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Abstract: The uncertain tsunamigenic potential of the Makran Subduction Zone (MSZ) has made it
an interesting natural laboratory for tsunami-related studies. This study aims to review the recent
activities on tsunami hazard in the Makran subduction zone with a focus on deterministic and
probabilistic tsunami hazard assessments. While almost all studies focused on tsunami hazard from
the Makran subduction thrust, other local sources such as splay faults and landslides can be also
real threats in the future. Far-field tsunami sources such as Sumatra-Andaman and Java subduction
zones, commonly lumped as the Sunda subduction zone, do not seem to pose a serious risk to
the Makran coastlines. The tsunamigenic potential of the western segment of the MSZ should not
be underestimated considering the new evidence from geological studies and lessons from past
tsunamis in the world. An overview of the results of tsunami hazard studies shows that the coastal
area between Kereti to Ormara along the shoreline of Iran-Pakistan and the coastal segment between
Muscat and Sur along Oman’s shoreline are the most hazardous areas. Uncertainties in studying
tsunami hazard for the Makran region are large. We recommend that future studies mainly focus
on the role of thick sediments, a better understanding of the plates interface geometry, the source
mechanism and history of extreme-wave deposits, the contribution of other local tsunamigenic
sources and vulnerability assessment for all coastlines of the whole Makran region.

Keywords: Makran subduction zone; tsunami hazard; deterministic hazard assessment;
probabilistic hazard assessment; uncertainty quantification; numerical modeling

1. Introduction

The Makran Subduction Zone (MSZ) is located where the oceanic crust of the Arabian plate is
sliding under the Eurasian plate at a rate of ∼20 mm/year [1]. The future tsunamigenic potential of the
Makran subduction zone remains uncertain due to its low and strange offshore seismicity (see Figure 1).
In addition, some seismotectonic characteristics of the Makran subduction zone, such as the offshore
seismicity, width and dip of the slab, segmentation, partial locking, were frequently debated and
questioned. The pattern of offshore seismicity suggests the segmentation of the MSZ into western and
eastern parts. There is significant uncertainty about the tsunami hazard along the MSZ with distinct
differences in seismicity between the western and eastern segments. According to Mokhtari et al. [2],
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“This appears to be due to collision of continental crust in the west, in contrast to subduction of oceanic
crust in the east”. The eastern Makran is a relatively active seismic zone and hosted two instrumentally
recorded tsunamis in 1945 (M w 8.1) and 2013 (M w 7.7) [3,4]. The western Makran is marked with no
major seismicity in recent centuries. According to Rajendran et al. [5]: “The various lines of evidence
thus suggest that although the western segment is potentially seismogenic, large earthquakes have
not occurred there in the recent past, at least during the last 600 years”. It should be noted that the
historical records regarding seismicity and tsunamis in the MSZ are very scant. The seismicty of
the Makran subduction zone is sparse. The beginning year of complete reporting of earthquakes for
Makran was estimated at 1919 in Mirzaei et al. [6]. Rajendran et al. [5] discussed three interpretations
for the current seismic status of the western Makran: (1) the whole segment is aseismic, (2) subduction
does not occur any more along this segment and (3) the western Makran segment is currently locked
and has the potential of producing future great subduction earthquakes. Also, other kinds of evidence
such as GPS measurements and the marine terraces gave rise to speculation that there is a possible
locked seismogenic zone in the western Makran [3,7].

Figure 1. Seismicity of the Makran subduction zone (MSZ). Circles represent earthquakes from 1900
to 2019 from the ISC Catalog. Stars are historical earthquakes (pre-1900) from Heidarzadeh et al. [8].
Orange and yellow triangles represent volcanoes. Tsunamigenic events are illustrated by yellow color.
Focal mechanisms are from the Global CMT Catalog. Dashed and solid black lines show the plate
boundaries. Black arrows display estimated GPS horizontal velocities for JASK, CHAB, MUSC sites
from Vernant et al. [9].

Despite the puzzling tsunamigenic potential, the Makran subduction zone is an excellent
natural laboratory for tsunami-related research. This includes a variety of studies such as tsunami
history, tsunamigenic sources, tsunami numerical modeling, Tsunami Hazard Assessment (THA) and
management, tsunami sedimentology and geomorphology. Increased interest in such studies enhanced
our understanding of tsunami hazard in the Makran subduction zone during the last two decades.
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This study aims to review the tsunami hazard in the Makran region and to describe the contributions
from researchers in assessing tsunami hazard and risk in the MSZ.

This manuscript is organized as follows. Section 2 briefly reviews near-field and far-field tsunami
sources that have the potential to generate tsunamis and affect the Makran coastlines. In Section 3,
a description of recent work on tsunami hazard assessments in the MSZ is presented. More specifically,
Section 3.1 describes the literature on deterministic tsunami hazard assessment and Section 3.2
reviews the recent studies of probabilistic tsunami hazard assessment for the Makran region. Section 4,
the discussion, contains addressing uncertainties, limitations and some remarks about the tsunami
hazard assessment for the Makran region. Finally, in Section 5, we summarize the key points and offer
some practical recommendations for future research directions. These include (1) the contribution of
near-field and far-field tsunami sources to the tsunami hazard in Makran; (2) particularly important
hazard and uncertainty factors; (3) the importance of detailed risk-based and vulnerability assessments;
(4) the necessity of high-resolution topo-bathymetric data.

2. Tsunami Sources in the Makran Subduction Zone

Below we give a brief overview of tsunami sources around the Makran region by dividing them
into two main groups: near-field (local and regional) and far-field (distant).

2.1. Near-Field Tsunami Sources in the Makran Subduction Zone

2.1.1. Earthquakes

Earthquakes are the major source for tsunamis in the Makran region similarly to other
tsunamigenic zones. The hypocenter location of these earthquakes can be either offshore
(e.g., the 1945 tsunami) or onshore (e.g., the 2013 tsunami). However, the fault rupture that generates the
tsunami can pass through the coastline. As considered explicitly by Byrne et al. [3], uplift at Ormara
implies that the 1945 fault rupture extended beneath the coast. Heidarzadeh et al. [8] presented a
catalogue of historical tsunamis in the Makran subduction zone compiling many archival records.
Their study is the best reference concerning the history of tsunamis in the MSZ, although there are
other studies that mentioned tsunamigenic events in the northwestern Indian Ocean. According to
Heidarzadeh et al. [8], Makran experienced at least four tsunamis (in 326 BC, 1008, 1524 and 1897)
in addition to the 1945 and 2013 events. Heidarzadeh et al. [8] found that the 1897 event was a
volcanic tsunami and the events of 326 BC, 1008 and 1524 were tectonic tsunamis. Alternatively,
the 326 BC event resulted from tides, and the 1008 tsunami was sourced in the Persian Gulf [10].
Heidarzadeh et al. [8] concluded that the mean return period for tectonic tsunamis in the MSZ is about
800 years and for a magnitude 8+ earthquake between 100 and 250 years.

