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Abstract

Despite having been rather seismically quiescent for the last decades, the Makran sub-
duction zone is capable of hosting destructive earthquakes and tsunami. In particular,
the well-known thrust event in 1945 (Balochistan earthquake) led to about 4000 ca-
sualties. Nowadays, the coastal regions are more densely populated and vulnerable5

to similar events. Furthermore, some recent publications discuss rare but significantly
larger events at the Makran subduction zone as possible scenarios. We analyze the in-
strumental and historical seismicity at the subduction plate interface and generate var-
ious synthetic earthquake catalogs spanning 300 000 years with varying magnitude–
frequency relations. For every event in the catalogs we compute estimated tsunami10

heights and present the resulting tsunami hazard along the coasts of Pakistan, Iran
and Oman in the form of probabilistic tsunami hazard curves. We show how the haz-
ard results depend on variation of the Gutenberg–Richter parameters and especially
maximum magnitude assumption.

1 Introduction15

A subduction zone along the Makran coast was proposed for the first time by Stone-
ley fourty years ago (Stoneley, 1974) and found to be in agreement with seismicity
(Quittmeyer and Jacob, 1979) as well field observations (Page et al., 1979). There
is no clear trench developed where the Arabian plate subducts beneath the Eurasian
plate, and rather low seismicity characterizes the interplate seismogenic zone. It hosted20

as largest recorded earthquake an event with Mw = 8.1 in 1945 (Byrne et al., 1992).
For these reasons, and due to its low population density, it is not as prominent in sci-
entific literature as other tsunami-prone subduction zones. Nevertheless, the Makran
or Balochistan event mentioned above caused the tsunami with the highest number
of fatalities of 4000 in the Indian Ocean region prior to the 2004 Sumatra–Andaman25

earthquake (Heidarzadeh et al., 2008b).
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Some publications assessed the tsunami hazard for the coast of Iran, Pakistan and
Oman originating from the subduction process: Heidarzadeh et al. (2008a, c) per-
formed deterministic analyses based on 5 magnitude 8.1 events and 6 magnitude 8.3
events respectively, and Heidarzadeh and Kijko (2010) carried out a probabilistic study
based on 3 magnitude 8.1 sources associated with probabilities to propose what they5

labeled a “first generation” probabilistic tsunami hazard assessment (PTHA) for the
region.

The two largest earthquakes of the past 50 years, the 2004 Sumatra–Andaman
earthquake, and the 2011 Tohoku earthquake both were against expectations of most
of the scientific community: since such huge events had not been observed before at10

these locations, they had not been accounted for. Since then, increased attention has
been given to the question of what maximum magnitude can be expected for the differ-
ent subduction zones. For instance, Schellart and Rawlinson (2013) tried to find corre-
lations between 24 parameters related to subduction (geometry, geology, kinematics,
dynamics) and maximum magnitude on a global scale, and found that some param-15

eters appear to lie in a limited band for subduction segments capable of very large
events. They concluded that Makran falls into the set of regions with events larger than
Mw = 8.5 possible. McCaffrey (2008) states that present evidence cannot rule out that
any subduction zone may produce a magnitude 9 event, based on statistical analysis
of Monte-Carlo simulations. Smith et al. (2013) performed a thermo-mechanical anal-20

ysis to assess the seismogenic potential of the Makran subduction zone. They found
that the thick sediment cover leading to high plate boundary temperatures at the de-
formation front makes the megathrust potentially seismogenic to a shallow depth, and
the low dip angle leads to a wide seismogenic zone, resulting in an upper estimate for
a seaward earthquake of Mw = 8.7–9.2.25

In this study, we perform a PTHA using synthetic earthquake catalogs based on
an analysis of the seismicity in order to capture the hazard from the full spectrum of
possible earthquakes for the coast lines of Iran, Pakistan and Oman. Since recent
studies suggest that maximum magnitude for Makran might be significantly higher than
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previously thought, special focus is on the consequences of the assumptions made for
maximum magnitude.

2 Methods

Our approach is similar to the one described by Sørensen et al. (2012): first we de-
termine the seismicity in the area of interest, then we generate synthetic earthquake5

catalogs spanning a much larger time than instrumental and even historic record in
order to get stable statistics. For every single event we run a tsunami model to get
estimated maximum wave heights along the coast line. These are used to compute
tsunami hazard and finally to generate various hazard plots. The difference to the ap-
proach mentioned above is, that instead of defining randomly distributed single-fault10

events of a certain parameter range within the source areas, we project the synthetic
earthquake catalog hypocenters to the subduction plate interface and employ a realistic
slip distribution. The procedure is described in more detail in the following sections.

