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Abstract—We evaluate here the tsunami hazard in the northwestern Indian Ocean. The maximum regional

earthquake calculated from seismic hazard analysis, was used as the characteristic earthquake for our tsunami

hazard assessment. This earthquake, with a moment magnitude of Mw 8.3 and a return period of about

1000 years, was moved along the Makran subduction zone (MSZ) and its possible tsunami wave height along

various coasts was calculated via numerical simulation. Both seismic hazard analysis and numerical modeling of

the tsunami were validated using historical observations of the Makran earthquake and tsunami of the 1945.

Results showed that the possible tsunami may reach a maximum height of 9.6 m in the region. The distribution

of tsunami wave height along various coasts is presented. We recommend the development of a tsunami warning

system in the region, and emphasize the value of education as a measure to mitigate the death toll of a possible

tsunami in this region.

Key words: Northwestern Indian Ocean, Makran subduction zone (MSZ), deterministic tsunami hazard

assessment (DTHA), maximum regional earthquake, near-field effects, numerical modeling.

1. Introduction

The great Sumatra–Andaman tsunami of 2004 has awakened the attention of the

scientific community to tsunami hazard in the Indian Ocean basin (OKAL and SYNOLAKIS,

2008). This mega-tsunami was fresh evidence that lack of tsunami hazard understanding

in any tsunami-prone coastline can have serious consequences. According to CLAGUE

et al. (2003), tsunami hazard is normally evaluated by the maximum wave runup, which

can be measured as either the elevation reached by the water, or the horizontal distance

the wave floods inland. Throughout this paper, the term tsunami hazard is considered as

referring the vertical runup.

Different methods have been employed by researchers to assess tsunami hazards in

various tsunamigenic zones around the world including: (1) analysis of historical tsunami
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(e.g., DOMINEY-HOWES et al., 2007), (2) deterministic modeling (e.g., OKAL and

SYNOLAKIS, 2008), and (3) probabilistic modeling (e.g., RIKITAKE and AIDA, 1988).

Compilation and analysis of historical data of tsunamis is of primary importance for

tsunami hazard assessment. The compiled data yield important information about the

return period of tsunamis, the different types of potential tsunamis in the region, the

possible tsunami wave heights, and the most vulnerable coastlines to the impact of

tsunamis (DOMINEY-HOWES et al., 2007). Such catalogs have been developed for many

tsunami-prone coastlines around the world such as Italy (e.g., TINTI and MARAMAI, 1999),

Japan (e.g., ABE, 1985), the Mediterranean (e.g., AMBRASEYS, 1962), U.S.A. (e.g., LANDER

et al., 1993), and other regions.

When data of historical tsunamis for a particular site are insufficient, tsunami hazard

can be calculated using a deterministic method. This method is based on adopting

characteristic scenarios considering the largest event known to have hit the area of

interest and to simulate this event through numerical modeling (GEIST and PARSONS,

2006). This technique has been used to assess tsunami hazards in some vulnerable

coastlines (e.g., OKAL et al., 2006a; TINTI and ARMIGLIATO, 2003).

The probabilistic method is based on the idea underlying seismic hazard assessment

(LIN and TUNG, 1982). This method uses a combination of probability analysis for

offshore earthquake occurrence and numerical modeling of tsunamis to determine the

probability of having a tsunami whose maximum water elevation exceeds a certain value

at a coastal site. The method has been employed by some authors (e.g., RIKITAKE and

AIDA, 1988).

In this study, we aim at evaluating the tsunami hazard in the Makran subduction zone

(MSZ) in the northwestern Indian Ocean (Fig. 1) using a deterministic method. As

shown, the MSZ is formed by the northward subduction of the Arabian plate beneath the

Eurasian one. This zone extends east from the Strait of Hormoz in Iran to near Karachi in

Pakistan with a length of about 1000 km. This region is prone to large subduction

tsunamigenic earthquakes from the MSZ. The last tsunami in the region occurred on

November 28, 1945, and was produced by an Mw 8.1 earthquake claiming more than

4000 lives (HECK, 1947).