The Makran subduction thrust is the main tsunami source in the region. Smith et al. [11]
introduced a wide potential seismogenic zone of up to ∼350 km for the MSZ based on thermal
modeling. However, they suggested a minimum rupture width of 210 km for the MSZ based on the
limit of significant offshore seismicity. The estimated rupture width for the 1945 Makran earthquake
is in the range of 70–100 km (e.g., [3,8,12–14]). Frohling and Szeliga [15] proposed a locking depth of
38 km for the MSZ. Consequently, considering an approximate length of 900 km, the MSZ can generate
megathrust earthquakes up to M w 8.8 [15]. According to Nemati [16], the width of the subducting slab
is about 120 km in the western and about 150 km in the eastern Makran regions. Nemati [16] suggested
a seismogenic depth of ∼90–120 km and ∼160 km for the western and eastern Makran, respectively.

The degree of slip heterogeneity and the location of greatest slip on the rupture area control the
power of a tsunamigenic source [17]. Due to the lack of data and the unknown seismic status of the
western Makran, there is not a clear idea about how slip may occur during possible future events.
However, modeling the recent megathrust events in the world revealed complex and non-uniform
ruptures. The MSZ is segmented and the convergence rate changes from west to east along the
subduction zone. It is not certain that the strain accumulation along the MSZ is uniform or non-uniform.
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The fault-coupling model of Frohling and Szeliga [15] for the MSZ divides it into three segments
(i.e., western, central and eastern). The plate coupling ratio in the central part is lower than the western
and eastern segments. Ruff and Kanamori [18] suggested that the plate coupling corresponds with
the size of asperity [15]. Thus, the fault-coupling model of Frohling and Szeliga [15] may suggest the
presence of multiple small asperities along the MSZ. However, Frohling and Szeliga [15] still consider
the possibility of a single segment rupture. For example, the Nankai Trough is also segmented, but that
did not impede a long rupture in 1707 [19]. Kato [20] remarks that an asperity on a plate boundary is
non-uniform and encompassed by aseismic slip. The slip complexity and behavior in a megathrust
event are affected by the plate coupling degree, the slab geometry, fluids, slow-slip motions, sediments,
the topography of subducting plate and the geology of upper plate [21].

Other important sources for generating local tectonic tsunamis in the Makran regions are
splay faults [22]. Although splay faults are small, they are important because they can spread the
displacement over a large area and therefore can cause big earthqaukes. Splay faults can break
either during the occurrence of megathrust earthquakes or independently of the subduction thrust
in which they are rooted [23]. In the well-documented case of the 1964 Alaska earthquake, splay
faulting accompanied slip on the master thrust, and the steeper dip of a splay contributed to tsunami
generation by producing greater seafloor uplift in its vicinity [24]. Tsunami scenarios can presuppose
splay faulting, as a factor of safety, to increase tsunami size (e.g., [25]). Interpretation of seismic profiles
revealed a shallow E-W-trending splay fault system along the Makran subduction zone [22,26–28].
The results of numerical modeling show that splay faulting in MSZ can significantly increase the
tsunami hazard (e.g., [22,29]). In addition to splay faults, normal faults were also detected in seismic
data near the coastline [22,27]. Other candidates for near-field tectonic sources are the Minab-Zendan
and Ornach-Nal fault zones, the Murray ridge and the Owen fracture zone (c.f., Figure 2).

Figure 2. Near-field and Far-field sources around the Makran subduction zone (brown lines) and
other plate boundaries (black lines). Yellow circles show the tectonic tsunamis in the Indian Ocean
and the yellow star represents the 2017 Persian Gulf meteotsunami. PG Persian Gulf, PA Pakistan,
MZF Minab-Zendan Fault, ONF Ornach-Nal Fault, MR Murray Ridge, OFZ Owen Fracture Zone,
SR Sheba Ridge, SASZ Sumatra-Andaman Subduction Zone, JSZ Java Subduction Zone.
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2.1.2. Landslides

Submarine landslides are the second most important tsunamigenic source. The thick marine
sediments can cause submarine failure and make the continental shelf margin in the MSZ
potentially susceptible to landslide-generated tsunamis [30]. They may also amplify tsunamis [31].
Furthermore, future earthquakes along the Makran subduction zone can potentially trigger submarine
landslides [30]. Submarine landslides can directly generate local tsunamis with high run-ups or be a
major contributor to tsunami generation and amplify the wave run-ups of local tsunamis. As shown
by data from geological, sedimentological and seismic surveys, Makran is subject to submarine mass
movement. It experienced past submarine landslides and slumps in both Iran and Pakistan sides
(e.g., [26,32,33]). A primary prevalent way to find areas prone to submarine landslides is the slope
gradient map. Submarine mass movements can occur at slopes of 3 to 6 percents or 12 to 30 degrees
(see e.g., [34,35]). Based on this criteria, locations of potential areas to produce landslide in the future
are shown in Figure 3.

Figure 3. Slope gradient map of the Makran bathymetry and locations of areas prone to
submarine landslides (solid black lines). Yellow circles show the locations of the 1945 and 2013
tsunamigenic earthquakes.

Several authors suggested that a triggered submarine landslide by the main shock may be the
cause of the delayed arrival and large run-up of the 1945 tsunami waves (e.g., [36–38]). A submarine
slump was also a suspect to be responsible for the 2013 Makran tsunami [4]. Deep-water submarine
landslides triggered by earthquakes from the active fault system at the Owen fracture zone can
potentially generate local tsunamis along the east coast of Oman [39–41].

2.1.3. Volcanic Activities

Volcanic activities can cause tsunamis; however, they are less common. The 1911 Trinidad tsunami
is a significant example of a volcano-related tsunami which was caused by explosion of a mud volcano
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island [4,42]. One of the most iconic features of the MSZ is the presence of many large active mud
volcanoes. Snead [43] mentioned that it is possible that the mud volcanoes in the Makan regions
are the largest in the world. According to Wiedicke et al. [44], Makran hosted large mud volcanoes
with diameters of 1.5–2 km. Four offshore mud volcanoes were formed during the 1945 Makran
earthquake [45]. A new island appeared near Gwadar, Pakistan due to the eruption of a mud volcano
following the 2013 Makran tsunamigenic earthquake [4]. Heidarzadeh et al. [8] showed that Makran
appears to have the potential to generate tsunamis due to submarine volcanoes. They suggested a
volcanic origin for the 1897 tsunami in Makran by reviewing historical reports of dead fishes due to
some volcanic activities at the time of the event.

