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ARTICLE INFO ABSTRACT

Editor: Edward Anthony Tsunamis and cyclones are sea-borne hazards capable of inundating vast coastal areas. This study aims at an
extreme wave hazard assessment with a preliminary inundation analysis along the Makran Coast, Pakistan. The
coastal hazard, particularly tsunamis, is evaluated by integrating five approaches: (i) probabilistic tsunami
hazard assessment (PTHA); (ii) deterministic tsunami hazard assessment (DTHA); (iii) geophysical-seismic (2-D
thermal modelling), (iv) sedimentary tsunami deposits (tsunamis); and (v) the historical record. The recurrence
interval for a mega-tsunami event (>12 m) is between 500 and 1000 years in the Arabian Sea. Of these mega-
tsunamis, about 60% are generated by seismic sources, while the remaining 40% are attributed to secondary (co-
seismic submarine landslides) and other non-seismic sources. Based on the above five approaches, the hazard
analysis helped to shortlist four wave scenarios (3, 7, 10, and 15 m). Which were further used to demarcate risk
areas through static inundation analysis. The results indicated that the damage potential at the coast is minor to
negligible with 3 m waves and moderate with 7 m waves. Whereas the 10 m and 15 m waves will severely disrupt
the study area. In addition to tsunami risk, cyclone risk is assessed by interpolating storm tracks dating back to
1842 CE. In the last 64 years, cyclone frequency has jumped from 1 cyclone per 10 years to 20 cyclones per 10
years, and the intensity has increased by two levels from Tropical Storm (TS) to Category-3.
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Daiichi nuclear disaster by releasing radioactive material in the ocean
and atmosphere.

The historic record of cyclones and tsunamis along the coast is per-
plexing due to the scarcity of historical records and the palaeo-dynamics
of extreme wave events, which impedes hazard assessment. Further, the
study area lacks field investigations for the palaeo-extreme wave events
to approximate their recurrence intervals and coastal impacts. Signifi-

1. Introduction and aims

Tsunamis, cyclones and rising sea levels are natural hazards to
coastal areas. In the Indian Ocean, the 1970 Bhola cyclone in the Bay of
Bengal, the 1998 Gujarat cyclone in the Arabian Sea, and the 2004
tsunami along Sumatra Island are some of the major catastrophic events
that resulted in >0.8 million casualties and more than USD 14 billion in

property loss (Frank and Husain, 1971; Kalsi and Gupta, 2003; Bell,
2011). In spite of such huge losses, the lessons learned from these events
are not widely anticipated on the mitigation side (Lgvholt, 2017). In this
regard, the Makran Coast of Pakistan is also poorly prepared, as the life
and property losses during the 1945 tsunami and the cyclones of 1998,
1999, 2007, 2010 and 2021 reflect a dejected level of preparedness and
resilience. Along the coastline of Pakistan, >24 million people are
exposed to these hazards (see Fig. 1). Another point of concern is the
Karachi Nuclear Power Plant (KANUPP) at the coast near Karachi, which
may create a cascading catastrophe similar to the 2011 Fukushima

cant exploratory work has been carried out along Oman's neighbouring
coastlines. (Donato et al., 2008, 2009; Pilarczyk et al., 2011; Hoffmann
et al., 2011, 2013a,b, 2014, 2015, 2020; Hoffmann and Reicherter,
2014; Koster et al., 2014), Iran (Shah-Hosseini et al., 2011; Vaziri et al.,
2016) and India (Sangode and Meshram, 2013; Bhatt et al., 2016;
Gandbhi et al., 2017; Prizomwala et al., 2015, 2018, 2021, 2022), where
sedimentary deposits (tsunamites) from extreme wave events are re-
ported. These pieces of evidence suggest that the northern Arabian
coastline was repeatedly hit by extreme waves. These extreme events are
mostly attributed to the tectonic and climatic settings of the region.
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From a tectonic perspective, the Makran Coast is highly susceptible to
tsunamis and the Makran Subduction Zone (MSZ) is the main source of
tsunamigenic earthquakes. Since 1945, the Coast has witnessed two
tsunamigenic earthquakes; a major one in 1945 (Mw 8.1) claiming some
hundred human lives (Pendse, 1946; Hoffmann et al., 2013a, 2013b)
and a minor tsunami in 2013 (Mw 7.7) with no losses (Heidarzadeh and
Satake, 2014b).

So far, at the Makran Coast, either a deterministic or probabilistic
approach is used to assess the tsunami hazard. The probabilistic
approach is considered mature (Behrens et al., 2021) due to the
advantage of equating the contribution of possible small and large
events and of treating different sources of uncertainty (El-Hussain et al.,
2018). On the other hand, the deterministic approach considers a spe-
cific scenario that involves various components, including (i) source
type and its parametrization; (ii) modelling tsunami generation and its
propagation in shallow and deep ocean; and (iii) simulation of coastal
inundation (Heidarzadeh et al., 2009b). For coastal engineering, a
deterministic approach is considered more useful as it allows the deri-
vation of the worst-case scenario (max. Wave height, inundation extent
and depth) to design an engineering structure and also avoids the
complications associated with probabilistic analysis. For near field tsu-
namis, the problems with these approaches are associated with large
data gaps, the maximum hazard potential and its spatial distribution.
Furthermore, the former approach also entails knowledge gaps, as-
sumptions and uncertainties. Also, there is no single accepted way of
defining the worst-case scenario. Multidisciplinary and multiproxy ap-
proaches improve hazard and risk assessment (Koshimura et al., 2014;
De Martini et al., 2021; Robke et al., 2015, 2016, 2018). Regarding in-
tegrated analysis, the Makran Coast probabilistic and deterministic ap-
proaches are integrated for hazard and risk assessment by (Khan et al.,
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2003a, 2003b; Salmanidou et al., 2019; Rashidi et al., 2020; Yang et al.,
2022). Here, we compiled and integrated five different approaches
(geophysical, sedimentological-geomorphic, probabilistic modelling,
numerical modelling and historical record), which we called a synergic
approach for hazard assessment. As each approach has its own limita-
tions, the synergic analysis provides better outcomes and a higher level
of confidence. A key tool for coastal risk assessment is the use of inun-
dation maps. Few studies on inundation analysis have been conducted as
Heidarzadeh et al. (2009a, 2009b) created inundation models for the
cities of Pasni and Karachi using 100 m topographic resolution and 12 m
wave height. Mahmood et al. (2012) modelled Gwadar for a 3.7 m high
wave on the 90 m topography of the Shuttle Radar Topography Mission
(SRTM). Surface topography with a resolution of at least 25 m is
considered suitable for inundation analysis and evacuation planning
(Griffin et al., 2015). The resolution of topography used in both cases is
too coarse for risk assessment. In this study, 12 m topography is used for
inundation analysis with four different wave heights (3, 7, 10, 15 m) for
the cities of Karachi, Gwadar, Pasni and Ormara. The outcomes are
presented as maps delineating the areas at risk. The objective of the
paper is to assess the maximum tsunami hazard potential at the Makran
Coast through a multiproxy approach as discussed above. Further, based
on the hazard potential, areas vulnerable to extreme waves are demar-
cated in four major cities.