HEIDARZADEH et al. (2008a, 2008b) studied historical tsunamis in the MSZ and

presented a preliminary estimation of tsunami hazard for this region. HEIDARZADEH et al.

(2008b) moved a 1945-type earthquake along the MSZ and calculated the maximum

positive tsunami wave height along the various coasts in the region. Although their work

is of importance for the Makran region whose tsunami hazard had not been studied

before, it is believed that more studies should be performed on the seismicity of the

region to more accurately estimate its tsunami hazard. In fact, this study is the

continuation of the preliminary work performed by HEIDARZADEH et al. (2008a, 2008b) on

the Makran tsunami hazard assessment to provide a better understanding of the level of

tsunami threat faced in this region.

For regions like Makran where the historical record of tsunamis and earthquakes is

both short and insufficient, a more accurate tsunami hazard assessment can be performed
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by application of probabilistic seismic hazard analysis to calculate the maximum regional

earthquake, followed by the application of sophisticated hydrodynamic models to

calculate possible tsunami wave heights. In this context, we calculated here the maximum

magnitude of earthquakes in the MSZ using probabilistic seismic hazard analysis.

Subsequently, it was used as the tsunami source in the present deterministic method. Six

tsunami scenarios along the MSZ were considered and for each scenario numerical

modeling of the tsunami was performed. Also, we discuss the magnitude of the worst

possible earthquake in this region and its possible tsunami. The results presented here

may assist in developing tsunami preparedness strategies in the northwestern Indian

Ocean where the tsunami hazard has been inadequately understood.

2. Probabilistic Seismic Hazard Analysis and Validation

The motivations for performing probabilistic tsunami hazard assessment are to

calculate the maximum regional magnitude of earthquake in the region, which will then

be used as the tsunami source in the next section, and also to estimate the return period of

large earthquakes in 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,

Figure 1

Location map and tectonic setting of the Makran Subduction Zone (MSZ). The inset shows the MSZ compared

to the entire Indian Ocean region.
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books and journals. The epicenters and magnitudes of the compiled earthquakes are

shown in Figure 2. The maximum observed earthquake in the region is the event of

November 28, 1945 with a moment magnitude of 8.1.

The assessment of the recurrence parameters for the MSZ was performed by making

use of the procedure developed by KIJKO and SELLEVOLL (1992). Also, the method

developed by KIJKO (2004) was employed to calculate the maximum regional earthquake

magnitude. Here, we divided the catalog of Makran earthquakes into four parts. The first

part contains historical large events (non-instrumental events). The other three parts were

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 3. Estimates of the earthquake return periods in the MSZ are shown in

Figure 3a. Also, Figure 3b presents the probability of earthquakes with certain

magnitudes in the next 1, 50, 100 and 1000 years. For example, based on the results

shown in Figure 3, the return period of an Mw 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. Figure 3 shows that the maximum regional earthquake magnitude in

the MSZ is about 8.3 which will be used as the tsunami source in the following sections.

The return period of this earthquake is about 1000 years, and the probability of having

such an earthquake in the next 50 years is about 5%.

To validate the results of the seismic hazard analysis, we compared our results with

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 (Mw 8.1), such events would be expected to repeat about

every 175 to 300 years in the 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 3a

suggest a return period of about 250 years for a 1945-type earthquake (Mw 8.1), which is in

agreement with the previous estimates made of PAGE et al. (1979) and BYRNE et al. (1992).

