25.10 62.30 8-9 5,8,10,12,17
9 1927-07-07  27.00 62.00 6.5 5,13
10  1929-09-03  26.40 62.30 6.5 5,13
11 1934-06-13  27.43 62.59 35.0 7.0 5,13
1,2,3,4,5,6,7,8,10,13,
12 1945-11-27  24.50 63.00 25.0 8.1 14.16.17
13 1947-08-05 25.10 63.40 35.0 7.6 5,7,8,13
14 1948-1-30 25.14 63.69 30.0 6.5 13,9
15  1962-12-26  23.90 65.40 6.5 13,9
16 1964-12-22  27.80 57.00 6.5 13,9
17 1969-11-07 27.90 60.10 35.0 6.5 5,13
18  1972-08-06  25.40 61.40 7.0 13,15,9
19  1974-12-02  24.00 58.00 6.5 13,9,15
20  1979-01-10 26.52 61.01 6.7 13,9,15
21 1980-11-28  23.00 58.00 7.0 13,9,15
22 1983-04-18 27.79 62.05 64.0 7.0 9,13,15
23 1990-06-17  27.40 65.72 14.0 7.0 13,15,9

iSurface Wave Magnitude, ™ Moment Magnitude, ¥ Modified Mercalli,

Reported by Ambraseys and Melville, 1982
 (1): Murty and Rafig, 1991; (2) Murty and Bapat, 1999; (3) Carayannis, 2006; (4) Dominey-Howes et al.,
2006; (5) Ambraseys and Melville, 1982; (6) Rastogi and Jaiswal, 2006; (7) NOAA, 2007; (8) Byrne et al.,
1992; (9) USGS, 2007; (10) Quittmeyer and Jacob,1979; (11) Walton, 1864; (12) Merewether, 1852; (13) ISC,
2007; (14) Pendse, 1946; (15) Harvard Seismology, 2007; (16) Heck, 1947; (17) Okal et al. (2006)
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Figure 3. The G-R relation for the seismicity of the MSZ.
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Figure 4. Estimation of the earthquake return periods in the Makran region (a), and the
probability of earthquakes with certain magnitudes in the next 1, 50, 100 and 100 years

(b).
6. NUMERICAL MODELING OF TSUNAMI AND VALIDATION

The numerical model TUNAMI-N2 is used for simulation of propagation and coastal
amplification of long waves. 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).
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 a leap-frog scheme in finite difference technique



for basins of irregular shape and topography (Yalciner et. al., 2002 and 2004). The model and
its application procedures are described in detail in the IOC manual number 35 (Goto et al.,
1997). Also, a similar methodology is used in the numerical model MOST (Method of Splitting
Tsunami) developed by Titov and Synolakis (Titov and Synolakis, 1997; Titov and Synolakis,
1998; Synolakis, 2003). TUNAMI-N2 and MOST are the only two existing nonlinear shallow
water codes validated with laboratory and field data (Yeh at al., 1996).

Here, we model the 1945 Makran tsunami, the only instrumentally recorded tsunami in the
MSZ, in order to validate the result of our tsunami modeling practice using historical
observations of this actual tsunami. For modeling seafloor deformation due to the earthquake,
the seismic parameters of the 1945 Makran tsunami (Mw 8.1) estimated in the study by Byrne et
al. (1992) are used, which produce 2 m uplift on the seafloor. This amount of uplift is in
agreement with the observed uplift during the 1945 event according to Page et al. (1979). The
total number of grid points in the computational domain is 369852 which is 833x444 points.
The time step is selected as 1.0 s to satisfy the stability condition. The duration time of wave
propagation is 5 h in our simulations. Figure 5 shows examples of snapshots of the water
surface displacement at times t = 15, 30, 45, and 60 minutes. In addition, Figure 6 presents the
distribution of the 1945 tsunami wave heights along different coastlines.

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. According to Ambraseys and Melville (1982), tsunami wave height
in Pasni was about 4 to 5 m, and was about 1.5 meter high in Karachi. Also, they reported the
tsunami was observed along Makran coasts of Iran and Oman. However, no damage and loss of
life were reported from these coastlines.