2. Study area
2.1. Geodynamics

The geodynamics of the study area is evolving from the interaction of
three tectonic plates: the Eurasian, Indian, and Arabian plates (see
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Fig. 1. Location map showing the regional plate tectonic setting (red) and the major cyclones tracks (grey) which hit the coasts in the Arabian Sea. The size of the
grey circle on the cyclone's tracks corresponds to the Saffir-Simpson Hurricane Scale. Data sources: International Best Track Archive for Climate Stewardship-IBTrACS
(Knapp et al., 2010). Earthquake data: International Seismological Centre (ISC-2020). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. A: Figure showing the tectonic setting
and the geodetic motions of the study area. All
the velocity vectors are in millimetres (mm).
Black Arrows (thin): Speed vector, P: perpendic-
ular vector, N: normal vector, grey arrows
(thick): convergence vectors. Different numbers
against the vectors show reporting by different
researchers, as indicated by different colours in
the legend. Makran Subduction Zone (MSZ),
Chaman-Ornach Nal Fault Zone (CFZ), Owen
Fracture Zone (OFZ), Sistan Fault Zone (SFZ),
Sonne Fault (SF).

B: Seismo-tectonic map of the region Earthquake
focal mechanisms are compiled from Quittmeyer
and Kafka (1984); Gordon and Demets (1989);
Byrne et al. (1992); Fournier et al. (2001). The
simplified two-way travel time (TWT) map is
from Smith et al., (2012) showing the nature of
the horizon between the decollement and base-
ment. The cross-sections are integrated from
Byrne et al. (1992).
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Fig. 2). The Eurasian plate is further segmented into micro plates, known
as “blocks.” Similarly, the Arabian Plate also has a submarine microplate
known as the Ormara plate (Kukowski et al., 2000). The tectonic ac-
commodation between these plates is complex and depends on the crust
type at the converging fronts, the relative speed and the direction of
plate motion. Plate interactions are variable, but along some boundaries
certain patterns can be observed (see Fig. 2A).

The rate of spreading at the mid-oceanic ridge (Red Sea) gradually
increases from 7.1 + 5.0 mm at the north to 23.53 + 0.2 mm to the south
at Sheba Ride (ArRajehi et al., 2010). This pattern of divergence is
likewise accommodated at the Makran and Zagros subduction zones
with average dipping of 3 degrees (Kopp et al., 2000), 2 degree (White
and Louden, 1982). The convergence rate increases from 4 + 2 mm in
the Persian Gulf to 19 + 2 mm in the Gulf of Oman (Vernant et al.,
2004). The plate dynamics at the eastern part of the MSZ are anomalous,
as the GPS velocity at the Pasni Coast is about half the speed of its
eastern and western parts (Khan et al., 2008), which reflects a partial
locking or the high-friction subduction zone. The Arabian Plate forms
transform boundary with the Indian Plate with a relative motion of 3 +
1 mm/y (Reilinger et al., 2006; Fournier et al., 2008; Rodriguez et al.,
2011).

2.2. Seismicity

Submarine earthquakes have triggered around 80% of the total
tsunami events documented globally (Harbitz et al., 2014; Lgvholt,
2017). The remaining 20% are caused by landslides, volcanos and
meteoric impacts in water bodies (Behrens et al., 2021). Overall, the
study area is moderately seismic, but events like the 1945 tsunamigenic
earthquake (Mw: 8.1) have created uncertainty. The seismicity along the
MSZ is not uniformly distributed; the western part of the MSZ (offshore
Iran) is relatively silent as compared with its eastern part (offshore
Pakistan). The silence in the western Makran indicates either aseismic
subduction or the interlocking of plate boundaries, which can generate
great earthquakes with long recurrence intervals (Byrne et al., 1992).
Geodetic measurements show 19.5 mm/y convergence (Vernant et al.,
2004), therefore it is not locked (see Fig. 2). The Eastern MSZ is seis-
mically active and most of this activity is attributed to the Sonne Fault
(Kukowski et al., 2000). Smith et al. (2013) relates this seismicity to the
nature of the decollement. The decollement in the south-west of Pasni is
brittle as indicated by high seismic velocities (<4.4 km/s). The brittle
behaviour is due to the absence of soft sediments (very thin or zero) in
contrast to its western part. The velocities of these sediments are com-
parable to those observed at depth in the December 2004 Sumatra
rupture area. The thermal modelling of MSZ shows that it has a potential
to trigger an Mw 9.2 earthquake (Smith et al., 2013). Another thermal
modelling study shows its potential as Mw 8.65 + 0.26 and 8.75 + 0.26
in western (Iran) and eastern (Pakistan) Makran respectively (Kha-
ledzadeh and Ghods, 2022). Regarding the 1945 tsunamigenic earth-
quake (Mw: 8.1), Laane and Chen (1989) through P-wave first motion
studies suggested that the event has a large component of normal
faulting instead and proposed a lithospheric normal faulting event
usually associated with down-going slabs of old age. In contrast, the
detailed studies on the focal mechanism of the 1945 Makran earthquake
by Byrne et al. (1992) show that it is related to a thrust event. Their
dislocation models, body waveform inversion and moment estimates
indicate that the earthquake ruptured 100 to 200 km of crust along the
arc in a down-dip direction. The Murray Ridge has been the easternmost
region of small earthquakes due to right-lateral strike-slip and normal
faulting (Banghar and Syke, 1981). Quittmeyer et al. (1979) confine the
seismicity only along its north-eastern half. The seismicity along the OFZ
is also low to moderate, the maximum magnitude recorded is Mw 5.8
earthquake (Rodriguez et al., 2011).
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2.3. Submarine landslide potential

An underwater landslide has the potential to displace a large amount
of water, which generates a set of waves formally known as a tsunami
(Heidarzadeh and Satake, 2017; Robke et al., 2018; Latcharote et al.,
2018; Salmanidou et al., 2019). Mostly, under normal conditions, loose
submarine sediments can withstand an angle of 12°-30° (Salaree and
Okal, 2015) but other factors, especially seismic shaking can trigger a
landslide with even lower steepness. The Arabian Sea has a considerable
potential for the huge offshore landslides due to a 7 km-thick sedi-
mentary sequence in the Makran Accretionary Prism (MAP) (White and
Louden, 1982) and a ~ 500 m thick pelagic drape on Owen Ridge
(Shipboard Scientific Party, 1989). The high erosion rate is interpreted
for these thick sequences (Kukowski et al., 2001; Ellouz et al., 2007).