2.1 Seismicity

From the various published catalogs for the Middle East we select the most recent15

one by Zare et al. (2014), which has been compiled in the framework of the Global
Earthquake Model (GEM) and includes all historical, early and modern instrumental
events up to 2006 with unified moment magnitude. For the Makran region, the authors
suggest a magnitude of completeness of Mc = 5.5 after 1920 and Mc = 4.5 after 1963.
We select only those events lying in the area covered by the plate interface described20

below.
The seismicity is determined using the procedure by Kijko and Smit (2012) using

their Matlab code “aue.m” and applying magnitudes of completeness following Zare
et al. (2014) using the events from 1919–1963 and 1964–2006 with an assumed mag-
nitude error of 0.2. The resulting b value is 0.82. The code “aue.m” also generates cu-25
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mulative seismicity rates (lambda) based on Gutenberg–Richter–Bayes (GRB) statis-
tics which include uncertainty for the magnitude–frequency relations. We use this dis-
tribution for the generation of the reference synthetic catalog (RSC).

The plate interface geometry, which is neither available via the RUM model (Gud-
mundsson and Sambridge, 1998) nor Slab1.0 (Hayes et al., 2012) is obtained by ro-5

tating the profile by Smith et al. (2013) around 61.75◦/38.0◦ Lon/Lat which keeps its
upper tip close to the deformation front from the same publication. The resulting plate
interface excludes the clearly non-subduction seismicity to the west and east (Fig. 1),
the lower edge is at 70 km depth.

2.2 Synthetic catalog10

The synthetic catalogs each span 300 000 years and are created by randomly generat-
ing events within the area spanned by the plate interface geometry with magnitudes ac-
cording to the inferred magnitude–frequency relation (and exponential inter-event time
distribution). All the events are assumed to be thrust events at the subduction interface.
Of course, this assumption would be unacceptable for a seismic hazard analysis, since15

part of the seismicity is related to crustal and intraplate earthquakes in the slab. But
in case of a tsunami hazard assessment it is not such an issue: all the events on land
do not cause any tsunami at all, whereas most of the large, tsunamigenic events in the
sea can reasonably be assumed to be thrust interplate events (strike-slip events have
lower impact). The reason why we do include the area on land is to get a better picture20

of the seismicity (which is low and furthermore not well recorded) for the determination
of the magnitude–frequency relation. The maximum magnitude for the RSC is set to
9.0. It is important to stress that this value is not the most likely one, but it has to be
considered as end-member assumption.

In addition to the RSC, other catalogs are generated by varying the Gutenberg–25

Richter a and b values, a combination thereof resulting in a rotation about the rate at
M = 6, and, most importantly, the maximum magnitude (Fig. 2).
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The hypocenters of the catalog events are projected to the subduction interface,
which consists of subfaults of about 20 km edge length. These are activated based
on scaling relations for length and width in dependence of magnitude by Blaser
et al. (2010) (reverse orthogonal) with a slip distribution according to Geist and
Dmowska (1999) along dip and linear tapering of 20% towards the lateral edges.5

2.3 Tsunami model

For every subfault, the sea floor deformation resulting from 1 m dip-slip (rake angle
is set to 90◦) is calculated for the homogeneous elastic half-space and used as input
for the tsunami code easyWave (Babeyko, 2012), which propagates the initial condi-
tion to compute wave height time series for points along the coast in about 50 m water10

depth (tsunami Green’s functions). Up to this water depth it is possible to assume linear
conditions for our purpose (Miranda et al., 2014), so that the unit time series can be
combined according to the slip distribution. This enables us to compute a large number
of scenarios with little computational effort. The maximum of the time series is extrapo-
lated to the shore using Green’s law (Kamigaichi, 2009) to obtain peak coastal tsunami15

amplitude (PCTA) at points of interest (POI). Bathymetry is from GEBCO (2008) with
30 arcsec resolution.