2.1.4. Meteorological Tsunamis

Meteorological tsunamis or meteotsunamis are non-seismic tsunami-like waves that are generated
by high-energy atmospheric disturbances (e.g., [46,47]). The spatial/temporal characteristics and
physical behavior of meteotsunamis and seismic tsunamis are almost the same [48]. The impacts
of meteotsunamis are local and they can inundate the coastal areas in the similar way as ordinary
tsunamis and can cause human casualties and strong economic losses. A destructive meteotsunami
occurred in the Persian Gulf on 19 March 2017 (Figure 2) with a maximum run-up of about 3 m [48].
There is no documented meteotsunami in the Gulf of Oman. Ambraseys and Melville [49] proposed a
meteorological origin (ocean storms) for the 1897 Makran tsunami; however, Heidarzadeh et al. [8]
doubted this possibility from the evidence of tons of dead fishes. Strong tropical cyclones wereobserved
in the Gulf of Oman (e.g., [50,51]). Meteotsunami waves can commonly occur during tropical
cyclones [52]. Although no meteotsunami event was identified yet in the Gulf of Oman, distributions
of meteotsunamis in the world [47] and new advancements in coastal and marine hazard studies
(e.g., [47,48]) indicate the worldwide risk of meteotsunamis.

2.2. Far-Field Tsunami Sources

Far-field tsunami sources that may impact the Makran coastlines are located mostly in far
megathrust regions in the Indian Ocean (see Figure 2). The most significant far-field source is the
Sumatra–Andaman subduction zone in the Indian Ocean (c.f., Figure 2). The Java subduction zone is
the other far-field source in the Indian Ocean (Figure 2). Several destructive tsunamis were generated
by these subduction zones (e.g., the 2010 Mentawai, 2006 Java and the 2004 Indian Ocean tsunamis).
The results of field surveys and eyewitness reports show that the impacts of the 2004 Indian Ocean
tsunami (M w 9.1) on the Makran coastlines were minor [37,51,53]. Therefore, the far-field sources
do not pose a major threat to the Makran coastlines. Other candidates for far-field tectonic sources
could be the Sheba and Carlsberg ridges (Figure 2) which were considered in a few tsunami hazard
assessment studies so far (e.g., [54,55]).

3. Tsunami Hazard Assessment in the Makran Subduction Zone

Tsunami hazard assessment for coastal areas can be performed using two standard approaches:
deterministic and probabilistic. Deterministic Tsunami Hazard Assessment (DTHA) considers a
specific scenario (usually the assumed worst-case scenario) and use tsunami numerical modeling
to predict the tsunami impact on areas of interest [56]. Probabilistic Tsunami Hazard Assessment
(PTHA) considers several potential scenarios and combines the results of tsunami modeling and
occurrence rates estimation of tsunamigenic events to determine the hazard level for coastal areas.
Tsunami hazard and risk science significantly progressed since the Boxing Day Tsunami in 2004 which
led to global growth of scientific research. This includes tsunami numerical modeling of historical
tsunamis (e.g., [57,58]) and modern tsunamis such as the 1960 Chile (e.g., [59]), the 1998 Papua New
Guinea (e.g., [60]), the 2004 Indian Ocean (e.g., [61,62]), the 2011 Japan (e.g., [63,64]), the 2015 Chile
(e.g., [65]) and the 2018 Mexico (e.g., [66]) tsunamis. The other is tsunami numerical modeling and
hazard assessment of potential tsunamigenic scenarios in many areas of the world such as the eastern



Geosciences 2020, 10, 372 7 of 31

Japan (e.g., [67]), Chile (e.g., [68]), the western United States (e.g., [69]) and the Mediterranean Sea
(e.g., [70]).

Tsunami-related studies for the Makran subduction zone are mostly focused on tsunamigenic
potential, historical and modern tsunami history, numerical modeling of occurred and possible
tsunamis and tsunami hazard assessment. In the present study, we try to review the recent scientific
research with a focus on DTHA and PTHA for the Makran subduction zone. Below, we summarize
the recent work on tsunamigenic potential and tsunami history of the MSZ and the DTHA and PTHA
studies are separately described in Sections 3.1 and 3.2.

The tsunamigenic potential of the Makran subduction zone has been a subject of interest for
seismologists and geologists. Pararas-Carayannis [71] studied the potential of the MSZ for generating
tsunamis. The zone has the capability for generating tsunamigenic earthquakes with considerable
near and far-field effects [71]. According to Pararas-Carayannis [71], the 1945 Makran tsunamigenic
earthquake had a rupture length of about 300–350 km. This is inconsistent with the estimated
rupture length of 100–150 km by Byrne et al. [3] and much larger than the lengths reported in
other studies such as 200 km in Jaiswal et al. [12], 130 km in Heidarzadeh et al. [72] and 220 km
in Heidarzadeh and Satake [14]. Pararas-Carayannis [71] inferred that the magnitude of the 1945
Makran event (M w 8.1) is the upper limit of earthquakes that the MSZ can generate. The MSZ
segmentation and the presence of thick sedimentary layers control the upper limit of earthquakes in
this region. The interplate locking within the Makran subduction zone is highly dependent on the
degree of consolidation of the sedimentary layers [71]. Some studies analyzed 2D seismic reflection
data in Makran to study the relation between the important structural components and the megathrust
and tsunamigenic potential of the region (e.g., [2,27]). Mokhtari et al. [2] concluded that the main
reason for the lack of trench in the Makran is probably the shallow dip of the subducting plate.
The presence of similar marine terraces along eastern and western Makran shorelines may indicate the
same tsunamigenic power of both eastern and western Makran [2]. The results of thermal modeling
of the Makran region indicate the wide potential seismogenic zone of the MSZ and its ability to
produce tsunamigenic earthquakes [11]. According to Smith et al. [11], the thick sediment cover highly
increases the temperature between two plates and causes a potential shallow megathrust seismogenic
zone. Moreover, Makran is a shallow dip subduction zone which can lead to a wide seismogenic zone
capable of generating offshore megathrust earthquakes with magnitudes from M w 8.7 to 9.2. The study
of Smith et al. [11] provides three potential megathrust rupture scenarios in the Makran region which
were used in some tsunami hazard assessments (e.g., [17,56]). Analyzing modern and historical
seismicity and sedimentary sections has provided important insights into the tsunami potential of the
enigmatic western Makran [5]:

• The western Makran has not experienced any major earthquake at least in the last six centuries.
• The recurrence interval of earthquakes in this region might be more than 1000 years.
• The western Makran has the same tectonic potential as the eastern Makran.
• The western Makran is currently locked and perhaps accumulated enough energy to produce a

tsunamigenic earthquake.

Evidence of earthquakes and tsunamis can easily hide in coastal geology. For example, deposits of
the 2004 tsunami in Thailand provided interesting modern analogs in a post-2004 hunt for deposits of
preceding tsunamis. However, nearly all those deposits had been destroyed by burrowing animals
(especially crabs). Eventually, after many person weeks of field work, preserved examples were found
in a special setting–freshwater, marshy swales [73,74]. In much this way, earthquake and tsunami
indicators along the Makran coast were destroyed or thus far overlooked.