Figure 2

The epicenters and magnitudes of earthquakes in the Makran region.
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3. Tsunami Modeling and Verification

The Makran earthquake and tsunami of 1945, which was the only instrumentally

recorded tsunami in the northwestern Indian Ocean, was used for validation of our

tsunami modeling. Some authors (e.g., AMBRASEYS and MELVILLE, 1982; PAGE et al., 1979)

reported that the ocean floor experienced about 2 m of uplift due to this earthquake. The

data of the Makran 1945 tsunami wave heights on the coastlines are rather poor and no

tide gauge data are available. However, there are some limited data pertaining to tsunami

wave heights on some Makran coasts. AMBRASEYS and MELVILLE (1982) reported that the

tsunami wave height was approximately 4–5 m in Pasni, about 1.5 m in Karachi, and 2 m

in Mumbai. Also, they reported that the tsunami caused extensive flooding of low-lying

areas along the Iranian coastline, but no details were presented. PENDSE (1946) reported:

‘‘Karachi, which is at a distance of about 276 miles from the epicenter, experienced

waves affecting the harbor at 5–30 AM, 7 AM, 7–50 AM and 8–15 AM. The last one

was the largest and its height was estimated to be 4.5 ft above normal.’’

Other authors reported 12–15 m wave height at Pasni due to the 1945 tsunami (e.g.,

BERNINGHAUSEN, 1966). HEIDARZADEH et al. (2008a) presented evidence that the Makran

tsunami of 1945 was associated with other phenomena such as landslides and attributed

the large runup of 12–15 m to it. Based on their detailed runup modeling, HEIDARZADEH

et al. (2008a) concluded that the tectonic source of the 1945 tsunami was capable of

producing 4–5 m runup in the near-field (i.e., Pasni), as reported by AMBRASEYS and

MELVILLE (1982). Some authors (e.g., AMBRASEYS and MELVILLE, 1982; BILHAM et al.,

2007) reported that the largest tsunami wave (i.e., wave of 12–15 high) arrived at Pasni

about 1.5–2 hours after the earthquake, which supports HEIDARZADEH et al.’s (2008a)

interpretation of it as belonging to another phenomenon like a submarine landslide.

Figure 3

Estimation of earthquake return periods in the MSZ (a), and the probability of earthquakes with certain

magnitudes in the next 1, 50, 100 and 100 years (b).
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Here, the algorithm of MANSINHA and SMYLIE (1971) was used to calculate the seafloor

deformation due to the earthquake. This algorithm calculates the ground deformation

using input seismic parameters that include the strike, dip, and slip angles, the amount of

slip, the dimensions of the rupture area (length and width), and the earthquake depth

(SYNOLAKIS, 2003). The seismic parameters estimated in the study by BYRNE et al. (1992)

and calibrated by HEIDARZADEH et al. (2008b), were used for tsunami generation modeling

which were: 246o, 7o, 89o, 6.6 m, 130 km, 70 km, and 27 km, respectively (Table 1).

The maximum calculated uplift using these seismic parameters was about 2 m which was

in agreement with the actual observed uplift during the 1945 event.

The numerical model TUNAMI-N2 was used for simulation of propagation and

coastal amplification of long waves. The model was originally authored by 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 (YALCINER

et al., 2002). Also, a similar methodology is used in the numerical model MOST (Method

of Splitting Tsunami) developed by TITOV and SYNOLAKIS (1998). TUNAMI-N2 and

MOST are the only two existing nonlinear shallow water codes, validated with laboratory

and field data (YEH et al., 1996).

In this study, we applied bathymetry data provided through the GEBCO (General

Bathymetric Chart of the Oceans) digital atlas (IOC et al., 2003). The total number of

grid points in the computational domain was 369852, which was 833 9 444 points. The

time step was selected as 3.0 s to satisfy the stability condition. The duration time of

wave propagation was 4 h in our simulations. Figure 4 presents the results of the

numerical modeling of tsunami for the Makran earthquake of 1945. As shown, the

distribution of the tsunami wave height along various Makran coasts reproduces most

features of the historical observations during this event. Our numerical model

successfully reproduces the wave height of about 4–5 m at Pasni as well as 1.5 m in

Karachi. The modeling results showed that the largest wave arrives in Karachi about

Table 1

Seismic parameters of the Makran tsunami of 1945 and the maximum regional earthquake (Mw 8.3) used in this

study.