2.4 Tsunami hazard

For each point of interest, the number of exceedances of a certain wave height in
a catalog is counted and divided by catalog time span to obtain annual probabilities.20

Probabilities for larger time spans and percentiles are calculated using Poisson statis-
tics. Analogous for probability of exceedance (POE) anywhere in a region (counting
exceedances anywhere within a subset of POI). The probabilistic tsunami height (PTH)
is defined as the wave height which is expected once in a certain time (return period)
(Bernard and Robinson, 2009; Sørensen et al., 2012).25
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3 Results

Figure 3 shows some tsunami hazard measures for Iran and Pakistan for the RSC.
According to the left panel, PTH for some specific location in the central region is
around 12 m in 5000 years and 2 m in 500 years, but the PTH for the whole coast line
as one is much higher, about 21 and 9 m respectively (circles with bars). The central5

panel shows PTH as a function of time for the whole coastline and for some cities along
the coast. Jiwani (at 61.7◦ Lon) has the highest hazard, since it is exposed to more
events than the cities of Jask or Ormara at the boundaries of the subduction zone.
The circles correspond to the circles in the left panel. The right panel shows the POE
at one or more locations as function of PCTA. The squares denote POE for 2m/50y,10

8m/500y and 15m/5000y and are used for comparison in the summarizing Figs. 5
and 6. The dashed lines are the 15th and 85th percentiles and reflect fluctuations due
to stochastical catalog generation.

Figure 4 shows the same plots for the exposed coast line of Oman. The hazard for
Muscat (23.6◦ Lat) and Sur (22.6◦ Lat) is comparable to the one for Chabahar in Iran,15

but the cumulative hazard for Oman is lower, since only the events in the western part
have a heavy impact on Oman.

The effect of assumed maximum magnitude for the synthetic seismic catalog on
tsunami hazard is shown in Fig. 5, for Iran and Pakistan on the left side and for Oman on
the right side, as PTH in the upper and as POE in the lower panels. The low-level short-20

term hazard is dominated by the large number of smaller events, while the high-level
long-term hazard very strongly depends on the maximum magnitude. For instance, for
Iran and Pakistan, the probability of exceeding 15m in 5000 years increases from 21%
for Mmax = 8.2 to 75% for Mmax = 8.6 and 93% for Mmax = 9.0.

Similarly, Fig. 6 shows the dependence of tsunami hazard on magnitude–frequency25

relations (for Iran and Pakistan and Oman together). Throughout Figs. 3 to 6, circles
and squares are corresponding. Numerical values are listed in the Supplement.
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4 Discussion

Due to the rather low seismic activity, the tsunami hazard for Makran is generally lower
than for other, seismically more active subduction zones, especially concerning short-
term hazard. However, on the long-term, events with potentially catastrophic impact
lead to significant hazard, meaning that risk mitigation efforts and early warning mea-5

sures should be further developed and implemented.
Our estimations of tsunami hazard should not be considered as final. We discuss

some of the factors affecting our results. The randomness of the synthetic seismic cat-
alog: this is estimated by computing the 15th and 85th percentiles and is rather low
due to the length of the catalogs of 300 000 years. Assumptions for scaling relations10

and slip distribution: these could have high impact on single events, where more com-
plicated things like asperities can arise. Averaged over the whole catalog, the effect
should be moderate. Projection of all events to the plate interface: although inade-
quate for seismic hazard assessment, for tsunami hazard assessment this assumption
leads to a more conservative view as discussed in Sect. 2.2. Splay-faulting: not consid-15

ered, could increase hazard. Tsunami modeling: we did not compute inundation maps
and run-up which would be useful for specific scenarios, instead we estimated coastal
wave heights as described in Sect. 3, which are adequate for hazard assessment and
early warning purposes. Hazard could be increased by (submarine) landslides, possi-
bly triggered by earthquakes. This could be handled in modeling, but due to even rarer20

occurrence than for earthquakes it is difficult to assign probabilities. In our opinion, the
largest influence stems from uncertainty of the maximum magnitude, which we tried to
assess in this study.

We now compare our results to findings by Heidarzadeh and Kijko (2010). For Ji-
wani, they report probabilities of exceeding 1, 3 and 5 m over a 50 year period of about25

42, 18 and 18 %. Their “first generation” study contains only 3 scenarios with identi-
cal magnitude of Mw = 8.1 (all affecting Jiwani). This rough discretization leads to the
same value for 3 and 5 m exceedance probabilities and also implies that these values
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should not be compared to our result for the specific location, but to our probability
of exceedance anywhere within some coastal region. For a maximum magnitude of
Mmax = 8.2 our results are 46, 24 and 14 %, for the coast line of Iran and Pakistan,
which is in good agreement with the result above. For Mmax = 8.6 the values increase
rather moderately to 48, 28 and 19 %. As mentioned in Sect. 3, this short-term hazard5

is dominated by smaller events, so that higher Mmax has limited effect, but the long-term
hazard is heavily affected by Mmax.