The tsunamis of 1945 and 2013 are the most recent examples from
the study area, which have been hypothesised to have been generated by
offshore landslides (Heidarzadeh and Satake, 2014a, 2014b; Hoffmann
et al., 2014). In the 1945 tsunami, there was a 3 h delay between the
earthquake and the first tsunami wave at Pasni, situated at about 40 km
from the epicenter (Pendse, 1946). To explain this delay, Yanagisawa
etal. (2009) through inverse numerical modelling argued for a 3 h delay
due to multi-wave reflection and amplification phenomena. Heidarza-
deh and Satake (2017) simulated three possible secondary sources
(splay faulting, delayed ruptures, and submarine landslides) and pro-
posed that only a submarine landslide having a volume of ~40 km3 (see
Fig. 2B) can reproduce the near-field tsunami of 1945 at Pasni and
Karachi.

On the bathymetric map of MAP, Kukowski et al. (2001) and Ellouz
etal. (2007) identified many circular and linear slump scars. Grando and
McClay (2007) interpreted slumping phenomena on the seismic lines.
Slumping at MAP is generally noticed on the frontal, south-dipping
folded limb, where the thrust faults propagated by folds have achieved
significant height and relief. Mouchot et al. (2010) suggested that in this
active setting, slope instabilities seem frequent but limited in size. Platt
et al. (1985) attributes the slumping and the very rough morphology of
the upper slope to the active uplift and actual tension. The mass
movements ultimately settle in the deeper parts as turbidites. The age of
the Late Quaternary turbidite sequence (sedimentary cores) and earth-
quake record show a good correlation (Prins et al., 2000; Bourget et al.,
2010).

Along the Owen Ridge, Fournier et al. (2011) and Rodriguez et al.
(2012, 2013) mapped the several types of giant mass failures along the
western side of Owen Ridge by using the multibeam bathymetry and
sediment echo-sounder. Southern Owen Ridge displays the largest fail-
ure area and the most voluminous landslides and the highest estimated
volume of activated material during a landslide is up to 45 km3 (see
Fig. 2B). Their research shows that the mass-wasting frequency is low
due to the chaotic nature and slow sedimentation rate, but earthquakes
are more frequent, implying that mass failures are severely limited by
sedimentation rates. In the eastern most part, the landslide potential of
the Indus Delta is the least studied. The Indus River prior to modern
damming used to supply at least 250 Mt./year to the Arabian Sea
(Milliman and Syvitski, 1992), other estimates emphasise a larger range
of 100 to 675 Mt./year (Ali and De-Boer, 2008). Since the last glaciation,
the Indus River has shed about 4050-5675 km3 of sediment into the
Arabian Sea and about half of the stored sediments lie offshore on the
shelf and in the submarine Indus canyon (Clift and Giosan, 2014). The
massive accumulation of sediments in the offshore and canyon areas
makes the delta vulnerable to landslides and necessitates further
investigation.

2.4. Cyclones
In the Arabian Sea, tropical storms, also called cyclones, mostly

develop either before the monsoon (May-June) or after the monsoon
(October—November) with an almost equal ratio. Cyclones form when
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the temperature of the surface water rises above 25 °C, preferably be-
tween 28 and 29 °C (V. K. Singh and Roxy, 2022). The rising tempera-
ture develops a low-pressure region (961 hPa in the 1998 Gujarat
Cyclone), which drifts laterally. The cyclones preferentially develop
over the south-eastern quadrant of the Arabian Sea and sometimes a few
of these develop in the Bay of Bengal and in their course of landfall, they
gradually turn into depressions or well-marked low-pressure areas, but
as they approach the Arabian Sea, they intensify into new cyclones. The
cyclones Shaheen 2021 and Yemyin 2007 in the Arabian Sea developed
from the remnants of Gulab Cyclone and Deep Depression BOB 03/2007,
respectively, in the Bay of Bengal. In the Arabian Sea, the Coriolis force
sometimes recurves the cyclone track clockwise towards the north-
western coast of India and Pakistan (Pedgley, 1967).

3. Methodology and data

Multidisciplinary and multiproxy approaches improve hazard and
risk assessment (Koshimura et al., 2014; De Martini et al., 2021; Robke
etal., 2013, Robke et al., 2015, 2016, 2018). At the Makran Coast, PTHA
and DTHA are used together by (Khan et al., 2003a, 2003b; El-Hussain
et al., 2018; Salmanidou et al., 2019; Yang et al., 2022; Zafarani et al.,
2022). We compiled and integrated five different approaches
(geophysical, PTHA, DTHA, sedimentary tsunami deposits, and histori-
cal record), which we called a synergic approach for hazard and risk
assessment. The data and workflow are summarised in Table 1 and
Fig. 3, respectively. The problems with PTHA and DTHA are associated
with large data gaps, maximum hazard potential determination, spatial
distribution, assumed and uncertain variables and different computa-
tional types (Berryman, 2005; Behrens et al., 2021). To improve hazard
assessment, the PTHA (see Fig. 5) and DTHA (see Table 2) results are
compared with the more meticulously evaluated seismic hazard poten-
tial (PGA), which includes weightage from the area's tectonic elements
and recurrence intervals. Further, analysis of the recurrence interval is
improved by the compilation and correlation of historical records (see
Table 3 in the supplements) and tsunamites records discovered at
different sites around the Arabian Sea (see Table 5). For these tsunami
deposits, MSZ is inferred as the tsunami source except for one mentioned
in the table.

To assess the maximum wave potential, the tsunamites record of
1000 CE is taken as the worst-case discovered so far. This worst-case
attribution is due to its high frequency in Table 5 and its far-flung
spatial distribution (eastern and south-eastern Indian and Omani
Coasts), which reflect that the event was not local but regional and of a
high scale. The tsunami boulder deposits at Fins-Sur, Oman, are up to 40

Table 1
Approaches, methodologies and data used.
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tons for which an approximate wave velocity of 4.5-6.6 m/s is calcu-
lated for dislodging, uplift and transport (Hoffmann et al., 2013a,
2013b) with maximum run-up height of >17 m (Koster et al., 2014). The
numerical inundation modelling of wave velocities for Mw 9.0 is be-
tween 7 and 11 m/s by Mahmood et al. (2012). The deterministic slip
models for Mw 9.0 earthquake, TSUNAMI-N2, MIKE 21 FM, COMCOT
by Heidarzadeh et al. (2009a, 2009b), Payande et al. (2014), Rashidi
et al. (2018a, 2018b) can produce a maximum amplitude of 15m, 18 m
and 23 m respectively. Two studies on the thermal modelling of
decollement; Mw 9.2 and Mw 8.7 by Smith et al. (2013) and Kha-
ledzadeh and Ghods, (2022) respectively support the Mw 9.0 earth-
quake mechanism hypothesis. The probabilistic models are finally
considered, the tsunamis probability of >12 m is 0.6 in 5000 years
(Hoechner et al., 2016) but as of Zafarani et al. (2022) it is 0.8 in 2475
years. The probable PGA value of 1.0 with a return period of 2500 years
capable of generating a Mw 8.0 earthquake (Ahmed et al., 2019;
Waseem et al., 2019, 2020) is in close agreement with the Zafarani et al.
(2022) model. The results of Khan et al. (2003a, 2003b) are entirely
different as they calculated the recurrence interval for this much in-
tensity as 70 years, as the well-known historical record of the last 300
years does not account for such an interval.

