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Abstract
The Makran region, which borders southern Iran and Pakistan along the Gulf of Oman, has 
experienced multiple tsunamis in the last century, with some being triggered by submarine 
landslides. However, the role played by submarine landslides has been largely neglected 
in tsunami hazard assessments in the western Makran. In the present study, four different 
submarine landslide scenarios with volumes of 10–40 km3 are simulated on 25 locations 
in the western Makran, resulting in 100 different hypothetical scenarios. The results indi-
cate that Oman’s coastline, a country in the western part of Makran subduction zone, is 
more vulnerable to the hazard of landslide-generated waves (maximum average of 3.1 m 
wave height) compared to Iran (maximum average 0.9 m height). Although Chabahar, Iran, 
and Muscat, Oman, two major cities in the region, experienced severe waves during some 
scenarios, it can be implied Muscat is more vulnerable to this kind of tsunami due to the 
significant gap between the maximum and average wave height for all scenarios. We fur-
ther discuss that applying hypothetical worst-case scenarios can sometimes lead to an over-
estimation in tsunami hazard assessment. Therefore, more geological, sedimentological, 
and geotechnical considerations and studies are required for defining submarine landslide 
worst-case scenarios.
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1  Introduction

Tsunamis are most often triggered by earthquakes, volcanic eruptions and submarine land-
slides (Higman et al. 2018; Heidarzadeh et al. 2022;). During the past decades, the effect 
of submarine landslides was generally neglected by researchers while developing tsunami 
hazard mitigation plans. After the 1998 Papua New Guinea landslide tsunami, which 
caused at least 2200 fatalities (Synolakis et  al. 2002), several national agencies started 
evaluating the potential of submarine landslides as a serious threat and have made substan-
tial progress toward tsunami preparedness against landslide-generated waves (Heidarzadeh 
and Satake 2015, 2017b; Pranantyo et al. 2021).

For a better understanding of coastal impacts to tsunamis, there are three common 
approaches for conducting a tsunami hazard assessment:

1.	 Deterministic approach: In this method, actual or hypothetical landslides are defined as 
the worst-case events (in terms of largest generated waves), and the wave heights and 
run-ups are calculated in the vicinity of coastal cities. By employing this method, we 
can produce inundation maps for coastal regions, including vulnerable communities. 
Although employing this method may necessitate days of computation on high-perfor-
mance computing facilities, it is still one of the most favored approaches among tsunami 
modelers thanks to its straightforward steps. However, it is challenging to presume some 
hypothetical, yet valid worst-case scenarios in this approach. This method was employed 
to conduct landslide tsunami hazard assessment in different parts of the world (Geist 
et al. 2009; Gylfadóttir et al. 2017; Lindhorst et al. 2014; Schwab et al. 2014; Tan et al. 
2018; Urgeles et al. 2019; Rauter et al. 2022;).

2.	 Probabilistic approach: This method, which is inspired by the probabilistic seismic 
hazard assessment (Grezio et al. 2017), can determine the likelihood of a tsunami with 
certain wave height and recurrence intervals within a given time period at a particular 
location. This is simply done by numerical models of tsunamis combined with source 
probabilities to quantitatively estimate the probability of exceedance of different levels 
of wave amplitude by expressing it in a hazard curve. Since landslide data usually do not 
provide equally good statistics as earthquake data, applying such an approach involves 
various challenges, including the uncertainty in the landslide mean return period. More-
over, having a comprehensive and broad range of data about previous events is critical 
to the successful application of probabilistic models. However, this method has been 
successfully undertaken to prioritize high hazard locations (Grilli et al. 2009; Pampell-
Manis et al. 2016; Salmanidou et al. 2019; Løvholt et al. 2020; Iorio et al. 2021).