Paleotsunami research and coastal geology (e.g., [75–77]) can help to constrain uncertainties in the
tsunami history of a region. The analysis of the sedimentary characteristics of deposits in Sur Lagoon,
Oman revealed their tsunami origin–the 1945 Makran tsunami [78]. New investigations on coastal
boulders along the Iranian coastline of Makran through fieldwork and boulder transport modeling
suggest that only a tsunami is capable of transporting the boulders to the land [79]. This may indicate
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that the western Makran possesses the evidence of paleotsunamis which are probably generated by
the MSZ [79]. Similar tsunami-related deposits were found in a field survey along the coastline of the
Sultanate of Oman [80]. In both Shah-hosseini et al. [79] and Hoffmann et al. [80], storms are likely
underrated as alternatives to tsunamis boulder movers. For instance, cautionary flags in storm-boulder
papers introduced by Paris et al. [81], in accounts of boulder transport by tsunami-like bores from
2013 Supertyphoon Haiyan [82–85], in proof that giant boulders were moved by 21st-century storm
waves in Ireland [86], and in language for boulder fields on a Caribbean island that faces the Puerto
Rico Trench [87]. A comprehensive geological study by Hoffmann et al. [88] consisting of new
sedimentological and archaeological evidence suggests that a tsunami impacted the Arabian Sea
shorelines about 1000‘years ago. They outline a noteworthy conclusion that the possible source for
this tsunami could be the western Makran, implying its present-day locking status. The update from
Hoffmann et al. [88] adds new evidence from sandy deposits; however the storm alternative is still
discounted as inconsistent with storm effects observed only in recent decades.

Over the last decade, admirable efforts were made to understand the effects of the 1945 Makran
tsunami through collecting information and interviews with the tsunami survivors. The effects of
the 1945 tsunami are summarized by Hoffmann et al. [89] in a review of several types of information
including scientific reports, newspaper articles and eyewitness reports to evaluate the impact of the
1945 Makran tsunami on the Makran coastlines. Based on their investigations, they concluded that
the death toll of 4000 people [8,90] due to the 1945 Makran tsunami is overestimated and the actual
number of deaths is in the order of a couple of hundreds. A field survey was carried out in 2010 to
investigate and report the impacts of the 1945 Makran tsunami on the southeastern Iran’s coasts [37].
The run-up amplitudes due to the 1945 Makran were estimated at 3 to 7 m (Figure 4) by combining
the information from tsunami survivor interviews and field measurements for nine locations along
the coastline of Iran [37]. This survey was done more or less in parallel with similar efforts in Oman,
Pakistan, and India under the United Nations umbrella. Qualtitative results compiled in an online
booklet [91].

Figure 4. The results of the 2010 fieldwork by Okal et al. [37] in terms of estimated run-up (brown bars)
or splash (orange bars) caused by the 1945 Makran tsunami for nine locations along the coastline of
Iran (modified after [37]).

The only available instrumental records of the 1945 tsunami are two tide gauge records at Karachi
and Mumbai. These two gauges were detided and exploited in numerical modeling studies of the 1945
tsunami [13,14,38]. Recently, Adams et al. [92] detided and analyzed the long version of the Karachi
marigram for the 1945 Makran tsunami. They detected an early anomaly before the main shock,
through an unconventional detiding manner, and interpreted it as the result of an instrumental or
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human error, or an earthquake precursor. The tide-gauge maybe also undervalued the maximum
tsunami wave height due to a perceived gap in the marigram that likely coincided with the largest
wave [92]. As detided in two different ways [13,92], the maximum gauged height is about 0.5 m.
The ungauged wave of the marigram gap was probably higher; however, as judged from effects
elsewhere in Karachi Harbour [92,93].

3.1. Deterministic Studies

In this section, we review the available literature on deterministic tsunami hazard assessment for
the Makran subduction zone. These reviewed works modeled tsunamis for specific scenarios in the
Makran region. We classify the DTHA studies into two groups: (1) modeling of real tsunamis in the
MSZ and (2) modeling of hypothetical tsunami scenarios in the MSZ.

3.1.1. Modeling of Real Tsunamis in the Makran Subduction Zone

Heidarzadeh et al. [8] simulated the 1945 Makran tsunami and based on the comparison between
simulated and observed run-ups concluded that the earthquake cannot be solely responsible for
the tsunami. Rajendran et al. [36] used the source parameters provided by Byrne et al. [3] to
model the tsunami waves of the 1945 Makran event and compared the simulated arrival times with
observed ones. Both studies stated that the contribution of a submarine landslide along with the
earthquake to produce large run-up of up to 12–15 m is probable. However, Heidarzadeh et al. [8]
proposed two other alternatives including splay faulting and incorrectness of the reports of large
run-up heights. Also, they disapproved the idea of a possible larger magnitude for the 1945 Makran
tsunami [10] since the reports of the coseismic uplift (∼2 m) are in agreement with the magnitude of
M w 8.1. Arjun et al. [94] simulated the run-up caused by the tsunami of 1945 in order to examine its
impact along the southwest coast of India and Lakshadweep islands. Neetu et al. [13] examined the
cause of significant waves by this tsunami through numerical modeling and analysis of tide gauge
records at Karachi and Mumbai. The trapping of tsunami wave energy on the Makran continental
shelf is the cause of the relatively high tsunami waves at Karachi. Neetu et al. [13] concluded that the
1945 earthquake produced the tsunami without contribution of any secondary sources.

Heidarzadeh and Satake [14] employed different methods such as spectral analysis, tsunami
forward modeling and tsunami inversion analysis to reach a good fit between simulated and
observed waveforms and to achieve an optimized tectonic source model for the 1945 Makran
tsunami. They performed a sensitivity analysis to test the effect of source parameters on the tsunami
waveforms at Karachi and Mumbai. They found a strike angle of 245◦ to gain a better match between
their computations and the observations. This value is close to the strike angle of 246◦ from the
focal-mechanism solution of Byrne et al. [3], which is oblique to the roughly east-west strike of the
plate boundary. Their optimized tectonic source model debatably includes tectonic subsidence at
Pasni. Eyewitnesses recalled ejection of reddish water through cracks, along with localized sinking
of a harbor area [91]. Phenomena better explained, as in Ambraseys and Melville [49], as effects of
seismic shaking, and as tectonic deformation. To reach a better agreement between simulated and
observed waveforms, Heidarzadeh and Satake [38] added three different possible secondary sources
to the tectonic source of the 1945 tsunami proposed by Heidarzadeh and Satake [14]. These three
secondary sources include splay faulting, delayed rupturing and a submarine landslide. They found
a combined earthquake-landslide source to give the best match to observations (see Figure 5).
The simulated waveforms for the combined source model slightly diverge from the ones for the
single tectonic source model. The optimized combined source model reproduced the reported
coastal amplitude of ∼12 m [49,95] along a segment of Pakistan’s coast [38]. Patel et al. [96] took the
source parameters from Byrne et al. [3] to simulate the 1945 tsunami and produce tsunami risk zone
maps for the western parts of Gujarat, India. Rastgoftar and Soltanpour [97] examined a submarine
landslide as the major source of the 1945 tsunami using numerical modeling and comparison between
simulations and reported data. Sarker [98] modeled the 1945 Makran tsunami as an example to
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discuss impacts of tsunamis on coastal facilities and communities and their associated structural
design considerations. Heidarzadeh and Satake [4] performed numerical modeling and analyzed the
recorded sea level data to introduce the possible source for the Makran tsunami of 2013. Three different
tsunami sources including a mud volcano, diapir and submarine landslide were examined. The results
of their numerical modeling suggested a submarine landslide triggered by the inland earthquake was
the plausible generator of the 2013 tsunami.