The second part of the study includes a preliminary inundation
analysis based on the evaluated hazard index. For inundation studies,
cyclones are another source to be considered. The cyclone hazard map in
the Arabian Sea is produced through interpolation of the historical
cyclone record since 1842. The data is available from the International
Best Track Archive for Climate Stewardship (IBTrACS), 2021. The entire
region is classified into five hazard indices based on track density using
natural neighbour interpolation. The cyclones are categorised according
to the Saffir-Simpson Scale, which is based on the central pressure and
the wind speed. A research gap exists in storm surge modelling along the
Makran Coast. However, the wavelength of tsunamis is much larger and
more devastating as compared with storm surges. For crude estimation,
the maximum storm surge heights of some historic cyclones in the
Arabian Sea are compiled in Table 4 (supplements).

Using the bathtub approach, flow depths are computed by inunda-
tion height and local topography difference. The method assumes a
maximum uniform wave run-up consistent with tsunamites recorded
along the shoreline and floods the base level connected to the beach. The
approach, in sometimes modified versions, is used to study the tsunami
risk assessment in Tohoku, Japan (Masuda et al., 2012); Akoli, Greece
(Tarbotton et al., 2012); Samoa, Pacific (Smart et al., 2016); Muscat,
Oman (Schneider et al., 2016); Augusta, Italy (Pagnoni et al., 2021;
Williams et al., 2021). The static bathtub approach is modified in two

Approach Methodology/ Model Data/ Reference
Cyclone Probabilistic Map based on cyclone density tracks IBTrACS, (1842-2021)
hazard
Seismic Probabilistic Poissonian model, (Cornell and Vanmarcke, 1969) Khan et al. (2003a, 2003b)
hazard Cornell-McGuire (1968-1976) Waseem et al. (2019, 2020)
UBC 97 (International Conference of Building Officials, Ahmed et al. (2019)
1997)
Deterministic Ambraseys and Boomer (1991) Model Khan et al. (2003a, 2003b)
o Synthetic tsunami-EQ catalogue spanning over 3 million Hoechner et al. (2016)
Probabilistic years
Logic tree technique Zafarani et al. (2022)
Tsunami Deterministic Tsunami triggered by faults and landslide-based parameters ~ Compiled: 50 deterministic tsunami models (Table 2)
hazard Historicgl Makran historical and instrumental great earthquakes with Updated after Heidarzadeh et al. (2008)
Tsunami Mw > 6.5
Tsunamites Compilation of.tsunamites discovered at different coasts Compiled: 14 studies/ 8 inferred tsunamites
Record along the Arabian Sea
Masuda et al., 2012
Zi:ﬁklérizgzrzl(d L:::Eo‘lcettlll 20012)) * DEM: TanDEM-X 0.4 arcsec (12 m)
arl T al., .
Risk Bathtub ’ . - Land use: Google Earth-ESRI imagery, Open Street Maps (OSM), and the
Samoa, Pacific (Smart et al., 2016) X .
assessment Approach city survey & planning maps

Muscat, Oman (Schneider et al., 2016)

Augusta, Italy (Pagnoni et al., 2021; Williams et al., 2021)

- Statistics Bureau of Pakistan, 2017
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Fig. 3. Flowchart showing sequential order of various processes used for hazard and risk assessment.

ways for this study: 1) the tsunamites record for highest inundation
height is reported from the Sur/Fins coast, Oman, which is at nearly
equal distance to south of the Makran Coast. The tsunami mechanism for
both of these coasts is inferred to be the same as the MSZ. Further, these
runup heights are compared with the probabilistic and deterministic
models and finally four different wave heights (3, 7, 10, 15 m) for four
major cities (Karachi, Gwadar, Ormara and Pasni). Three wave-
scenarios under 15 m are also analysed for a possible shorter return
period. For inundation analysis, the German Aerospace Center's
TanDEM-X 0.4 arcsec digital elevation model (DEM) with a spatial res-
olution of 12 m is used (see Fig. 4). The TanDEM-X in combination with
TerraSAR-X generates DEM from bistatic X-Band interferometric SAR
acquisitions. A true or bare ground elevation model or digital terrain
model (DTM) is important for setting up the base level for the inundating
sea water. The DEM is converted into the DTM by subtracting the
approximate heights of the features like plants, houses and poles. The
interpolation of open or bare land elevations to buildings, plants, and
poles produced the best results for DTM conversion (see Fig. 4). All the
processing and analysis are performed in GIS environment using ArcMap
10.6.

The bathtub approach's static nature has the disadvantage of inac-
curacy in the estimation of flat, low-lying, and gently rising terrain
(Company, 2015), which have been addressed globally in several pub-
lications through hydro-morphodynamic numerical modelling espe-
cially in the Indian Ocean tsunami 2004 (Prasetya et al., 2011), western
Greece (Robke et al., 2013, Robke et al., 2015, 2016, 2018), Tohoku,
Japan tsunami 2011 (Koshimura et al., 2014), Hilo Bay, Hawaii-Chilean
Tsunami 1960 (Liu et al., 1995), German Bight, Germany (Chacon-
Barrantes et al., 2013).

4. Results

The results from the multi-proxy approach imply that the MSZ has
the potential to trigger >Mw 9.0 tsunamigenic earthquake with a
recurrence interval between 500 and 1000 years, which may generate a
tsunami up to >15 m (see Fig. 5 and Table 2). The region south of Pasni
is more susceptible to tsunamis due to high seismic activity. In this area,
the rigid decollement (Smith et al., 2013), relative geodetic plate mo-
tions at Pasni (see Fig. 2) and differential motion(s) between the Sonne
fault and MSZ (Kukowski et al., 2000) indicates stress accumulation and
release in the area. In this regard, further investigations and evaluation
are highly recommended. The seismic and tsunami hazards are very low
for a 50-year recurrence interval. The historical record of tsunamis is
insufficient and data credibility may be another issue for result valida-
tion; however, a compilation of tsunamites bordering the Arabian Sea
shows that these events occur every 500 years. For hazard assessment,

the estimation of underwater landslides is yet another important mile-
stone to cover, and it has serious implications on the recurrence interval.