3.	 Machine-learning approach: This nascent method employs machine-learning algorithms 
to estimate tsunami inundation in real time. Compared with the former approaches, this 
method is markedly faster and can produce rapid tsunami inundation forecasts with 
satisfying accuracy. Mulia et al. (2018) successfully implemented this approach to pro-
duce the inundation map during the 2011 Tohoku tsunami. Fauzi and Mizutani (2020) 
employed a couple of machine-learning algorithms to estimate tsunami inundation in 
the Nankai region. Mulia et al. (2020) used a deep-learning algorithm and forecasted 
inundation heights in some locations during the 2011 Tohoku tsunami. All of the men-
tioned articles above have considered earthquakes as the main cause of tsunami and 
tried to forecast the inundation. However, it is expected that these data-driven models 
will become a standard and popular model for tsunami hazard assessments with diverse 
types of sources in the near future.
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Among the described approaches, applying a probabilistic approach requires an exten-
sive range of data of previous events. Due to unavailability of high-resolution bathymetry 
data in Makran domain, it is not appropriate to employ this method for landslide-induced 
tsunamis (Harbitz et al. 2014). On the other hand, the machine-learning approach, although 
being fast and accurate for earthquake-triggered tsunamis, has not been well-validated 
regarding the landslide tsunami hazard assessment. Hence, the deterministic method can be 
the best way to evaluate the hazard of landslide-generated waves in this zone.

Makran has been a focus of several tsunami hazard assessments (e.g., Hoechner et al. 
2016; Rashidi et al., 2022; Zafarani et al. 2023). Most of those studies have been performed 
for earthquake-generated tsunamis. However, tsunami researchers have recently paid more 
attention to the significance of landslide tsunamis in this region. Rodriguez et  al. (Rod-
riguez et  al. 2013) simulated a submarine landslide of 40 km3 located within the Owen 
Ridge in the Arabian Sea and observed that it can produce wave heights up to 2.5 m on 
Oman’s coastline. Rastgoftar and Soltanpour (2016) simulated a voluminous submarine 
landslide tsunami as the possible secondary tsunami source for the November 1945 tsu-
nami in Makran. Heidarzadeh and Satake (2014) conducted several analyses over differ-
ent source types for the September 2013 tsunami in Makran using spectral analysis and 
backward tsunami ray tracing. They concluded that a submarine slump should have con-
tributed to the observed tsunami waves. Heidarzadeh and Satake (2017a) showed that add-
ing a landslide source (with a length and width of 15 km and a thickness of 600 m) to 
the already proposed tectonic source (Heidarzadeh and Satake 2015) could generate the 
observed waves of the 1945 Makran tsunami. Supparsi et al. (2016) and Latcharote et al. 
(2018) investigated the effect of subaerial landslides in the Persian Gulf. Salmanidou et al. 
(2019) conducted a landslide tsunami hazard assessment in eastern Makran by simulating 
60 slump scenarios and used their results to train a statistical emulator to predict 500,000 
hypothetical scenarios for a probabilistic hazards assessment.

In this paper, we employ a scenario-based approach to conduct a landslide tsunami haz-
ard assessment in the western part of Makran. Due to the scarcity of detailed historical 
records of previous submarine evidences in western Makran, we assume some hypotheti-
cal, feasible scenarios to evaluate the maximum wave heights. Afterward, we simulate the 
propagation of landslide-generated waves to better understand the coastal hazard in the 
zone.

2 � Historical background

Makran region has been affected by a number of tsunamis in the past, originating from dif-
ferent sources. Most of the tsunamis that occurred in the region over the last millennium 
were triggered by earthquakes (Rashidi et  al. 2020). Heidarzadeh et al. (2008) compiled 
a comprehensive list of tsunamis that occurred in MSZ. Although there is little histori-
cal records of submarine landslides or other mass movements in the MSZ, recent studies 
have suggested that some tsunamis in this region were accompanied by submarine mass 
movements (Hoffmann et al. 2014; Haider et al. 2023). There are only two instrumentally 
recorded tsunamis that are attributed to submarine landslides. First, the Makran tsunami 
on November 27, 1945, triggered by an Mw 8.0–8.3 earthquake, caused extensive damage 
and a death toll of 300 in the near field (Okal et al. 2015). Pendse (Pendse, 1946) reported 
that the near-field run-up observed on the Pasni coastline of southern Pakistan was between 
12 and 15 m, which is very large for such an earthquake. Heidarzadeh and Sakate (2015, 
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2017a) concluded via numerical modeling that only a submarine landslide would be capa-
ble of producing the observed run-up.