Name of event Dip

(o)

Slip

(o)

Strike

(o)

Depth

(km)

Length

(km)

Width

(km)

Slip

(m)

Moment

(N m)a

Uplift

(m)

Maximum Regional

Earthquake (Mw 8.3)

7 89 270 27 200b 80b 8.5b 4.08 9 1021 2.8

1945 Makran Earthquake

(Mw 8.1)

7 89 246 27 130 70 6.6 1.80 9 1021 2.0

a The rigidity of the earth is about 3.0 9 1010 N/m2 in the Makran region; after BAYER et al. (2006).
b Estimated using empirical relations of WELLS and COPPERSMITH (1994) and calibrated using the data of the

Makran earthquake of 1945.
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120 min after the earthquake, which is in approximate agreement with the historical

reports. In addition, Figure 4 shows that the simulated wave heights at the southern coasts

of Iran and northern coasts of Oman are less than 1 m, thus it is reasonable since there is

scant information regarding the effects of the Makran tsunami of 1945 on these coasts.

Also, this is consistent with the results of OKAL et al. (2006b) who attempted to find

eyewitnesses of the 1945 tsunami in Oman, but found none, although OKAL (2008,

personal communication) found one eyewitness who reported 3 m runup in Sur.

4. Tsunami Scenarios

The maximum regional earthquake magnitude (Mw 8.3) in the MSZ, estimated in the

Section 2, was used for tsunami hazard assessment. Empirical relations proposed by

WELLS and COPPERSMITH (1994) were employed to relate the moment magnitude of the

earthquake (Mw 8.3) to the fault parameters (rupture length, rupture width and fault

displacement). Other seismic parameters were the same as those of the 1945 event

(Table 1). However, we used a strike angle of 270o for our source scenarios as the MSZ is

Figure 4

Distribution of the maximum positive tsunami wave heights along the Arabian Sea coasts due to the Makran

tsunami of 1945 (after HEIDARZADEH et al., 2008b).
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nearly straight. We note that the predictions made by WELLS and COPPERSMITH’s (1994)

relations were not directly used here, but we calibrated them using the actual seismic

parameters of the Makran earthquake of 1945. As shown in Table 1, the maximum

regional earthquake (Mw 8.3) features a seismic moment of about 4.08 9 1021 N m

(4.08 9 1028 dyne 9 cm).

As the entire length of the MSZ is about 1000 km and since every Mw 8.3 earthquake

is capable of rupturing about 200 km of the plate boundary, we considered 6 tsunami

scenarios with a 25 km overlap between adjacent scenarios (Fig. 5).

5. Results of Deterministic Modeling

The results of tsunami modeling for all of the tsunami scenarios are presented in

Figure 5. Also, Figure 6 presents the maximum wave height of the scenario tsunamis as

they travel across the Arabian Sea for the case of S4 (Fig. 6a) and S5 (Fig. 6b) along with

Figure 5

Results of simulations for six tsunami scenarios showing the distribution of maximum positive tsunami wave

heights along various coasts.
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the time histories of the tsunami waves in selected offshore gauges for the case of

scenario S5 (Fig. 6c).

Based on Figure 5, the maximum calculated tsunami wave height was about 9.6 m

which was due to scenario S2 along the southern coast of Iran. Results showed that, by

moving the maximum regional earthquake (Mw 8.3) along the MSZ, the tsunami will

reach a height of 4–9.6 m along the southern coasts of Iran and Pakistan, 3–7 m along the

northern coast of Oman, 1–5 m along the southern coast of Oman, and 1–4.4 m along the

eastern coast of Makran. In their preliminary estimation of the tsunami hazard associated

with the MSZ, HEIDARZADEH et al. (2008b) concluded that the southern coasts of Iran and

Pakistan will experience the largest wave heights and thus are the coasts with the highest

hazard in the northwestern Indian Ocean. However, our results based on the current more

comprehensive study, revealed that the northern coast of Oman has hazard as high as the

southern coasts of Iran and Pakistan.