The analysis of the cyclonic record since 1958 shows that the in-
tensity and frequency of Category >1 cyclones have increased at an
alarming rate (see Fig. 6B). In the last 64 years, the trend trajectory of
intensity has raised three intensity levels, from tropical storm (TS) to
Category-3. Since 1960, 27 cyclones have been reported, and of these,
14 have developed in the last 7 years. The frequency has increased from
1 cyclone per 10 years from 1960 to 93 to 4 cyclones per 10 years in the
following 20 years (1994-2014). The situation has deteriorated further,
with two cyclones per year recorded in the last seven years
(2015-2021).

The cyclone track density is highest in a linear manner trending
north-south at about 250 km in the Arabian Sea west of the Indian
Peninsula (see Fig. 6A, B). At this linear patch, the sea surface temper-
ature of >27 °C (V. K. Singh and Roxy, 2022) affects the general wind
circulation and reduces the vertical wind shear, which aids the devel-
opment of tropical cyclones (Grey, 1968; Murty, 1984; Zhang and Vil-
larini, 2019; Singh et al., 2020; Hari et al., 2021). Fig. 6B shows three
major routes from the main cyclone centre; first leading to Yemen-Oman
border and second to cities of Hilf and Muscat and third one leads to
India-Pakistan Border region (see Fig. 6B). At times, the cyclones enter
the Arabian Sea from the Bay of Bengal and get amplified due to local
climatic conditions in the Arabian Sea, as happened in 2007 and 2021.
The sea surface temperature of the Arabian Sea has increased by
1.2-1.4 °C in the last four decades, and this rapid rise is attributed to
global warming (V. K. Singh and Roxy, 2022). These ocean warmings
may continue in the future, and they need to be closely monitored for the
cyclone forecast models (Saunders and Lea, 2008; Singh et al., 2020).
Most of the population in Gwadar, Pasni, and Ormara lives between 3
and 7 m above sea level and within 1 km of the coast. In these three
cities, there are around 0.15 million people. According to rough esti-
mates, 8 million people live between 3 and 15 m above sea level in
Karachi. The inundation results for each city are explained separately as
follows:

4.1. Gwadar

Gwadar city will bear no damage from the waves as high as 3 m (see
Fig. 7). It can only cause minor damage to the ships and boats anchored
in the eastern and western bays. The embankments are 4 m from the
high tide limit, which would not allow the waves to spill over the pop-
ulation. Waves with a 7 m amplitude have the considerable potential to
invade the city. These waves can cause moderate damage to infra-
structure and claim human lives. The houses with low RVI will bear
severe damage and a 10 m wave scenario will cause serious damage to



Table 2
A- The compilation of various tsunamis with fault source parameters in MSZ and adjoin tectonics. B- The compilation of various tsunamis for landslide source parameters in Arabian Sea.
Long. Lat. Magnitude Azimuth Length (km) Width (km) Water Epicenter Moment Min Slip MaxSlip(m) Avg.Slip Dip Rake Uplift Wave Software/Code
(Mw) Depth Depth (km) (N/m) (m) (m) Height
(km) (m)
Hosseini Mehr 24.77 58.8 7.2 270 57 22 10 0.708 x 0.8 1.8 1.25 7 90 Model not run SMT
et al., 2018 10*18
El-Hussain et al., 24.66 65.5 8.8 263 461 110 11 7 90 8 NSWING
2018 24.55 64.36 8.1 261 150 70 6.6 7 90 3
M. A. Sarker, MSZ 8 246 55 70 27 10 7 89 1 MIKE21 Flow
2019 1945 EQ epicenter 8.4 246 55 70 27 10 7 89 3 Model FM
Saha and 63.48 25.15 8.0 246 150 70 20 7 7 90 3 TSUNAMI-N2
Srivastava, 65.72 25.22 9 250 360 183 20 11 7 90 4
2019
Heidarzadeh Jiwani-Pasni- 8.6 265 500 100 25 1.95 x 13 7 90 6-9 TSUNAMI-N2
et al., 2008 Somiani 10*22
Jask-Jiwani-Pasni- 9 265 500 150 25 1.01 x 25 7 90 12-15
Somiani 10*23
Heidarzadeh 24.05 63.17 8.1 246 120-150 65-80 2000 27 1.8 x 5.3 6.6 7 89 1.7-2 Max 7 TSUNAMI-N2,
et al., 2009a, 10*21 TSUNAMI-N3
2009b
Heidarzadeh 25.06 64.01 8.4 240 200 100 50 20 1.8 x 7.3 6 90 2 TUNAMI-N2,
et al., 2008 10*21
Heidarzadeh 8 246 Equation Rupture x 0.55 20 Wells and Coppersmith (1994) [25]’s 90 3
et al., 2007 Equation Rupture x 1.187
Heidarzadeh and 230-260 120-237 40-100 17-30 3 x 10*11 6-11 59 70-110 5-6 TUNAMI
Satake, 2014a dyn/cm2
Rajendran et al., 1945 EQ epicenter 8.1 246 150 70 15 7 7 90 5 TUNAMI-N2,
2008
Okal and Makran-Pak 265 7 90 2 MOST
Synolakis, Makran-Pak & Iran 280-265 whole MSZ 7 90 <3
2008
Jaiswal et al., 24.05 63.90 8.6 270 200 100 2000 30 15 15 90 7 Tunami-N2
2009
Yanagisawa 25 64 8.1 246 40-130 65 15 8-30 7 90 5-10
et al., 2009
Rafi and 1945 EQ epicenter 8.5 5.26 5 MOST
Mahmood,
2010
Srivastava et al., 1945 EQ epicenter 9 265 337 190 25 11 7 90 Max 5 TSUNAMI-N2
2011
Arjun et al., EQ-1945 (as Rastogi) 8.1 270 200 100 30 15 15 90 Max 5 TSUNAMI-N2
2011
Akbarpour 326 8.1 280 100-300 50 25 7 89-90 Max 10 ComMIT
Jannat et al., BCE,1008,1897,1945
2011
Swapna and 61.16 24.59 9 278 366 183 25 11 7 90 3 TUNAMI N2
Srivastava, 66.3 25.20 9 256 366 183 25 11 7 90 4
2014 63.48 25.15 8.1 246 150 70 27 7 7 89 2.5
Payande et al., 1945 EQ epicenter 8.1 25
2014 60.5 24.8 7.5 10 4.5 MIKE 21 FM
8.1 25 8
9.1 30 18
Miranda et al., Chabhar-Ormara 8.6 268 394 100 8 25 90 Max 4 SW code
2014 Central Iran MSZ 7.7 286 108 40 3 30 90 Max 0.5
Murray Ridge 7.8 49 137 45 35 88 180 Max 0.15

(continued on next page)
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Table 2 (continued)