The second earthquake was an inland earthquake in the province of Baluchistan, south-
western Pakistan, on September 24, 2013 (Hoffmann et  al. 2014). Although the Mw 7.7 
earthquake was large enough to produce considerable inundation, Heidarzadeh and Satake 
(2014) showed that none of the co-seismic crustal deformations could be the source for 
run-up observed at the Oman Sea. They concluded that a submarine slump with a source 
dimension of about 10–15 km and a thickness of about 100 m could be the source of the 
tsunami. Source locations for these two submarine landslides and their associated earth-
quakes are illustrated in Fig. 1.

Due to differences in seismicity and tectonics of the western and eastern halves of 
the MSZ, segmentation has been suggested for this zone. Historical records indicate that 
almost all major events have occurred in the eastern Makran. Most of the geological stud-
ies have focused on the eastern part of Makran since it has been seismically more active 
compared to the western part. It is not clear whether the western zone is naturally aseismic 
or silently accumulating energy over time to produce potential tsunamigenic earthquakes 
in near future. Frohling and Szeliga (2016) combined the GPS measurements of 20 sta-
tions in the region and concluded that western Makran sounds to be locked at a depth of 
at least 38 km and it is accumulating strain. They concluded that MSZ is capable of pro-
ducing earthquakes up to Mw 8.8. Makran has one of the largest accretionary wedges on 
the earth  and is distinguished by a 7-km-thick sedimentary layer (Kopp et  al., 2000). 
According to reports by Byrne et al. (Byrne et al., 1992), the forearc’s seaward 70 km are 
comprised of recently accreted, unconsolidated, and semi-consolidated sediments with 
low seismic velocities and high pore fluid pressures. These sediments have the potential 
to fail  and cause massive tsunamigenic submarine  landslides. In fact, seismic activity of 

Fig. 1   Map of Makran subduction zone (MSZ). The red and orange circles represent the epicenter of the 
Makran earthquake of 27 November 1945 and the Pakistan earthquake of 24 September 2013. The red and 
orange stars locate the potential source locations of submarine landslides during the 1945 and the 2013 
events, respectively (Heidarzadeh and Satake 2014, 2015, 2017a). The purple triangles are the locations of 
artificial tide gauges during the simulation
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MSZ, along with a large accretionary wedge of sediments, large sedimentation and also 
erosion rates, are some of the factors that can provide the condition for any kind of subma-
rine landslides in near future in this region (Kukowski et al. 2001; Heidarzadeh et al. 2008; 
ten Brink and Geist 2021). In addition, numerous external factors like climate changes or 
glacial cycles should be investigated to understand whether or not a region is susceptible 
to submarine landslides. The 1945 and 2013 tsunamis, which may have been generated by 
submarine landslides, can be considered preliminary evidence that the region is prone to 
submarine mass failures even following low seismic activity. This concept has also been 
previously reported by some authors based on geological and sedimentological investiga-
tions in the region (Bourget et al. 2010; Grando and Mcclay 2007). Even assuming that the 
western Makran is incapable of producing large offshore megathrust earthquakes, the 2013 
earthquake could be an example denoting inland shakings can cause landslide-generated 
tsunamis in Makran.

There are some geological studies in MSZ that have shed some light on previous land-
slides in the region. Plat et al. (Platt et al. 1985) discussed that the active uplift and actual 
tensions on the Makran accretionary prism are the main cause of slumps and these slumps 
would become like turbidity currents in deeper sections. Kukowski et  al. (2001) located 
several slumps in the eastern part of Makran. Ellouz et al. (2007) did a survey to acquire 
3D bathymetry of the Makran accretionary prism offshore Pakistan and located various 
circular and linear slump scars. Grando and Mcclay (2007) discussed the structure of the 
Makran accretionary prism in offshore Southeastern Iran and inferred the occurrence of 
previous slumps using seismic interpretation. Mouchot et al. (2010) performed a geological 
survey in offshore Pakistan and explained that the slope instabilities appear to be frequent 
in the setting, however, with limited size. Bourget et al. (2010) also draw the same conclu-
sion that the thick turbidity deposits in the region are because of the large slump or slide-
triggered turbidity currents.