Figure 5. (a) The combined earthquake-landslide source proposed by Heidarzadeh and Satake [38]
for the 1945 Makran tsunami. Their landslide source has an identical length and width of 15 km
and a thickness of 600 m. (b) The resultant maximum coastal amplitude from the combined source
[38] (c) Comparison between the observed and simulated waveforms at Karachi and Mumbai [38].
OBS observed, SIM simulated, U uplift, S subsidence. Modified after Heidarzadeh and Satake [38].

3.1.2. Modeling of Hypothetical Tsunami Scenarios in the Makran Subduction Zone

Okal and Synolakis [99] evaluated far-field tsunami hazard in the Indian Ocean for ten
megathrust earthquake scenarios, including two worst-case scenarios of the eastern and the entire
MSZ. Heidarzadeh et al. [100] considered six M8.3 earthquake scenarios along the Makran subduction
zone to perform tsunami numerical modeling in the MSZ. Heidarzadeh et al. [29] conducted inundation
modeling for three extreme scenarios in the Makran subduction zone. A preliminary estimation of
tsunami hazard was presented by Heidarzadeh et al. [72] for five 1945-type earthquakes (M w 8.1)
scenarios along the MSZ. Based on their results, a 1945-type earthquake may cause coastal amplitudes
of 5–7 m along the Iran and Pakistan coastlines.

The effect of Murray ridge (see Figure 2) on tsunami waves from the MSZ was studied
by Swapna and Srivastava [41] using numerical modeling. They considered a 1945-type scenario
and two scenarios of full lengths of the eastern and western Makran segments. The presence of
the Murray ridge changes the directivity, arrival times and amplitudes of tsunami waves towards
the south of the MSZ. Payande et al. [101] generated inundation maps for the Chabahar bay, south
east of Iran for three tsunami scenarios along the Makran subduction zone. Figure 6a shows a
tsunami inundation map of the Chabahar bay for a M w 9.2 earthquake scenario in the MSZ [101].
All scenarios have an identical epicenter in front of the Chabahar bay in order to radiate the
maximum energy of tsunami waves towards Chabahar. They pointed out that the Ω shape of the
bay reduces the energy of tsunami waves and the highest waves happen on the exterior coasts
of the bay. Browning and Thomas [102] presented a new method for quick initial tsunami hazard
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assessment in Muscat and Salalah, Oman. Their method includes estimation of run-up and expected
maximum loss due to a tsunami using Google Earth and open access GIS and seismic databases.
They produced tsunami inundation maps for important coastal segments of Muscat and Salalah
(e.g., Figure 6b). Their proposed technique can especially benefit the developing countries and regions
with absence of high-resolution bathymetry data. Schneider et al. [103] also developed a modern
approach for tsunami flooding risk and vulnerability assessment in Muscat, Oman. They defined a
Relative Vulnerability Index (RVI) to grade the vulnerability of buildings to damage by tsunamis.

Figure 6. (a) Tsunami inundation map for the Chabahar bay, Iran from a M w 9.2 earthquake scenario
in the MSZ (modified after [101]). (b) Tsunami inundation map for the Muscat, Oman from a M w 8+
earthquake scenario in the eastern Makran (modified after [102]).

Suppasri et al. [104] defined four earthquake scenarios in the MSZ and five landslide scenarios
inside the Persian Gulf and performed numerical modeling for each scenario to evaluate the
deterministic tsunami hazard in the Persian Gulf. Aguirre-Ayerbe et al. [54] developed an integrated
tsunami risk assessment approach for the purpose of enhancing the tsunami risk management in Oman
considering different site-specific conditions. El-Hussain et al. [105] conducted a deterministic tsunami
hazard assessment along the Sur coast of Oman for a worst-case scenario (M w 8.8) and a 1945-type
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(M w 8.1) earthquakes. Latcharote et al. [106] studied deterministic tsunami hazards in Kuwait and the
Persian Gulf for a range of earthquake and landslide tsunami scenarios.

Rashidi et al. [30] estimated the energy of tsunami waves generated by seabed displacement in the
near field for a multi-segment source model of the Makran subduction zone. Both static and dynamic
generation mechanisms [107] were studied to illustrate the temporal and spatial evolution of tsunami
wave energy and exchanges between kinetic and potential energies. A relation between moment
magnitude M w and the total tsunami wave energy was also provided for the entire, western and
eastern Makran (see Figure 7). They showed that only a minor portion of the seismic energy can
generate a tsunami. Rashidi et al. [108] simulated the propagation and inundation of tsunami waves
along the southeastern coastline of Iran for a M w 8.7 earthquake scenario in the western Makran.
Dividing the southeastern Iran into three western, middle and eastern subareas, they showed that the
eastern area is more hazardous than the others. To evaluate near-field and far-field tsunami hazards
from the western Makran, Rashidi et al. [17] created a source model and developed a novel method
to incorporate the slip heterogeneity using scaled slip distributions of some recent tsunamigenic
earthquakes (i.e., 2006 Kuril Islands, 2011 Tohoku and 2015 Chile events) into the rupture area.
Their results show that a 2011 Tohoku-type event by the western Makran rupture area can cause
significant near-field and far-field tsunami hazards (c.f., Figure 8a). Although the western Makran
does not seem to have the power to produce such a large earthquake, this hypothesis shows the
extreme worst-case scenario from the western Makran. Perhaps, generation of a similar tsunamigenic
earthquake to the 2015 Chile event from the western Makran is more plausible (c.f., Figure 8b).

Remark 1. The middle frame in Figure 8a could be presented to coastal geologists as an outrageous hypothesis
for them to test. Coseismic subsidence of 5 m is more than double the subsidence that left lasting intertidal
records of giant earthquakes of the 20th century such as 1960 Chile [109] and 1964 Alaska [110]. At Cascadia,
micropaleontologists were reckoning coseismic subsidence in 1700 C.E. to be about 1 m or less [111]. These points
illustrate a different way that coastal geology might contribute to tsunami hazard assessment at Makran,
by providing estimates of coseismic vertical deformation directly relatable to modelers’ scenarios for fault rupture
and initial condition.

Figure 7. Relationship between moment magnitude and tsunami wave energy for the entire,
western and eastern Makran (modified after [30]).
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Figure 8. Near-field and far-field tsunami hazard from a 2011 Tohoku-type (a) and a 2015 Chile-type (b)
earthquake scenarios in the western Makran. The top frames show the source models. Purple star is the
epicenter. The middle frames show the computed vertical seafloor deformations from the earthquake
scenarios. Dashed lines represent the fault plane. The bottom frames show the maximum wave
amplitudes from the scenarios. Modified after Rashidi et al. [17].