According to Figure 6, the distribution of tsunami wave height along various Makran coasts
reproduces most feathers of the historical observations during the 1945 event. Our numerical
model successfully reproduces the wave height of 4 to 5 m at Pasni as well as 1.5 m in Karachi.
In addition, Figure 6 shows that the simulated wave heights at the southern coast of Iran and
northern coast of Oman are less than 1 m, thus it is reasonable that there is little information
about the effects of the Makran tsunami of 1945 in these coasts.
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Figure 5. Snapshots of the tsunami simulation at time t=15, 30, 45 and 60 min due to the
Makran tsunami of 1945.
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Figure 6. Distribution of maximum positive tsunami wave heights in various Makran
coasts due to the Makran tsunami of 1945.

7. PROBABILISTIC TSUNAMI HAZARD ASSESSMENT AND RESULTS

The probabilistic tsunami risk in this study is estimated by a combination of probability
evaluation of offshore earthquake occurrence and numerical modeling of the resulting tsunami.
Based on this method, the probability of having a tsunami with particular wave height in a
selected coastline will be calculated using the following equation which is modified from
Rikitake and Aida (1988):

P, (Z;,\M.T) Nax (Cy ) 2 N,
Ptsu(ck'zi’hcr'M’T): (10)
O hmax(Ck )< hcr

where P, (C,,Z;,h, ,M,T) is the probability of tsunami whose wave height exceeds a
certain level (h,, ) at a selected kth coastline(C, ) due to an earthquake with magnitude M in
the ith tsunamigenic zone (Z,) in the time interval of T vyears. h,(C,) is the maximum
tsunami wave height in the selected kth coastline (C, ). Also, P, (Zi,M,T) is the probability

of an earthquake with magnitude M in the ith tsunamigenic zone (Z,) in the time interval of

T years. For example, according to the seismic hazard assessment, the probability of having a
1945-type earthquake (Mw8.1) in the next 50 years is about 17.5%. According to Figure 6, such

10



an earthquake produces wave heights of about 5.5m and 1m in Pasni and Chabahar respectively.
Therefore, the probabilities for Pasni being hit by tsunami waves having wave heights equal to
or larger than 1, 3, 5, and 7 m are evaluated as 0.175, 0.175, 0.175, and 0 respectively for a 50-
year period. The respective probabilities for Chabahar are 0.175, 0, 0, and 0 respectively.

Using equation 10, the total tsunami probability in any selected coastline will be calculated by
considering all tsunami-generating sources in the region according to equation 11 (Rikitake and
Aida, 1988):

PtsTu(Ckvzi’hcr’M1T):1_H[1_Ptsu(ckvzi’h MlT)] (11)

i=1

cr?

where n is the total number of tsunami-generating sources, and P (C, ,Z;,h

total tsunami probability.

Based on the locations of the previous tsunamis generated in the MSZ (Fig. 1), we divide the
entire Makran into three tsunami-generating sub-regions including eastern Makran, middle
Makran, and western Makran named as Z1, Z2, and Z3 respectively (Fig 7). The data of
tsunamigenic earthquakes in the region are rather poor, and the magnitude of the parent
earthquakes is known only for one event which is the tsunami of 1945 with moment magnitude
of 8.1. Hence, it is impossible to determine the average magnitude of tsunami-generating
earthquakes in each of the above sub-regions from historical data. Therefore, the magnitude of
tsunami-generating earthquake is assumed to be 8.1 in all three zones, similar to the magnitude
of the 1945 event. The distribution of tsunami wave heights from these sources along various
Makran coasts can then be calculated in a way similar to the last section. For example, the result
of numerical modeling of tsunami for an earthquake in the Z1 is shown in Figure 8.