Figures 6a,b show that most of the tsunami’s energy travels perpendicular to the

strike of the fault segment which is evident from the theory of directivity (BEN-

MENAHEM and ROSENMAN, 1972). HEIDARZADEH et al. (2008b) showed that tsunamis

Figure 6

Maximum wave height of the scenario-tsunami as it travels across the Arabian Sea for the case of scenarios S4

(a) and S5 (b), along with the time histories of tsunamis in selected coastlines for the case of S5 scenario (c).
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originating from the middle and eastern part of the MSZ due to a 1945-type earthquake

(Mw 8.1), have minor effects on the Omani and Emirian coasts. Our results, based on

an Mw 8.3 earthquake as the tsunami source, support their conclusion, since the

maximum wave heights generated by the S4 and S5 scenarios were less than 1 m on

the Omani and Emirian coasts (Figs. 6a,b). Therefore, we may conclude that the

directivity of tsunami is an important factor when dealing with the tsunami hazard in

the northwestern Indian Ocean. HEIDARZADEH et al. (2008b) reported up to 2 m of

tsunami wave height along the Emirian coast due to a 1945-type earthquake. Our

simulations showed a wave height of up to 5 m along this coast. Hence, we repeat the

statement made by HEIDARZADEH et al. (2008b) that the tsunami hazard of the Emirian

coast cannot be neglected.

According to Figure 6c, the tsunami for case S5 will reach the nearest coast (e.g.,

Jiwani and Pasni) within about 15 min. However, the tsunami travel times to more

distant coasts are longer, e.g., about 45 min for the Omani coast, 35 min for Chabahar,

and 75 min for Karachi and Jask. Regarding such a short travel time, we believe that

the only warning available will be the ground shaking for the nearest coast to the

tsunami source, and it is unlikely that a local tsunami warning system could be

effective in warning the nearest coast, e.g., Jiwani and Pasni in this case. However,

such a system can be used to warn (or to sound an ‘all clear’ for, which is also an

important function of a warning system) the coasts located far to the east, west, or

south of the rupture zone, e.g., Jask, Muscat, and Karachi in this case. Therefore, we

recommend the development of a tsunami warning system in the northwestern Indian

Ocean.

We emphasize that public education is a must. According to SYNOLAKIS and BERNARD

(2006), in an era of global citizenship, more comprehensive educational efforts on

tsunami hazard mitigation are necessary worldwide. SYNOLAKIS and KONG (2006) reported

that simply educating the local populations and training emergency managers in countries

at risk in the Indian Ocean region is not enough. In any coastline vulnerable to a tsunami

attack, it is important that everyone can identify the precursors of a tsunami attack and

knows to evacuate to high ground or inland as quickly as possible, or, if necessary, how to

more safely vertically evacuate to well-built structures that are likely to survive

(SYNOLAKIS and KONG, 2006). SYNOLAKIS and OKAL (2005) reported that the 1999 Vanuatu

tsunami was a milestone in tsunami hazard assessment, showing the value of education as

a mitigating factor of the death toll during near-field tsunamis. However, we note that the

public must be informed clearly about the level of an expected tsunami threat and about

areas at risk.

6. Discussion

The present tsunami hazard assessment was performed by considering the maximum

regional earthquake (Mw 8.3) as the tsunami source whose return period is about
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1000 years. However, we believe that this earthquake does not represent the worst

possible earthquake in the MSZ. Following the 2004 Indian Ocean tsunami and taking

into account the lessons learned from this mega-tsunami, OKAL (2007) proposed that the

maximum earthquake size expected from a subduction zone depends on the length over

which a fault system extends continuously along a convergent plate boundary. This

continuous segment is about 500 km for the MSZ as the segmentation of this subduction

zone was confirmed by BYRNE et al. (1992). By applying the empirical relations of WELLS

and COPPERSMITH (1994), the corresponding earthquake magnitude will be about 8.6 in

moment magnitude scale. It is evident that such an earthquake and consequent tsunami

will be a very rare event, having a far longer return period than that of the maximum

regional earthquake (Mw 8.3).