3 � Methodology

3.1 � Source modeling

To conduct a deterministic landslide-tsunami hazard assessment, researchers presume the 
past submarine landslides as the worst-case scenarios and simulate those events (Brune 
et al. 2010; Yalciner et al. 2014; Grilli et al. 2015). In order to apply a deterministic tsu-
nami hazard assessment in western Makran, which has no conclusive evidence of past sub-
marine mass movements, we must address two main obstacles: (a) determine locations that 
are prone to mass wasting and (b) estimate how extreme these events can be. To address 
the first challenge, we must keep in mind that there have been a wide variety of landslides 
all over the world that do not follow any specific pattern regarding their location, therefore 
makes it difficult to predict the susceptible locations. (Yavari-Ramshe and Ataie-Ashtiani 
2016). The geological structure of eastern Makran is complicated for defining the mass 
failures as there are translational and rotational landslides because of the imbricate thrusts. 
It is not confirmed that the western Makran has the similar tectonic features such as imbri-
cate thrusts. Additionally, the mass failures in western Makran can have different behaviors 
as the submarine landslides off Oman, a passive margin, can behave totally different from 
those off Iran and appear translational. To overcome these discrepancies for defining the 
landslide scenarios, we do not confine this hazard assessment to a single scenario and try 
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to presume different submarine landslide scenarios at different locations in the western part 
of Makran. Therefore, in this paper, we systematically locate hypothetical submarine land-
slides on a 0.5° structured grid, the same as hypothetical scenarios defined by Brune et al. 
(2010) (Fig. 2). We ignore locations with water depths less than 500 m since submarine 
landslides generally occur in intermediate depths (1000–2000  m) (Masson et  al. 2006b; 
Harbitz et al. 2014). Although it is less likely that some of the scenarios in the deep ocean 
occur, there have been previous submarine mass failures like Tohoku 2011 (Tappin et al. 
2014) that occurred in deep water and had generated significant tsunami waves. Therefore, 
we include locations in the deep ocean like 20, 21, and 23 to include the effect of land-
slide generated tsunami from sources in the deep ocean. Consequently, we model different 
landslides on 25 locations in western Makran, each of which involved different volume 
scenarios. Landslide directions are all downslope (Fig. 2). The slope angles are estimated 
using the GEBCO-2019 by converting the bathymetry data into grid format and dividing 
the change in elevation over the horizontal distance between the adjacent cells in the grid.

To address the second challenge, we must keep in mind that there are various types of 
submarine mass movements in nature, including translational and rotational failures (Locat 
and Lee 2002). In this work, we model rotational slumps because translational slides gen-
erally produce smaller wave amplitudes per unit volume, and results will be underestimated 
for a hazard assessment (Masson et al. 2006b). Additionally, the Makran seems to be more 
susceptible to submarine rotational slumps (Bourget et al. 2010; Grando and Mcclay 2007; 
Kukowski et al. 2001). Therefore, we assume four coherent rotational slumps for our sce-
narios, each of which contains different volumes, 10 to 40 km3, all of which are in the 
range of previous possible candidate of landslides in the region (Heidarzadeh and Satake, 
2014; Rastgoftar and Soltanpour 2016). At each of 25 source locations, we model four sce-
narios of different volumes. Details of the 25 source locations, including water depth at the 

Fig. 2   Slope gradient map of Western Makran using the 15arcsec GEBCO-2019 bathymetry generated by 
Mirone (Luis 2007; Weatherall et  al. 2015). The source location of our 25 scenarios are shown by cyan 
circles with their associated scenario number. The arrows inside the circles indicate the direction of mass 
movement during each scenario
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center of the slide, slope angle, and azimuth angle of slides, are shown in Table 1. A bulk 
density of 2150 kg m−3 was assumed for all of the slides to accurately simulate the subma-
rine mass movements (Watts et al. 2003a, b; Heidarzadeh et al. 2019).

Table  2 provides the data for the landslide geometrical parameters of four different 
events, including slide length (B), width (w), maximum thickness (T). For each of the sce-
narios, we consider each landslide to have a Gaussian shape with radial symmetry and a 
constant width so that length and width are equal and ten times the thickness. By assuming 
a semielliptical shape for submarine mass movements, the volume is calculated by the for-
mula V = �wBT∕4 (Watts et al. 2005).