Long. Lat. Magnitude Azimuth Length (km) Width (km) Water Epicenter Moment Min Slip MaxSlip(m) Avg. Slip Dip Rake Uplift Wave Software/Code
(Mw) Depth Depth (km) (N/m) (m) (m) Height
(km) (m)
Rehman et al., 63.01 24.72 7-8.5 276 100-150 50 7.62 0.01-2.63 3 920 Max 1.9 ComMIT
2015
Suppasri et al., MSZ 9.0 900 150 25 18 TUNAMI
2016 8.6 500 100 13 10
8.3 55 80 8.5 6
8.3 55 70 4.3-10 6
Delavar et al., 1945 EQ epicenter 8.1 246 130 70 2000 27 1.8 x 6.6 7 89 2 5 ComMIT
2017 10*21
8.1 270 130 70 1.8 x 15 90 10
10*21
Rashidi et al., Iranian Makran 9 280 400 150 25 1.01 x 25 7 90 10 COMCOT
2018a 10*23
7.7 286 108 40 1000 3 30 90 2
7.8 49 137 45 1000 3.5 88 3
Rashidi et al., 9 25 4.5 x 88 23
2018a, 2018b 10%22
B Longitude Latitude Bulk Density Viscosity Initial Submergence Water Depth Seabed Slope (degree)  Volume Slide Slide Slide width (km) Wave Height (m) Software/ Code
(kg/m>) (m/s?) (Travel Distance) (m) (km®) length Thickness
(m) (km) (m)
Rodriguez et al., 60.27 17.2 25 to 500 2000 40 140 2.5 AVALANCHE
2013
Rastgoftar and 64.1 24.75 1134 6 15 500 10 Max 18-20 TOPICS and
Soltanpour, FUNWAVE
2016
Suppasri et al.,  Persian Gulf Coastal landslides 1 20 5 10 <1 TUNAMI
2016 0.5 10 5 10 <1
Heidarzadeh and 63 24.8 2150 1000-2000 1300-2000 45 600 29.9 TUNAMI-N2
Satake, 2014a, 2150 1000-2000 1300-2000 20 600 20 15.2
2014b, 2017 2150 1000-2000 1300-2000 20 800 20 23.7
Salmanidou 67.06 23.1 2000 500-2000 250-450 100-300 6-10.5 Max 2 JAGURS
et al., 2019
Baptista et al., 61.6 24.4 5 0.2
2020
Nouri, M., 2020 58.75 23.87 25 4 4.5 600 4 24 COMCOT
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Table 5
The compilation of tsunamites discovered at different coasts along the Arabian Sea (sorted age-wise).

No.  Event Year Event Location Brief detail Reference
(radiometric) Assigned

1 1948 +9t01969 + 10 1945 Pindara to Okha, The documented sand-sheet in the paleo mud flats shows physical, geochemical and  (Prizomwala et al.,
(Back as of 2022) India biological characteristics such as basal erosional/sharp contact with the underlying 2022)

unit and lack of sorting along with the presence of mud-clasts. The sedimentary layer
also shows an abnormal inland extent of >570 m from the present high-water line.

2 1945° 1945 In this study, particle size, stable isotopic and foraminiferal (taxa and taphonomy) (Pilarczyk and
Tsunamigenic analyses were conducted on surface sediment samples from Sur Lagoon to determine ~ Reinhardt, 2012)
earthquake event modern spatial trends in the lagoon for future comparison with over-wash sediments

deeper in the geologic record

3 Older than 1958 © 1945 Sur Lagoon, 5-25 cm thick bed of bivalve shell taphonomy (Donato et al., 2008)

4 ct 1000 Oman They reinterpreted the age of 25-cm-thick tsunamigenic layer based on the new (Decker et al., 2022)
722-905 cal BP discovery of parallel-oriented woody axes in the sedimentological context of the

tsunami shell layer in the Sur lagoon. The woody axes were analysed anatomically
and identified as pertaining to the grey mangrove Avicennia.

6 1508-1681 CE 1524 Kelshi, India This laterally extending 30-40-cm-thick tsunamites zone, coinciding with a (Rajendran et al.,

habitation level, displays varied sedimentary structures including scour-fill features,  2020)
and is inter-layered with shells, at a height of 3 m from the high-tide level.

7 c'%. ~ 872 BP 1000 Fins to Tiwi, Sedimentological and archaeological evidence for past tsunamis and describe new (Hoffmann et al.,
OSL - (Ka) Oman data on the impact of the 1945 Makran tsunami in Oman. 2020)

(1130 +170) (1110 +
160)

8 ¢ - (BP) 1000 Panjor to Luni, Sedimentology and geochemistry reveal an offshore origin of this sand sheet, from (Prizomwala et al.,
(1565 + 35)(1930 + India where it was eroded by a high energy wave and deposited in a supratidal environment ~ 2018)

30)

(950 + 30) (1445 +
30)

OSL - (Ka)

(1.11 £ 0.11) (1.18 £
0.11)

(1.29 + 0.22)

9 OSL - 1052 Mundra- GPR studies and trenching the subsurface sand layers shows features that identify and ~ (Bhatt et al., 2016)
(1.3 £0.3) (6.6 £ 0.7) Bhadreshwar, locate features that might have formed during a reported extreme event and its
(35.4 + 4.3) Madhavpur- effects. a wave height of ~4-5 m along Saurashtra coast. Southern Owen Ridge is

Chorwad, considered as tsunami source.
Ratiya, India
10 4522 + 200 BP 4522 Ras ul Hadd, Archaeologically rich evidence of past extreme wave events is preserved in the (Hoffmann et al.,
Oman onshore stratigraphic record. Comprehensive mapping and analysis of extreme wave  2015)
deposits suggests an Early Bronze Age.
11 5840 + 30 BP 5840 Fins, Oman Investigated coarse- to fine- grained, marine tsunami deposits using GPR. Wedging (Koster et al., 2014)
out of sediments and fining inland features, as well as several erosion features at the
base of the deposit. Minimum calculated runup height of >17 m.
12 Ramin, Iran The boulders, weighing up to 18 t, are found up to 6 m above present mean sea level ~ (Shah-Hosseini
and up to 40 m from the present shoreline. etal., 2011)
13 Dive Agar, India Sediment signatures at the two nearby beach sites on the west Two sedimentary (Sangode and
14 Guhagar, India deposits are inferred as indicative of two palaeo tsunami events relating to the Sunda ~ Meshram, 2013)
Arc in the south and the Makran tectonic zone in the north. The occurrence of
sporadic boulders, wedge- shaped heavy mineral sand layers and capping of the
deposit by a pedogenic surface at Guhagarh depicts an older tsunami of larger
magnitude compared to Dive Agar.
15 Fins to Sur, The blocks occur as individual rocks of up to 120 tons, as imbricated sets and as (Hoffmann et al.,

Oman

“boulder trains

2013a, 2013b)

@ Age based on foraminiferal provenance and taphonomy.
b Age Based on Pb 210 n = 1). Sample immediately above the tsunamites.

the city. Along with inundating the city centre, it will also inundate the
area planned for future industry (see Fig. 7). The >15 m scenario creates
total havoc in the city as the tombolo neck will completely submerge
under the water. According to interviews of the 1945 tsunami survivors,
Shado, Moulla, and Khuda towns were inundated by the 1945 Tsunami.
So, it can be inferred that waves height then were at least >4 m high at
the eastern bay of Gwadar. The beach topography at Gwadar is greatly
altered by the construction of embankments on both sides of the bays,
which reduces the efficacy of a comparative analysis with the 1945
tsunami.