3.2. Probabilistic Studies

Burbidge et al. [112] presented a PTHA for Indian Ocean nations from three subduction
zones of the Makran, Sumatra–Andaman and South Sandwich. For each Indian Ocean nation,
they illustrated hazard curves and tsunami hazard maps for a return period of 2000 years.
Heidarzadeh and Kijko [113] assessed the tsunami hazard from three 1945-type (M w 8.1)
sources at coastlines of Iran, Pakistan and Oman developing the seismic probabilistic method
of Kijko and Sellevoll [114] for tsunamis. They computed tsunami probabilities at some selected sites
and along the coastlines of Iran, Pakistan and Oman. They noted that their study is a first generation
PTHA for MSZ due to the small number of tsunami sources (three) with equal magnitudes (M w 8.1).
Browning and Thomas [102] introduced a new approach to estimate the probability of the next possible
tsunamigenic earthquake in a subduction zone with a similar magnitude.
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El-Hussain et al. [115] performed a PTHA for the coast of Oman from a range of small and
large scenarios in the MSZ through a logic-tree approach. Their valuable probabilistic study led
to a set of probability hazard exceedance maps for the Oman shoreline in different time periods.
Hoechner et al. [116] conducted an interesting PTHA for the MSZ and produced probabilistic tsunami
hazard curves for the Makran coastlines using different generated synthetic earthquake catalogs
for a time length of 300,000 years. They simulated all the events in the catalogs to compute
maximum tsunami wave heights along the Makran coastlines and to produce different useful
tsunami hazard outcomes including probabilistic tsunami heights and hazard curves (Figure 9a,b).
El-Hussain et al. [105] conducted a high resolution PTHA for the coastal segment of Sur, Oman using

the earthquake scenario database from El-Hussain et al. [115]. They presented their results in a series of
local hazard maps displaying the probability of tsunami wave height/flow depth exceeding different
thresholds in given exposure times of 100 and 500 years (see e.g., Figure 10).

Figure 9. Tsunami hazard curves by Hoechner et al. [116] (a,b) and Rashidi et al. [56] (c,d) for coastlines
of Iran-Pakistan (left panel) and Oman (right panel).
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Figure 10. Probability of tsunami wave height/flow depth exceeding 0.5 m (a,b) and 1 m (c,d) for time
periods of 100 (left panel) and 500 (right panel) years along the coastline of Sur, Oman [105].

Rashidi and Keshavarz Farajkhah [117] employed the probabilistic approach to analyze the
tsunami hazard along the southeastern coast of Iran considering a range of magnitudes for the entire,
western Makran and eastern Makran tsunamigenic source zones. They generated various tsunami
hazard plots such as distributions of probability of exceedance and probabilistic tsunami wave height
along the coastline of Iran and hazard curves in different time periods. Rashidi et al. [56] developed
an innovative technique through generating a series of random heterogeneous slip models for a
non-planar fault geometry of the MSZ and estimated tsunami hazard probabilities along the coastlines
of Iran, Pakistan and Oman. They created tsunami probability maps for thresholds of 0.5 and 3 m wave
heights over time periods of 50, 250 and 1000 years (see Figure 11) and hazard curves for coastlines
of Iran-Pakistan and Oman (see Figure 9c,d). According to Rashidi et al. [56], the slip heterogeneity
controls the tsunami wave height and its variation in the near field, especially around the largest
asperity on the rupture area.
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Figure 11. Probability of tsunami wave height exceeding 0.5 m (left panel) and 3 m (right panel) for
time periods of 50, 250 and 1000 years along the coastlines of Iran, Pakistan and Oman (modified
after [56]).

4. Discussion

As pointed out by Gutscher and Westbrook [118], older models proposed that fast (>4 cm/year)
and young (<50 Ma) subduction zones produce larger earthquakes, but the 2004 Indian Ocean tsunami
(M w 9.1) by the Sumatra–Andaman subduction zone (velocity = 2–3 cm/year, age = 60 Ma) was a
counterexample. Other researchers also learned that lesson from the 2004 earthquake (e.g., [119,120])
before it was underscored by the 2011 Tohoku event which was an enormous earthquake from
subduction of a dinosaur-age (230–65 Myr) part of the Pacific Plate. McCaffrey [120] notes that
convergence rate may influence earthquake rate without affecting earthquake size. Makran is a
relatively slow (2 cm/year) and old (70 Ma) subduction zone; however, it is theoretically capable
of generating great earthquakes [100]. The shallow dip of the MSZ can potentially increase the
coupling and provide an appropriate situation for production of large plate boundary events [27,118].
In addition, the thick sedimentation on the incoming plate can also increase the coupling since
earthquake asperities can extend to larger depths and pressures [118,121]. Another highlight is
regarding the low background seismicity of the MSZ; while there are active subduction zones
(e.g., the southwestern Pacific Ocean) with lack of M9 earthquakes since 1900, some subduction zones
with low background seismicity (e.g., Nankai, southern Chile) hosted megathrust earthquakes [122].
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Several studies indicated the possibility of partial locking of the MSZ (western Makran) and its
potential for producing great earthquakes in the future (e.g., [5,11,15,123]).

A key lesson from the 2004 Indian Ocean and 2011 Tohoku tsunamis is that we can never
underestimate the behavior and power of a subduction zone. Those events warned us that
tsunamigenic events from any vast subduction zone in the world should be anticipated [119,124].
The 2011 Tohoku tsunami showed the errors in the maximum expected earthquake magnitude and
the chosen tsunami design height for the tsunami barriers. The 2011 Tohoku tsunami was scarcely
anticipated. At least one team of geologists had been studying evidence for its predecessors but the
tsunami essentially outraced them [125]. A second such team later emphasized that the enormity
of the 2011 tsunami would have been difficult to anticipate from the traces of a predecessor from
869 CE [126]. Before the 2004 Indian Ocean event, it was thought that the Sumatra subduction
zone, at least the northern part, would be asleep and no tsunamigenic earthquake would be likely
to happen [56]. However, the occurrence of the 2004 catastrophic tsunami violated the previous
hypotheses. Recent geological investigations in Thailand, Indonesia, Sri Lanka, India and Tanzania
led to discovering tsunami sediment deposits over the last 1000 years (e.g., [127–130]). This shows the
importance of sedimentology studies to find past events and investigate the tsunamigenic potential
of subduction zones. Extreme-wave deposits were found in recent studies on sediments along the
shores of Oman (e.g., [88,131]) suggesting the occurrence of historical tsunamis in the Makran region
and especially the potential of the western Makran in producing large ruptures. Such geological
studies are also required for shores of Iran and Pakistan. These investigations can also be done by
following the examples from other regions in the world. Among examples from other subduction zones,
reference could be made to northeasternmost Japan, along the Kuril Trench, where the earthquakes
known from historical records (written, instrumental, or both) were associated with moderate tsunamis,
in contrast with flooding that ran kilometers inland in the local prehistory of the 17th century CE and
earlier [132–134]. Another potential role model is a recent combination of geophysical, documentary,
and geological research on a giant 1730 earthquake and tsunami in what is now part of metropolitan
Chile [135,136]. The same story as the 2004 and 2011 tsunamis may occur to the MSZ and it would be
prudent to plan for or anticipate plausible future events. Ongoing or future risk management may be
based on considering the possibility of future plate boundary events by both the western and eastern
Makran or even the entire Makran.