As an example, by applying equation 11 to the probabilities of earthquake occurrence in Jiwani,
the probabilities of tsunami wave exceeding certain heights are evaluated in Table 2. Similar
probability evaluations are made for different coastlines in the Makran region as shown in
Figures 9, 10, 11, and 12. These Figures show that the Northern coast of Makran, i.e. the
southern coasts of Iran and Pakistan, experience the largest tsunami waves. It is observed from
these figures that the highest probability of tsunami wave having a height of 5 m or larger is
expected for the southern coasts of Iran and Pakistan. Most shorelines along these coasts are
characterized by a probability of 17.5 percent for tsunami waves exceeding 3 m during the next
50 years (Figure 9). In northern Oman where the probability of tsunami waves exceeding 5m is
zero for approximately the entire coast, Muscat experiences relatively huge tsunami amplitude
of larger than 5 m resulting in 17.5 percent probability during the next 50 years (Figure 11). It
therefore can be concluded that the worst sites for a highly dangerous tsunami are located on the
southern coasts of Iran and Pakistan as well as Muscat. Similar wave amplification can be
observed in Karachi although the maximum wave amplitude is about 2m (Figure 10). While the
probabilities of waves exceeding 1 and 2 m are zero for many adjacent cities, such probabilities
are about 32 and 18 percent respectively in Karachi.

Figure 10 reveals that the probability of tsunami wave height exceeding 1 m in western coasts
of India is zero. It can be attributed to the extended shallow water of this region (Figure 7)
which strongly dissipates the energy and wave height of tsunami. According to Figures 9-12,
the highest probability for moderate tsunamis (1<h<2m) is expected again from southern

coasts of Iran and Pakistan (Figure 9), as well as southern coasts of Oman (Figure 12) with a
probability of about 45 percent during the next 50 years. It is clear from these Figures that there
is a high probability for moderate tsunamis in all Makran coasts which emphasizes that the
development of a regional tsunami warning system in the MSZ is necessary.

M ,T) is the

cr?
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Figure 8. Distribution of maximum positive tsunami wave heights along various Makran
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Table 2. Probabilities of tsunami wave exceeding the key heights at Jiwani in the next 50

years
Tsunami Wave e o
Heights (m) Probability (%)
>1 43.85
>3 17.5
>5 17.5
>7 0
56E- P(h=>1m) (%) P(h=>3m) (%) P(h=>5m) (%)
0O 10 20 30 40 50 0 10 20 30 40 50 O 10 20 30 40 50
59E+ IIIIII I g;;§§§§§ R
: B A R B R O
m @ @—=
Sonmiani|
68E-
) o

25N 27N

Figure 9. Probabilities for the southern coasts of Iran and Pakistan being hit by a tsunami
of which the wave height exceeds 1, 3, and 5 m in the next 50 years.
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Figure 12. Probabilities for the southern coasts of Oman being hit by a tsunami of which

the wave height exceeds 1, and 2 m in the next 50 years.

8. CONCLUSION

Due to lack of any tsunami hazard assessment for the coastal areas of the MSZ, a probabilistic
method was employed to give first generation of tsunami hazard assessment for the region. The
main findings of this research are:

1-

The seismic hazard assessment reveals that the repeat time of a 1945-type earthquake
(M, 8.1) in the region is about 250 years which reinforces previous estimates made by
Byrne et al. (1992) and Page et al. (1979). The probability of having such an earthquake
in the next 50 years is about 17.5% in this region.

It has been observed that the southern coasts of Iran and Pakistan are the most
vulnerable coastlines in the region to the impact of tsunami, and experience wave
heights larger than 5 m in the case of a 1945-type tsunamigenic earthquake. The
probability of having tsunami waves exceeding 5 m during the next 50 years in these
coasts is 17.5%.

Apart from the southern coasts of Iran and Pakistan, results show that a wave height
exceeding 5 m is expected in Muscat with the occurrence probability of 17.5 % for the
next 50 years. Strong wave amplification is evident in Muscat.

The highest probability for moderate tsunamis (1<h<2m) is expected from southern

coasts of Iran and Pakistan, as well as the southern coast of Oman with a probability of
about 45 percent during the next 50 years.

Tsunami wave amplification has been observed in Karachi, a very populated coastal
city in the region. While the probabilities of waves exceeding 1 and 2 m are zero for
many adjacent cities, such probabilities are about 32 and 18 percent respectively in
Karachi.

Based on the results, the first priority for tsunami hazard mitigation planning in the region
should be given to the development of inundation maps for the southern coasts of Iran and
Pakistan as well as Muscat. Also, the development of a regional tsunami warning system in the
Makran zone is necessary since there is a high probability for moderate tsunamis in all Makran

coasts.
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