4.2. Pasni

The effect of a 3 m high wave in Pasni is almost the same as that of
Gwadar, but it has the potential for minor damage to the infrastructure
along the beach (see Fig. 8 in the supplements). The waves up to 7 m
height will have serious consequences on the town as about one third of

the town submerges under the water (see Fig. 8 in the supplements). The
submerged area also partly includes the densely populated city centre. It
will block the major road that links Pasni to the rest of the country. The
10 m wave height has the potential to inundate the entire city centre,
including Wadasar, Parag and partly Shol. In this scenario, infrastruc-
ture and human life will suffer greatly. Almost the entire town will be
affected in the 15-min scenario. At the city centre, single-story buildings
will be approximately 7-10 m under water. The 1945 tsunami (12 m)
comparative inundation analysis fits well with our results in Pasni,
except there is a sand accretion of 500 m at the northern port area and a
~ 3 m high and 2.5 km long concrete barrier built at the southern port
area. These barriers provide some coastal defence against the waves,
especially those related to cyclones.

4.3. Ormara

Most of the population resides below 6 m elevation within 1 km of
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Fig. 5. The left column shows probabilistic tsunami heights with different recurrence intervals by Hoechner et al. (2016). The right column shows the seismic hazard
maps based on probabilistic peak ground acceleration (PGA) for different recurrence intervals by Ahmed et al. (2019). The probability of tsunami height is calculated

from the instrumental and historical seismicity at the MSZ.

the eastern and western bays (see Fig. 9 in the supplements). In the 3 m
scenario, the city undergoes minor damage to the houses along the
beach, especially at the eastern bay. A 7 m tsunami wave has the po-
tential to seriously affect the town. As estimated from the interviews of
the 1945 tsunami survivors, approximately a 7 m wave affected the
town. In this regard, a 10 m wave and a 15 m wave have a potential to
affect the whole town with 4 m and 9 m flow depths respectively. Also,

10

along with city, the hammer head's neck (tombolo) will completely
submerge under the water.

4.4. Karachi

Karachi is the biggest city along the Makran Coast and is highly
vulnerable to the extreme waves. Though the evaluated hazard potential
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for such extreme waves is low except for tsunamigenic landslide hazard.
3 m waves have a minor impact on Jamali, Clifton, the Monara-Bundal
islands, and the Defence Housing Authority (DHA). The 7 m and 10 m
waves will have serious consequences due to their higher tendency to
inundate deep into the city (see Fig. 10 in the supplements). Other than
directly facing the shoreline, the creeks (Layari, Ghizri, Chinna) provide
main pathways for a deep and far inland inundation; therefore, prox-
imity to these creeks is at high risk (see Fig. 10). Waves of 15 m can cause
significant loss of life and infrastructure damage. The Monora and
Bundal islands will be submerged for >10 m in this scenario. Over-
crowding, substandard buildings, proximity to the beach, and a poor
economic situation increase the risk factor and reduce the society's
resilience. Karachi has an advantage over the other cities in that it has
many multi-story concrete buildings, which may provide a quick vertical
evacuation during such an event.

5. Discussion

The establishment of the maximum tsunami potential is essential for
its hazard and risk assessment. In this regard, each approach has its own
limitations, particularly gaps in knowledge, data and different compu-
tational types. As compared to a single proxy, the synergy of five proxies
has improved the level of information and confidence in the hazard
estimation and risk assessment. In comparative analysis for a scenario,
the proxies either validate or negate and in some cases, narrow down the
result range. The probability studies based on various techniques and
methods estimate the recurrence interval of a mega tsunami event be-
tween 2500 and 5000 years. These probable models only take earth-
quake sources into account and do not consider other non-seismic
tsunami sources. In this regard, considering the well-studied tsunami
events of 1945 CE and 1000 CE in the northern Arabian Sea, the
recurrence interval narrows down to 1000 years. With these two argu-
ments, a quick and crude analysis implies that non-seismic tsunami
sources and/or cascading sources (co-seismic landslides) generate about
40% to 80% of tsunamis in the Arabian Sea. This ratio is high, so we keep
the interpretation tentative. Globally, about 80% of tsunamis have an
earthquake source (Harbitz et al., 2014; Lgvholt, 2017; Behrens et al.,
2021). Non-seismic tsunami sources, particularly underwater landslides,
complicate hazard assessment in terms of magnitude and recurrence
interval. In comparison to an earthquake, a landslide has a greater po-
tential for larger wave heights due to its large vertical slip (see Table 2B).
However, the size of triggered mass characterizes the tsunami size. The
1945 (major) and 2013 (minor) tsunamis in the Arabian Sea are also
attributed to a submarine landslide triggered by offshore and terrestrial
earthquakes, respectively. These recent tsunami events also reflect the
high frequency of underwater slope failures (Hoffmann et al., 2014;
Heidarzadeh and Satake, 2017). Landslide stability is dependent on
several geotechnical and lithological factors (slope angle, consolidation,
specific gravity, density, particle type and size, consistency limits, and
compaction). Many agents can lower the threshold of these factors,
especially earthquakes, submarine volcanic activity, marine life, and
submarine anthropogenic activities like communication cables, mining,
and drilling. Considering moderate to high-scale offshore earthquakes
(Mw > 6.5) capable of destabilising a mega submarine landslide, the
frequency of slope failures should be high because the Mw > 6.5 occurs
every 20 years (Table 3 in the supplements) and provides critical land-
slides that have completed or are near the completion of their angle of
repose (Heidarzadeh et al., 2008). The landslide-related hazard is an
important research gap, which greatly hampers the tsunami hazard
assessment. The precise measurement and monitoring of these factors to
estimate their slip rates and failure times is a mammoth task.