As discussed by HEIDARZADEH et al. (2008b), we note that TUNAMI-N2 treats the

coastline as a vertical wall, and hence flooding was not permitted in our simulations. In

other words, runup calculations were not performed, however the maximum positive

tsunami heights along the coast were calculated which provide a reasonable approxi-

mation of the runup heights (TINTI et al., 2006; YALCINER et al., 2002). Therefore, it is

possible that our results (Fig. 5) underestimate or overestimate the runup heights in some

areas where the actual beach topography may have a pronounced influence on the

hydrodynamics of tsunami runup.

7. Conclusions

To more accurately evaluate tsunami hazard in the northwestern Indian Ocean, a

series of tsunamis each resulting from the maximum regional earthquake (Mw 8.3) were

simulated. The main findings are:

(1) Based on the results of seismic hazard analysis, the maximum regional earthquake

magnitude in the MSZ is Mw 8.3 with a return period of about 1000 years.

(2) The maximum calculated tsunami wave height was about 9.6 m which was obtained

along the southern coast of Iran.

(3) The tsunami will reach a height of 4–9.6 m along the southern coasts of Iran and

Pakistan, 3–7 m along the northern coast of Oman, 1–5 m along the southern coast of

Oman, and 1–4.4 m along the eastern coast of Makran.

(4) As was previously reported by HEIDARZADEH et al. (2008b), our results showed that

the tsunami hazard of the Emirian coast cannot be neglected.

(5) Our results confirmed HEIDARZADEH et al.’s (2008b) conclusion that tsunamis

originating from the middle and eastern part of the MSZ have minor effects on the

Omani and Emirian coasts.

(6) We recommend the development of a tsunami warning system in the northwestern

Indian Ocean.
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(7) We emphasize the value of education as an essential measure for mitigating the

possible death toll from tsunamis in the northwestern Indian Ocean.

Acknowledgments

This study was partially supported by the Intergovernmental Oceanographic Com-

mission (IOC) of UNESCO through a scholarship awarded to the first author. The

long-wave propagation model, TUNAMI-N2, used in this study, is a registered

copyright of Professors F. Imamura, Ahmet C. Yalciner, and C. E. Synolakis. The first

author would like to extend his sincere gratitude to Prof. Emile A. Okal (Northwestern

University, IL, USA) and Prof. Ahmet C. Yalciner (Middle East Technical University,

Ankara, Turkey) for their fruitful discussions and comments regarding Makran tsu-

nami hazard throughout his Ph.D. thesis. We also would like to thank Prof. Andrzej

Kijko (University of Pretoria, South Africa) for providing the computer program used

for seismic hazard analysis, and also for his thoughtful suggestions relative to the

results of the Makran seismic hazard analysis. Finally, we are sincerely grateful to

Prof. Phil R. Cummins (the editor) and two anonymous reviewers for their very

constructive and detailed reviews of this article, and for the comments that greatly

improved it.

REFERENCES

ABE, K. (1985), Quantification of major earthquake tsunamis of the Japan Sea, Phys. Earth Planet. Inter. 38,

214–223.

AMBRASEYS, N. N. (1962), Data for the investigation of the seismic sea waves in the eastern Mediterranean, B.

Seismol. Soc. Am. 52, 895–913.

AMBRASEYS, N.N. and MELVILLE, C.P., A History of Persian Earthquakes (Cambridge University Press, Britain

1982).

BAYER, R., CHERY, J., TATAR, M., VERNANT, Ph., ABBASSI, M., MASSON, F., NILFOROUSHAN, F., DOERFLINGER, E.,

REGARD, V., and BELLIER, O. (2006), Active deformation in Zagros–Makran transition zone inferred from GPS

measurements, Geophys. J. Int. 165, 373–381.

BEN-MENAHEM, A. and ROSENMAN, M. (1972), Amplitude patterns of tsunami waves from submarine earthquakes,

J. Geophys. Res. 77, 3097–3128.

BERNINGHAUSEN, W.H. (1966), Tsunamis and seismic seiches reported from regions adjacent to the Indian

Ocean, B. Seismol. Soc. Am. 56 (1), 69–74.