3.2 � Numerical modeling

Numerical simulation of tsunamis comprises various stages. At first, the generation of tsu-
namis takes place by a submarine mass movement, which is a complex process that involves 
different hydro-sedimentary processes like fluid-particle and particle–particle interactions, 
complicating the numerical simulations. However, there are various approaches that solve 
real-world problems accurately and computationally efficiently (Heidarzadeh et al., 2014; 
Yalciner et  al. 2014; Grilli et  al. 2015;). Here, we take advantage of the previously pro-
posed semi-empirical formulas (Grilli and Watts 2005; Watts et al. 2005) to create a 3D 
waveform:

Table 1   Ocean depth, slope angle, and azimuth angle of source locations (starting from East direction)

No. Depth (m) Slope angle (°) Azimuth 
angle (°)

No. Depth (m) Slope angle (°) Azimuth 
angle (°)

1 985 1.5 0 14 2492 1 288
2 1095 1 340 15 2294 3 292
3 1346 2.5 315 16 1950 3 260
4 1072 2 307 17 1810 1 284
5 860 1.5 280 18 907 4 90
6 918 2 268 19 1680 10 78
7 885 1.5 262 20 3310 0.7 52
8 792 6 270 21 3519 0.6 352
9 1475 1.5 348 22 1537 7 51
10 2390 4 334 23 3276 2 46
11 2070 8 315 24 1892 4 52
12 2476 4 281 25 1397 11 47
13 1850 5 244

Table 2   Geometrical parameters 
for landslide scenarios in western 
Makran

No. Length (km) Width (km) Thickness (km) Approximate 
volume (km3)

1 5 5 0.5 10
2 6.4 6.4 0.64 20
3 7.2 7.2 0.72 30
4 8 8 0.8 40
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In these equations, �0,3D is the characteristic 3D tsunami amplitude and is estimated 
from Eq.  1. The geometrical parameters of the slides are T, b, and w, representing the 
thickness, length, and width of the slide, respectively. The positioning parameters of the 
slides, x0 , y0 , d, and θ, are initial longitude, latitude, landslide submergence depth, and bed 
slope angle, respectively. The � ′ and Δx parameters are used to control the double Gaussian 
shape of the initial condition. In this work, � �

= 0.83 and Δx , which is the distance between 
the crest and through of the surface elevation, is assumed to be 2. � is also assumed to 3.

Since initial waveforms are strongly influenced by landslide kinematics, Watts et  al. 
(2003a, b) proposed following parameters for slide motion: the characteristic length (s0), 
characteristic time (t0), the terminal velocity (ut), and the terminal acceleration (a0) of the 
slide. The characteristic wavelength in Eq. 2 is given by �0 =

ut

a0

√

gd . Here, for each of the 
100 scenarios, we calculated these parameters to derive the surface elevations based on the 
formulas presented by Watts et al. (2005). Equation 2 estimates the initial water surface at 
the end of the generation phase (t0) and will be used as an initial condition for the wave 
propagation toward the coastline. This technique is of paramount importance thanks to its 
quick and accurate real-time tsunami hazard assessment compared with other two-dimen-
sional depth averaged, or three-dimensional models, which take days of computation to 
define the initial wave projection at the end of the generation phase (Horrillo et al. 2013; 
Ma et al. 2013). In Fig. 3, the 3-dimensional waveform for the most voluminous scenario at 
location 1 is illustrated. This technique has been successfully applied to several landslide/
slump tsunami cases in recent years (Watts et al. 2003a, b; Tappin et al. 2008; Abadie et al. 
2012).

In the second stage for simulating tsunami propagation, the COMCOT numerical pack-
age (Cornell Multi-grid Coupled Tsunami Model) (Liu et al. 1998; Wang and Liu 2006) is 
employed. It applies the staggered leap-frog finite difference method to solve the nonlinear 
shallow water equations. The initial tsunami wave at the end of the generation phase is 
fed as an initial condition to the propagation model and the wave heights are estimated at 
the coastline and at the two major cities in the region, Chabahar, and Muscat. We exclude 
run-up calculations in our numerical simulations since it necessitates a high-resolution 
nearshore topography.