4.1. Hazardous Areas

In Tables 1 and 2, we present a general comparison between DTHA and PTHA studies in terms of
maximum amplitude and Probability Of Exceedance (POE), respectively. In general, the differences
in the results of these studies are mainly due to different source parameters, location, dimension,
slip distribution, magnitude-frequency relation, maximum magnitude assumption, number of sources
and hydrodynamic model. A review of DTHA and PTHA studies for the MSZ shows that the coastal
segment between Muscat and Sur is the hazardous zone along the Oman coastline. To the south of
Oman, tsunami waves attenuate, especially due to the presence of the Masirah Island. Several coastal
areas along the shores of Iran and Pakistan are more prone to tsunami hazard. These locations are
mainly around Kereti, Chabahar, Konarak and Beris along the coastline of Iran and Jiwani, Gwadar,
Pasni, Ormara and Karachi at Pakistan.
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Table 1. Comparison between computed maximum values of coastal amplitude along the coastlines of Iran (IR), Pakistan (PA) and Oman (OM) from different
DTHA studies.

No. Study Source Zone Magnitude (M w) Max Amp for IR (m) Max Amp for PA (m) Max Amp for OM (m)

1 Heidarzadeh et al. [100] Makran 8.3 10 ∼8 7

2 Heidarzadeh et al. [29] Eastern Makran 8.6 3 10 3
Makran 9.0 ∼24 ∼20 ∼17

3 Heidarzadeh et al. [72] Makran 8.1 ∼7 ∼6 ∼5

4 El-Hussain et al. [105] Eastern Makran 8.8 — 8 2

5 Rashidi et al. [108] Western Makran 8.7 11 — —

6 Rashidi et al. [17] Western Makran

8.3 4 2 4
9.0 41 5 23
9.1 52 9 38
8.3 5 2 5

7 Rashidi et al. [56] Makran 9.1 15 16 12

Table 2. Comparison between estimated maximum values of probability of exceedance (POE) along the coastlines of Iran-Pakistan (IR-PA) and Oman (OM) from
different PTHA studies.

No. Study Source Zone Magnitude POE POE POE POE POE POE POE POE
(M w) (1 m/50 yr) (1 m/50 yr) (1 m/250 yr) (1 m/250 yr) (1 m/500 yr) (1 m/500 yr) (1 m/1000 yr) (1 m/1000 yr)
Range for IR-PA for OM for IR-PA for OM for IR-PA for OM for IR-PA for OM

1 Heidarzadeh and Kijko [113] Makran 8.1 ∼0.45 ∼0.45 — — — — — —

2 El-Hussain et al. [115]
Makran 7.5–9.1

0.85 ∼1 1Western Makran 7.5–8.7 — — — — —
Eastern Makran 7.5–8.8

3 Hoechner et al. [116] Makran up to 9.0 ∼0.5 ∼0.2 — — 1 ∼0.9 — —

4
Rashidi and Makran 7.5–9.1

∼1 ∼1Keshavarz Western Makran 7.5–8.9 — — — — — —
Farajkhah [117] Eastern Makran 7.5–8.9

5 Rashidi et al. [56] Makran 9.06–9.12 0.6 0.6 1 1 — — 1 1
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Based on an overview of tsunami hazard studies for the MSZ, we illustrate an approximate map of
tsunami hazard levels along the coastlines of Iran, Pakistan, and Oman (see Figure 12). We note that the
presented map only depicts a general outlook of Makran tsunami hazardous areas. The vulnerability of
an area to tsunami hazard depends on different factors, including the population density (c.f., Figure 12).
Karachi, Chabahar, Muscat and Sohar are ports with the highest population density along the Makran
coastlines. The population and economic growth along these coastlines increase their exposure
to tsunami risk and imply the importance of vulnerability assessment. Such assessments were
conducted for Oman coasts (e.g., [54,103]) for risk management and reduction purposes. As an example,
Aguirre-Ayerbe et al. [54] provided useful maps of infrastructure, human and integrated vulnerability
levels for Oman (see Figure 13). All Makran nations require official decision maps (e.g., inundation
maps, vulnerability assessments, evacuation maps) to be prepared before any possible future disaster.

Figure 12. Population denisity [137,138] and tsunami hazard level along the coastlines of the
Makran region.
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Figure 13. Infrastructure, human (a) and integrated (b) vulnerability assessments for the Oman
coastline [54].
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4.2. Uncertainties and Limitations

Uncertainties in a tsunami hazard assessment can be classified into two main groups:
aleatory and epistemic uncertainties [139]. Aleatory uncertainties are random and are associated
with unpredictability aspects of an event (e.g., source parameters, slip distribution, tides, etc.).
Epistemic uncertainties are related to limitations in our knowledge of physical processes [139] in
which we can reduce them by enhancing our knowledge, finding new evidence and develop new
methods (e.g., rupture segmentation, fault geometry, magnitude-frequency relations, bathymetric data,
etc.). In this study, we do not categorize the uncertainties in THA of the MSZ. Here, we only outline
the main uncertainties and limitations that might challenge researchers to study the tsunami hazard in
the MSZ.

4.2.1. Tsunami Generation

Among different stages of a tsunami, modeling of tsunami generation in the Makran subduction
zone possesses the most uncertainties due to the enigmatic tsunamigenic potential of the MSZ.
These uncertainties are mostly associated with tsunami scenario definition in the MSZ. Significant part
of the MSZ lies beneath the ocean and the lack of hardware technical developments (e.g., marine GPS
stations, seafloor sensors, etc.) limits our estimation of the time and location of the next possible
subduction zone earthquakes. Moreover, the relative location of the locked sections of the megathrust
(especially the western Makran) to the coastal communities is a key factor in the damaging potential of
the future events [140]. The absence of adequate geophysical implements does not let us resolve this
confusion that whether the western Makran is locked or not.

The potential locking between the down-going and overriding plates can be either partly or
entirely and its degree and extent cannot be determined due to the absence of seismicity in the
western Makran region [3,88]. The minimum and maximum depths of the slab interface are unknown.
The Makran subduction zone appears to have no well-defined trench due to the presence of thick
sedimentary layers and also due to the shallow dip (∼2–3◦) of the down-going plate [27,141]. Therefore,
it was difficult to approximate the geometry of the seismogenic plate interface. Prediction of impacts
of future tsunamis depends on the accuracy of the source model especially the geometry of the
plate interface. Most studies considered a simple planar geometry for the MSZ or its western and
eastern segments. Hoechner et al. [116] and Rashidi et al. [56] are two exceptional studies that
assumed a non-planar geometry for the MSZ. Several studies represented a possible plate interface
for the MSZ (e.g., [1,3,11,15,142]) that can be used by modelers to setup source model(s) of the MSZ.
Recently, Hayes et al. [143] presented 3D geometry models of all active subduction zones in the world,
called Slab2, including a slab model of the MSZ. In Figure 14 we plot this model and compare the
plate interface from it with three other interfaces from Smith et al. [11], Frohling and Szeliga [15]
and Penney et al. [1].