BILHAM, R., LODI, S., HOUGH, S., BUKHARY, S., MURTAZA-KHAN, A., and RAFEEQI, S. F. A. (2007), Seismic hazard

in Karachi, Pakistan: Uncertain Past, Uncertain Future, Seismol. Res. Lett. 78 (6), 601–613.

BYRNE, D.E., SYKES, L.R., and DAVIS, D. M. (1992), Great thrust earthquakes and aseismic slip along the plate

boundary of the Makran subduction zone, J. Geophys. Res. 97 (B1), 449–478.

CLAGUE, J.J., MUNRO, A., and MURTY, T. (2003), Tsunami hazard and risk in Canada, Natural Hazards 28,

433–461.

DOMINEY-HOWES, D., CUMMINS, P., and BURBIDGE, D. (2007), Historic records of teletsunami in the Indian Ocean

and insights from numerical modeling, Natural Hazards 42 (1), 1–17.

GEIST, E.L. and PARSONS, T. (2006), Probabilistic analysis of tsunami hazards, Natural Hazards 37, 277–314.

2056 M. Heidarzadeh et al. Pure appl. geophys.,



GOTO, C., OGAWA, Y., SHUTO, N., and IMAMURA, F. (1997), Numerical method of tsunami simulation with the

Leap-Frog Scheme (IUGG/IOC Time Project), IOC Manual, UNESCO, No. 35.

HECK, N.H. (1947), List of seismic sea waves, B. Seismol. Soc. Am. 37(4), 269–286.

HEIDARZADEH, M., PIROOZ, M. D., ZAKER, N. H., YALCINER, A. C., MOKHTARI, M., and ESMAEILY, A. (2008a),

Historical tsunami in the Makran subduction zone off the southern coasts of Iran and Pakistan and results of

numerical modeling, Ocean Eng. 35 (8–9), 774–786.

HEIDARZADEH, M., PIROOZ, M. D., ZAKER, N. H., and YALCINER, A. C. (2008b), Preliminary estimation of the

tsunami hazards associated with the Makran subduction zone at the northwestern Indian Ocean, Natural

Hazards, doi: 10.1007/s11069-008-9259-x.

IOC, IHO, and BODC (2003), Centenary edition of the GEBCO digital atlas, published on CD-ROM on behalf

of the Intergovernmental Oceanographic Commission and the International Hydrographic Organization as part

of the general bathymetric chart of the oceans, British Oceanographic Data Centre, Liverpool.

KIJKO, A. (2004), Estimation of the maximum earthquake magnitude mmax, Pure Appl. Geophys. 161, 1655–

1681.

KIJKO, A. and SELLEVOLL, M.A. (1992), Estimation of earthquake hazard parameters from incomplete data files.

Part II: Incorporation of magnitude heterogeneity, B. Seismol. Soc. Am. 82 (1), 120–134.

LANDER J. F., LOCKRIDGE, P. A., and KOZUCH, M. J. (1993), Tsunamis Affecting the West Coast of the United

States, 1806–1996, National Geophysical Data Center, Boulder, Colorado, 242 pp.

LIN, I. C. and TUNG, C. C. (1982), A preliminary investigation of tsunami hazard, B. Seismol. Soc. Am. 72 (6),

2323–2337.

MANSINHA, L. and SMYLIE, D. E. (1971), The displacement field of inclined faults, B. Seismol. Soc. Am. 6,

1433–1440.

OKAL, E.A. (2007), Seismic records of the 2004 Sumatra and other tsunamis: A quantitative study, Pure Appl.

Geophys. 164, 325–353.

OKAL, E. A. and SYNOLAKIS, C. E. (2008), Far-field tsunami hazard from mega-thrust earthquakes in the Indian

Ocean, Geophys. J. Int. 172 (3), 995–1015.