Landslide-generated waves are mostly considered as dispersive and nonlinear as they usu-
ally generate shorter wavelength and higher local wave height. Although COMCOT does not 
take into account the physical frequency dispersion, the leap-frog scheme has an inherent 
numerical dispersion in it that can artificially compensate with the absence of physical disper-
sion (Yoon 2002). Because of this, COMCOT is considered as a weakly dispersive model in 
the literature (Heidarzadeh et al., 2014). Generally, more accurate models that incorporate the 
frequency dispersion term like fully dispersive Boussinesq model, Navier–Stokes models, or 
non-hydrostatic type of models are computationally more expensive. On the other hand, the 
nonlinear shallow water models as a fast alternative have been widely applied by research-
ers to simulate different landslide-generated tsunamis all around the world, and the results 
were successfully in agreement with the observed wave heights in the events (Yavari-Ramshe 
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and Ataie-Ashtiani 2016). Additionally, the frequency dispersion is dependent on parameters 
like depth and distance from the coastline. In turn, the importance of the frequency disper-
sion depends on the specific cases simulated. For example, Gylfadóttir (2017) showed that 
frequency dispersion is needed for simulating the tsunami wave radiation pattern for a subae-
rial landslide tsunami. Glimsdal et al. (2013) suggested a parameter to quantify the importance 
of dispersion in the propagation of waves originating from the deep ocean for different cases. 
However, we confine the scope of this research to use nonlinear shallow water model to save 
computational costs as we simulate 100 scenarios on a large domain.

For bathymetry, we use the 30 Arc-second data set from General Bathymetric Charts of the 
Oceans (GEBCO)-2014 digital atlas for tsunami modeling, which is provided by the Intergov-
ernmental Oceanographic Commission (IOC) and is computationally suitable for simulating 
100 scenarios on the domain (Fig. 1) (Weatherall et  al. 2015). This grid was used in both 
the generation and wave propagation phase toward the shoreline. All the simulations are per-
formed for a total run time of 6 h. In order to make sure that the numerical scheme is stable 
and converges to the correct solution, we start the simulation with a short time step of 1 s. This 
helps guarantee the stability of the model under the Courant–Friedrichs–Lewy (CFL) condi-
tions. The CFL is a key parameter for the stability of the numerical schemes while trying to 
solve partial differential equations (Courant et al. 1928). The stability condition of the model 
is defined as:

(3)Δt ≤
Δx

√

2ghmax

Fig. 3   The 3D waveform of the initial surface water elevation for the worst-case scenario (40 km.3) at loca-
tion 1
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where g is the gravitational acceleration, Δt is the time step, and hmax is the maximum 
water depth in the grid level. COMCOT will automatically adjust the time step to satisfy 
the CFL condition with the maximum time step fixed at 0.35Δx∕

√

ghmax for the nonlin-
ear shallow water model (Wang and Power, 2011). A Manning’s roughness coefficient of 
0.013 was used in the simulations and assumed to be constant throughout the bathymetry. 
This value was successfully used in previous studies to simulate tsunami wave propagation 
over a sandy bed (Arcement et al. 1989; Huang et al. 2009; Li et al. 2012; Syamsidik et al. 
2019).

4 � Results and discussion

Figure 4a, b, c, d shows the propagation of worst-case scenarios for Chabahar and Muscat 
in different time steps, while Fig. 4e,f shows the maximum positive tsunami wave height 
for the worst-case scenarios for both cities (5.4 m for Chabahar; 6.1 m for Muscat). The 
worst-case scenarios stem from the largest slump volumes at locations 8 for Chabahar and 
19 for Muscat. The associated time series for Chabahar and Muscat during the worst-case 
scenarios are shown in Fig. 4g,h. It is clear that landslide-generated waves, although large 
initially, deteriorate quickly and most of their energy is dissipated during the propagation 
stage. Moreover, the effect of the tsunami source plays a significant role in wave propaga-
tion patterns. For landslide-generated tsunamis, the wave heights decay as the as the initial 
wave begins to propagate from approximately a point source and continues in all direc-
tions within the domain (Ruffini et al. 2019). In fact, the decay in wave height is not only 
because the generated waves are dispersive, but also the wave heights generally decay as 
waves propagate with semi-circular fronts from the source. This is different from seismi-
cally generated tsunamis with longer source types. As expected, the first waves reaching 
the coast are negative in amplitude (Fig.  4  g,h). This is due to the direction of subma-
rine mass movements since all our scenarios occur toward deeper water. For comparison, 
the parameters and the simulated wave heights of previous simulated landslide-generated 
waves and one of our analogous scenarios are summarized in Table 3.