An interesting question concerns the possible segmentation of the Makran subduc-
tion zone. The seismicity varies strongly across the Makran region. While large thrust
events are known to have occurred in the eastern part, there is no proof of historic10

events in western Makran (Musson, 2009). Byrne et al. (1992) discussed whether this
should be interpreted as aseismic sliding in the west, or rather complete locking of the
interface (with opposite hazard consequences). They concluded that the occurrence
of uplifted Holocene marine terraces along the coast as well as the continuity of the
deformation front indicate that the latter is more probable. However, even assuming15

locking, it is still not clear whether a giant event rupturing the whole plate interface at
once is possible or whether the segmentation would favor sub-events involving only
part of the interface. In this study we did not consider segmentation of the subduction
zone, further studies with refined seismicity models taking segmentation into account
are desirable.20

Several things can be done to increase resilience against tsunami: education of the
population, planning of evacuation procedures, protection of high-risk facilities and in-
stallation of efficient early-warning systems. The traditional approach for tsunami early
warning is based on seismic methods, but especially for Iran and Pakistan, a GNSS
(Global Navigation Satellite System) based approach should be considered (Sobolev25

et al., 2007; Hoechner et al., 2008; Babeyko et al., 2010; Hoechner et al., 2013).

The Supplement related to this article is available online at
doi:10.5194/nhessd-3-5191-2015-supplement.
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Figure 1. Left: seismicity (Zare et al., 2014), color of the events corresponds to year and size is
by scaling relations (Blaser et al., 2010). The brown lines are the profile and deformation front by
Smith et al. (2013), grey is the used subduction interface. Right: inferred magnitude–frequency
relation. Solid: Gutenberg–Richter–Bayes (used), grey: Gutenberg–Richter (for comparison).
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Figure 2. Left: first 5000 events in the reference synthetic catalog color coded by magnitude.
The whole catalog spanning 300 000 years contains about 20 000 events. Right: parameter
range tested for the magnitude–frequency relation.
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Figure 3. Left: probabilistic Tsunami Height (PTH) for Iran and Pakistan along Longitude (col-
ored lines) and for the whole coast at once (circles with 15th and 85th percentile bars). Center:
PTH as function of time for selected cities (color) and the coastline as whole (black). Right:
probability Of Exceedance (POE) as function of Peak Coastal Tsunami Amplitude (PCTA) for
different time periods. Dashed: 15th/85th percentiles.

5205

http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/3/5191/2015/nhessd-3-5191-2015-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/3/5191/2015/nhessd-3-5191-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


NHESSD
3, 5191–5208, 2015

Probabilistic tsunami
hazard assessment

for the Makran region

A. Hoechner et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

20 21 22 23 24 25 26
0

5

10

15

20

25

Latitude

P
ro

ba
bi

lis
tic

 ts
un

am
i h

ei
gh

t [
m

]

 

 
50 y
500 y
5000 y
Anywhere

10
1

10
2

10
3

10
4

10
−4

10
−3

10
−2

10
−1

10
0

10
1

10
2

Time [y]

P
ro

ba
bi

lis
tic

 ts
un

am
i h

ei
gh

t [
m

]

Oman

 

 

Anywhere
Sohar
Muscat
Sur

0 5 10 15 20 25 30
0

0.2

0.4

0.6

0.8

1

Peak coastal tsunami amplitude [m]

P
ro

b.
 o

f e
xc

. a
t o

ne
 o

r 
m

or
e 

lo
ca

tio
ns

 

 
50 y
500 y
5000 y

Figure 4. Same as Fig. 3 but for the exposed coast line of Oman.
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Figure 5. Influence of maximum magnitude assumption on tsunami hazard. Left: Iran and
Pakistan. Right: Oman. Upper: probabilistic Tsunami Height (PTH). Lower: probability Of Ex-
ceedance (POE).
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Figure 6. Influence on PTH (upper panels) and POE (lower panels) from varying a-parameter
(seismic rate) (left) and b-parameter (right) around M = 6.
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