The other uncertainty is regarding the slip distribution of tsunamigenic earthquake sources.
Hydrodynamic modeling might not produce the accurate effect of a tsunami if uniform slip is
considered for the earthquake source [56]. While the common approach in tsunami modeling is to
assume a uniform slip for source models, slip heterogeneity has a key role in distribution and amplitude
of tsunami waves in the near field. Only a few studies presented tsunami earthquake scenarios in
the MSZ with non-uniform slip distribution (e.g., [14,17,56,116]). Alternative ways to incorporate the
rupture complexity in setting up tsunami scenarios could be creating synthetic stochastic slip models
and or using slip distributions of other tsunamigenic events in the world. To reduce the uncertainties,
more scenario-based studies (e.g., [56,105,115–117]) are essential to consider the most likely sources
and to describe the impacts of possible future events in the MSZ.
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Figure 14. (a) Slab2 model for the Makran subduction zone presented by Hayes et al. [143]. Solid blue
“a”, “b” and “c” lines are profiles from Penney et al. [1], Smith et al. [11] and Frohling and Szeliga [15],
respectively, which denote the cross sections of plate interfaces. (b) Profile “b” showing cross sections of
the plate interface from Penney et al. [1] (dashed blue line) and the Slab2 model (red line). (c) Profile “c”
showing cross sections of the plate interface from Smith et al. [11] (dashed blue line) and the Slab2 model
(red line). (d) Profile “d” showing cross sections of the plate interfaces from Frohling and Szeliga [15]
(shallow, dashed blue line; deep, dash-dotted blue line) and the Slab2 model (red line).

The above-mentioned issues are major sources of uncertainties that challenge tsunami modelers
to define tsunami earthquake scenarios in the Makran region. In addition, the contribution of other
tsunamigenic sources such as landslides and splay faults in raising tsunami hazard of the Makran
region have not been adequately studied, especially in PTHA. The role of these sources in enhancing
tsunami hazard could be either combined with earthquakes from the MSZ or evaluated independently.
Recently, Rashidi [22] performed a comprehensive tsunami hazard assessment using both deterministic
and probabilistic approaches for the splay faults in the western Makran. According to Grezio et al. [139],
there are large uncertainties regarding the probability, possible location and dynamics of landslides
basically due to the lack of proper geological data. These uncertainties could be serious challenges for
researchers to study and simulate tsunamigenic landslides in the Makran region.

4.2.2. Fault Segmentation

Since the MSZ in seismically segmented into a western and an eastern parts, rupture segmentation
has significant implication for the tsunami hazard in the region, especially the maximum magnitude
and rupture length [139]. El-Hussain et al. [115] considered two models for rupture in their logic-tree
approach, including single rupture by the entire MSZ and segmented ruptures by the western and
eastern Makran, and assigned different weights for each model.

4.2.3. Magnitude-Frequency Relation

To perform a PTHA for seismic tsunami sources, annual rates of earthquakes need to be computed
usually via the Gutenberg–Richter magnitude-frequency relation: log N = a − b · M where N
is the cumulative number of earthquakes with magnitude > M, a is a constant showing the activity
rate and b is the slope of the relation. The magnitude-frequency relation parameters (a and b values)
and the assumed maximum magnitude are associated with some uncertainties. Due to the unusual
seismicity and uncertain potential of the MSZ, the uncertainty of maximum expected magnitude
could be very high for the MSZ. Hoechner et al. [116] showed the dependency of PTHA results on
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the value of assumed maximum magnitude and variation of the parameters of the Gutenberg–Richter
relation. Moreover, another uncertainty for computing magnitude-frequency relation is the seismic
zonation [139] as determining the MSZ tectonic boundaries could be challenging due to the uncertainty
in its seismicity.

4.2.4. Numerical Modeling

An important challenge that tsunami modelers have to face is the lack of high resolution
bathymetry data for the Makran coastlines. Validation of results is another challenge for researchers
due to the lack of historical data for the MSZ. There could be also uncertainty over whether the
bottom friction should be considered in hydrodynamic modeling or not. Most of experts converge
to say that the realistic prediction of tsunami run-up should include bottom friction effects. If the
bottom friction is considered, another uncertainty is regarding choosing appropriate value(s) for the
Manning’s roughness coefficient. However, if we neglect completely the friction effects, the numerical
model will slightly overestimate the run-ups, which seems to be a safe and conservative choice for
the tsunami hazard assessment. On the other hand, if more accurate estimations are needed, a special
hydrodynamic field study is needed to estimate the roughness of the beaches and coasts.

5. Conclusions

Here we present some tentative conclusions and recommendations regarding the tsunami hazard
in the Makran subduction zone:

• The near-field tsunami hazard in the northwest Indian Ocean area is mainly controlled by the
MSZ; however, the contribution of other near-field sources needs more investigation as they can
pose significant future tsunami hazards.

• Far-field tectonic sources may not pose a significant tsunami risk to the Makran coastlines.
• The levels of uncertainties for performing tsunami hazard studies in the MSZ are high due to the

lack of detailed data and knowledge especially on the geometry of the plate interface.
• Paleotsunami research, coastal geology and analysis of extreme-wave deposits have also very

important implications for tsunami hazard assessment. They can reduce or remove uncertainties
about age, location, mechanism and potential of the source of deposits.

• Although significant progress for understanding the tsunami hazard of the MSZ was achieved
recently, more scenario-based studies are required to lower the uncertainties and anticipate
possible impacts of future events.

• Most tsunami hazard studies in the MSZ are deterministic and thus, more detailed probabilistic
risk-based assessments are required to achieve better perspectives of future events.

• To implement the results of deterministic and probabilistic tsunami hazard assessments in the
Makran region, more and better data are required. Numerous numerical studies for this region
suffer from the lack of high-resolution site-specific topo-bathymetric data.

Perspectives

Future research directions may be focused on:

• Characteristics of thick sediments of the MSZ as they can have undeniable implications on the
future tsunami hazard in the MSZ.

• Achieving a better image of the subduction geometry.
• Conducting more studies on extreme-wave deposits and paleotsunami research along the

coastlines of Makran.
• Detailed vulnerability assessments for all coastlines of Makran taking into account different

human and economic factors.
• Hazard potential of other tsunamigenic sources such as splay faults, submarine landslides and

meteotsunamis in this region. Meteotsunamis can be a subject of future research as they are
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an underrated hazard that may pose hazard to the coastlines of the Persian Gulf and the Gulf
of Oman.
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