Figure 5 shows the distribution of maximum wave heights at the coast, and Fig. 6 shows 
the average positive wave height at the computational grid point during the entire tsunami 
simulation time. Wave heights reach to more than 6 m along the Iranian coast during some 
scenarios. However, these events seem to be rare since there is a huge gap between the 
maximum and average result (the average wave height is lower than 1 m across the entire 
study domain). On the other hand, Oman’s coastal regions may experience significant 
waves during landslide-generated tsunamis, with peak wave height up to 6.5 m, and aver-
age wave height up to about 3 m in some places. Thus, Oman’s coastal regions may be 
more vulnerable to landslide-generated waves generated in the western Makran than the 
coastlines of Iran or Pakistan. This is likely partly due to steep nearshore bathymetry along 
Oman’s coast and the fact that the steep bathymetry is close to Oman’s coast. According to 
Fig. 2, slope angles are more than 20 degrees in some parts, making it critical and hazard-
ous for a huge submarine landslide. Regarding the tsunamis that initiate from a mass move-
ment in the deep ocean, results show that the slump with an approximate volume of 40 km3 
at location 23 (Fig. 2) can generate wave heights of 1.5 m at Oman’s coastline. This reveals 
that submarine landslides in deep water, although less probable, can still generate consider-
able wave heights if the slump is significantly large and close enough to the coastline.
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Another point to be mentioned is that the average wave amplitude in the far-field regions 
like the eastern coast of Pakistan and off of Oman is very small. Landslide-generated waves 
generally do not travel long distances due to their dispersive nature. Besides, for the far-
field zone in the southern part of Oman, most of the energetic waves are concentrated in 
the headland part of Oman and the less energetic waves are propagating toward the far-
field in the southern part of Oman. According to the directivity of tsunami propagation, 
landslide-generated tsunami waves tend to radiate their energy in the mass failure direc-
tion (Okal 2003). As the generated waves in western Makran are propagating toward the 
southern part of Oman, due to the effect of refraction in waves, most of the wave energies 
are concentrated in the headland, off of Muscat, and the smaller waves propagate toward 
the southern part of Oman (Fig. 6). In addition, small wave heights in the far-field can be 

Fig. 4   Snapshots of the simulation of worst-case scenarios for Chabahar, black square a,c and Muscat, pink 
square b,d after 10 min and 45 min, respectively. Figures e and f show the maximum wave height that every 
nodes experience during the worst-case scenarios for Chabahar and Muscat. g and h are the simulated time 
series in Chabahar and Muscat for 6 h of simulation
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attributed to the driving force of the tsunami beginning from a small source point in the 
domain and dispersing as it travels in the direction of the far-field (Ruffini et  al. 2019). 
Because of the mentioned reasons, the effect of landslide-generated waves in the far-field 
is negligible.

In deterministic tsunami hazard assessment for areas with minimal clues of potential 
locations for tsunamigenic mass failures, it is important to presume several credible hypo-
thetical scenarios and compare the maximum wave heights and the average wave height 
as an index for the likelihood of the worst-case scenario. The considerable gap between 
the maximum and average wave height at some locations, like some parts of the Iranian 
coastline in our simulations, can be interpreted as landslide-generated waves do not seem 
to pose a severe hazard to those parts of the domain. In other words, the likelihood of 
the worst-case scenario and its associated huge wave amplitudes in those areas seems to 
be low. It is worth noting that assuming unreasonable hypothetical scenarios may some-
time lead to an overestimation of tsunami hazard. For example, Nouri et al. (2020) tried 
to conduct a deterministic assessment of submarine landslide hazards in western Makran 
by modeling the 1998 Papua New Guinea event as a worst-case scenario. They assumed 
the seafloor slope gradient as their criteria for locating the hypothetical worst-case sce-
nario and simulated the associated landslide-generated tsunami on the steepest slope in 
the region. Therefore, the results of their simulation seem to be overestimated as they got 
the maximum wave amplitude at Muscat to be around 24  m. This huge wave height at 
the Muscat was due to the fact that their hypothetical landslide location was on the steep-
est location of the continental shelf and very close to Muscat. However, we already know 
that such voluminous submarine landslides generally do not occur on such steep slopes 
as the thick layer of unconsolidated failure-prone sediments does not usually accumulate 
on slopes steeper than 15° (Masson et al. 2006a). To avoid this kind of overestimate, geo-
logical, sedimentological, and geotechnical studies and field work are needed to for finding 
the potential submarine landslide locations and defining the worst-case scenarios (Shynka-
renko et al. 2022). In this article, due to the huge gap between maximum and average wave 
height, we can conclude that assuming wave heights as huge as 5.5 m can be considered an 
overestimation for Chabahar.