OKAL, E. A., BORRERO, J. C., and SYNOLAKIS, C. E. (2006a), Evaluation of tsunami risk from regional earthquakes

at Pisco, Peru, B. Seismol. Soc. Am. 96 (5), 1634–1648.

OKAL, E.A., FRITZ, H.M., RAAD, E.P., SYNOLAKIS, C.E., AL-SHIJBI, Y., and AL-SAIFI, M. (2006b), Oman field

survey after the December 2004 Indian Ocean tsunami, Earthq. Spectra 22 (S3), S203–S218.

PAGE, W. D., ALT, J. N., CLUFF, L. S., and Plafker, G. (1979), Evidence for the recurrence of large-magnitude

earthquakes along the Makran Coast of Iran and Pakistan, Tectonophysics 52, 533–547.

PENDSE, C. G. (1946), The Mekran earthquake of the 28th November 1945, India Meteorol. Depart. Sci. Notes 10

(125), 141–145.

RIKITAKE, T. and AIDA, I. (1988), Tsunami hazard probability in Japan, B. Seismol. Soc. Am. 78 (3), 1268–1278.

SYNOLAKIS, C.E., Tsunami and Seiche, In Earthquake Engineering Handbook, (W. F Chen. and C. Scawthorn,

eds.), Chapter 9, 1–90 (CRC Press 2003).

SYNOLAKIS, C.E. and OKAL, E.A. (2005), 1992–2002: Perspective on a decade of post-tsunami surveys. In

Tsunami (K. Satake, ed.), Advances in Natural and Technological Hazards Research 23, 1–30.

SYNOLAKIS, C. E. and KONG, L. (2006), Runup measurements of the December 2004 Indian Ocean tsunami,

Earthquake Spectra 22 (S3), S67–S91.

SYNOLAKIS, C. E. and BERNARD, E. N. (2006), Tsunami science before and beyond Boxing Day 2004, Phil. Trans.

R. Soc. A 364, 2231–2265.

TINTI, S. and MARAMAI, A. (1999), Large tsunamis and tsunami hazard from the new Italian Tsunami Catalog,

Phys. Chem. Earth A 24 (2), 151–156.

TINTI, S. and ARMIGLIATO, A. (2003), The use of scenarios to evaluate the tsunami impact in southern Italy, Mar.

Geol. 199, 221–243.

TINTI, S., ARMIGLIATO, A., MANUCCI, A., PAGNONI, G., ZANIBONI, F., YALCINER, A.C., and ALTINOK, Y. (2006), The

generating mechanisms of the August 17, 1999 Izmit Bay (Turkey) tsunami: Regional (tectonic) and local

(mass instabilities) causes, Mar. Geol. 225, 311–330.

TITOV, V.V. and SYNOLAKIS, C. E. (1998), Numerical modeling of tidal wave runup, J. Wtrwy. Port. Cost. Eng.

B124, 157–171.

WELLS, D. L. and COPPERSMITH, K. J. (1994), New empirical relationships among magnitude, rupture length,

rupture width, rupture area, and surface displacement, B. Seismol. Soc. Am. 84 (4), 974–1002.

Vol. 165, 2008 Tsunami Hazard in the Northwestern Indian Ocean 2057



YALCINER, A. C., ALPAR, B., ALTINOK, Y., OZBAY, I., and IMAMURA, F. (2002), Tsunamis in the Sea of Marmara,

historical documents for the past, models for the future, Mar. Geol. 190, 445–463.

YEH, H., LIU, P., and SYNOLAKIS, C.E., Long Wave Runup Models (World Scientific Publication Company,

London 1996), 403 pp.

(Received February 11, 2008, revised July 14, 2008)

Published Online First: December 19, 2008

To access this journal online:

www.birkhauser.ch/pageoph

2058 M. Heidarzadeh et al. Pure appl. geophys.,


	Evaluating Tsunami Hazard in the Northwestern Indian Ocean
	Abstract
	Introduction
	Probabilistic Seismic Hazard Analysis and Validation
	Tsunami Modeling and Verification
	Tsunami Scenarios
	Results of Deterministic Modeling
	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