The compilation shows the sequence of events as 1945 CE, 1524 CE,
1000 CE, 4522 + 200 BP and 5840 4 200 BP (Table 5). The interval
between the first three clusters of events is about 500 years, while the
fourth and fifth clusters have an interval of 1100 years, but there is a gap
of >3000 years between these two clusters of events. This huge interval
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(3000 years) has three possible speculations: First, there was no such
extreme wave event and if the event(s) occurred, either they could not
be preserved in the sedimentary record or, if preserved, they have not
been discovered yet. This approach has limitations: 1) Pakistan's coast
lines, which are highly susceptible to tsunamigenic earthquakes and
have yet to be explored for palaeotsunami deposits that could enrich
Table 5. 4) the status of interpretation for most of these as tsunamites is
tentative and not proven yet, as their deposition by other non-seismic
tsunami sources and cyclones is not completely ruled out. 3) Date
approximation, geological inferences and assumptions, and the corre-
lation of an extreme wave event with a previously known event, such as
the 1000 CE tsunami.

For Karachi, the inundation analysis and risk results are quite com-
plex to conclude. The complexity is due to the city's tightly packed na-
ture and the confusing historic extreme wave record. In the tightly
packed areas, DEM could not resolve the streets, roads, and roof tops in
some areas. The maximum wave height expected for this city is due to its
location, as the high-intensity waves generated at MSZ mostly propagate
in a north-south direction, and the city lies exactly to the east of MSZ.
However, the deterministic models show that Karachi expects about half
of the maximum wave height recorded at the Ormara. It is the east-
ernmost city, located in a northerly direction from MSZ, and is the
closest to Karachi of the three. If we apply this hypothesis to the 1945
tsunami waves, the maximum wave height calibrated and estimated at
Ormara was about 4 m (Kakar et al., 2014). The calibration is based on
claims made by 1945 tsunami survivors that Ormara city rose approxi-
mately 2 m after the earthquake (Page et al., 1979; Kakar et al., 2014).
Page et al. (1979), along with interviewing senior citizens, provided
field evidence of a 2 m uplift. In Karachi, wave height was about 2-3 m
as reported by the 1945 tsunami survivors (Kakar et al., 2014), but
Karachi's 1945 tide gauge record shows a 52 cm waveform (Neetu et al.,
2011). Taking this hypothesis ahead for the Mw 9.0 (25 m slip) earth-
quake at MSZ. It could generate a maximum wave height of 18 m at
Ormara and 9 m at Karachi's Coast. The nuclear power plant near Kar-
achi is at least 15 m high from the high tide limit. Through the above
discussion, we may conclude that this part of the study area is not likely
to receive waves higher than 9 m. However, its vulnerability with
reference to a mega-landslide needs evaluation.

The Makran Coast, due to its proximity to the MSZ could not benefit
much from the far-field early warning system, namely the Indian Ocean
Tsunami Warning and Mitigation System (IOTWS) installed in the
Arabian Sea. With reference to a tsunami generated at MSZ, this system
is beneficial for the south-western Indian Coast, including Mumbai city,
as its far-field warning mechanism can work for it. Numerical modelling
of 1945 tsunamigenic earthquake (Mw 8.1) shows that the tsunami
reaches at Pasni, Karachi and Deep-Ocean Assessment and Reporting of
Tsunami stations (DART) station in about 15, 100 and 60 min respec-
tively (Heidarzadeh et al., 2007). There is a reaction time of 40 min for
alert issuance and evacuation. The Pakistan Meteorological Department
(PMD) is the focal agency for monitoring coastal hazards and issuing
warning alerts. PMD established a near-field tsunami early warning
system in 2010 and a well-established cyclone early warning system in
the 1960s. Even so, the tsunami reaction time (15 min) at the nearest
coast is extremely short. On the resilience and preparedness side, the
large number of casualties and property losses during the cyclones of
1998, 1999, 2007, 2010 and 2021 reflect a dejected level of prepared-
ness and resilience and for tsunamis the level is even more pathetic.

6. Conclusions

This study includes a hazard and risk assessment of tsunamis and
cyclones along the Makran Coast of Pakistan. The highly populated
Karachi (~20 million), newly developed economic zone at Gwadar and
nuclear power plant along the coast have heightened the focus of the
topic. We used five approaches including probabilistic, deterministic,
geophysical, sedimentary and historical analysis to estimate the wave
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potential in the Arabian Sea and constructed four different wave sce-
narios for inundation analysis. Inundation scenarios were performed in a
GIS environment coupled with land use maps to demarcate the areas at
high and very high risk.

Results indicate very high risk at Ormara, Pasni and Gwadar due to
their orientation, low topography and proximity to the tsunami source.
However, a 3 m scenario will not have a significant impact on the
Gwadar due to barriers (4 m) created by newly constructed highways on
both sides (see Fig. 7). Karachi is the most vulnerable city to extreme
waves due to population pressure, substandard buildings, proximity to
the beach, and a poor economic situation that increase the risk factor
and reduce the society's resilience. However, its position with respect to
the MSZ and propagating waves needs to be studied in detail. Further-
more, the nuclear power plant near Karachi is at least 15 m above the
high tide line and is therefore safe, provided its other components, like
the cooling systems, keep on working during the extreme wave event
(see Fig. 10 in the supplements). Overall, the inundation analysis shows
that the damage to the Makran Coast will be minor for 3 m, moderate for
7 m and severe for the 10-15 m and higher tsunamis, especially for the
four major cities discussed in the paper. In these four cities, at least 0.7
million people are at risk. Aside from tsunami hazard, the intensity and
frequency of cyclones since 1958 have increased significantly, from
Tropical Storm to Category-3 with two cyclones per year respectively.
The enormous number of lives and property losses during the cyclones in
1998, 1999, 2007, 2010, and 2021 reflect a disheartening level of pre-
paredness and resilience, and the level is even more pitiful in the case of
tsunamis.

6.1. Outlook

The coastline along the high tsunami hazard zone (Gwadar to
Ormara) should be investigated for field evidence (tsunamites) to foster
the palaeo-tsunami record to estimate source potential and the recur-
rence interval. The active seismic zone south of Pasni in relation to the
Sonne Fault, the nature of the decollement basement and the slow GPS
velocity at Pasni should be investigated in detail. Submarine landslide
potential is poorly known, but detailed bathymetric studies may help in
determining the potential. Further, the high hazard zones demarcated in
the studies may be revisited at regular intervals to estimate the slip rate
and time of slope failure. Though the forecasting side of cyclones has
greatly improved with time, the resilience and preparedness aspects are
still far from satisfactory. The estuaries of Ormara and Pasni are suitable
sites for mangrove forestation. The Karachi Beach (Clifton) may be
turned into artificial estuaries that may serve the purpose of planting a
mangrove forest. Along with many other benefits, it may act as a coastal
defence structure against the extreme waves. There is a considerable
scientific understanding of the earthquake and tsunami dynamics, but
still there are large data and knowledge gaps, assumptions and un-
certainties. Due to these shortcomings and limitations, the timing and
exact location of earthquakes and tsunamis are still unpredictable
(Behrens et al., 2021). Till there is a scientific breakthrough, the option
in hand is to get well prepared by enhancing the community awareness
and resilience.
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