Figure 7 shows the histogram of wave heights at Chabahar and Muscat. The results of 
the simulations indicate that 64 percent of trials bring small waves (wave heights lower 
than 0.5 m) to Chabahar, while 46 percent of trials bring small waves to Muscat. This is 

Table 3   Submarine landslide parameters of previous events

a According to (Heidarzadeh and Satake 2014)
b According to (Heidarzadeh and Satake 2017a)

Scenario Location(°E)
(°N)

Length 
(km)

Width 
(km)

Thickness 
(m)

Approximate 
volume(km3)

Wave 
height at 
chabahar 
(m)

Wave 
height at 
muscat 
(m)

2013a 61.49°E
24.62°N

10–15 10–15 100 Not reported 0.25 0.45

1945b 63.0°E
24.8°N

15 15 600 40 2 Not 
reported

Loca-
tion17

24.5°E
61.5°N

8 8 800 20 0.3 0.35
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mainly because of the great distance between the cities’ and scenario’s source locations, 
and small slope angles in some locations. On the other hand, two percent and 13 percent 
of scenarios would create dangerous waves (wave heights larger than 2 m) for Chabahar 
and Muscat, respectively. Only if the submarine landslide is huge (greater than 40 km3) 
and close enough to the city can it produce devastating effects in the coastal cities. By 
taking into account all the scenarios, the average wave height at Chabahar and Muscat 
are 0.5 m, and 1.7 m, respectively. Although Chabahar can experience dangerous waves 

Fig. 5   Distribution of maximum positive wave height along the coastlines of Iran and Pakistan a, and Oman 
b due to all scenarios
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during a few scenarios, the difference between the maximum and average illuminates 
that most of the scenarios do not pose any serious hazard in that part of the domain. On 
the other hand, the considerable average wave height for Muscat shows that this city is 
more vulnerable to landslide-generated tsunamis and can experience some huge waves 

Fig. 6   Distribution of average wave height along the coastlines of Iran, Pakistan a, and Oman b due to all 
scenarios
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during several scenarios. This also confirms our previous finding that Muscat seems to 
be more susceptible to landslide-generated tsunamis.

5 � Conclusion

We investigated the effects of submarine landslide-generated waves on coastlines in west-
ern Makran. To avoid unrealistic worst-case scenarios and hazard assessment by assum-
ing a single worst-case scenario, we simulated different scenarios with landslide volumes 
varying from 10 to 40 km3 in 25 different locations. The results of our simulations reveal 
that although most of the scenarios do not create waves larger than 0.5 m, both Chabahar, 
Iran and Muscat, Oman experience severe waves during some scenarios and that Oman’s 
coastline is more vulnerable to landslide-generated waves. As all the simulated scenarios in 
this paper were hypothetical, we concluded that Iran’s coastline seems to be less vulnerable 
to huge landslide-generated tsunami waves because of the large gap between the maximum 
and average wave height in all scenarios. For a better understanding of the level of haz-
ard related to submarine landslides for future tsunami hazard mitigation programs, more 
geological, geotechnical, and sedimentological studies are required in western Makran. In 
recent years, the main focus of tsunami research centers has been earthquake-generated 
tsunamis in the region. This study reveals that the effect of submarine landslide-generated 
waves is not negligible and should be taken into account in future tsunami hazard assess-
ment studies in the region. Moreover, if any of the tsunamigenic earthquakes are accompa-
nied by a landslide in the region, it would escalate the situation and would possibly lead to 
run-ups that are greater than what would be expected for earthquake-generated tsunamis. A 
probabilistic approach for determining hazard assessments for submarine landslide tsuna-
mis or a new machine-learning approach can shed more light on the hazard of landslide-
generated waves in the region. Additionally, having the ability to more accurately locate 
previous landslides using geological and bathometric data and simulate them using more 
accurate models for the generation and propagation phase can provide insight into potential 
consequences of tsunamis and can inform risk management decisions.

Fig. 7   Histograms of wave heights at Chabahar a and Muscat b for all scenarios
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