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Abstract. Advances in the understanding of tsunami impacts allow developing products to assess its consequences in tsunami-—
prone areas, as it is the case of the coast of the Sultanate of Oman. This paper presents the followed methodology and the
obtained results for the assessment of the tsunami hazard of the coast of Oman and the development of the scenario database
that feeds its Tsunami Warning System (TWS). Initially, a seismo-tectonic analysis of the area was carried out, focused on
identifying the seismic areas whose earthquakes could generate tsunamis affecting the coast of Oman. A database of 3181
tsunamigenic sources was characterized by means of the parameters that define their focal mechanisms. This database includes
scenarios with magnitudes Mw ranging from 6.5 to 9.25 within the study area, but it is especially focused on the Makran
Subduction Zone (MSZ). The 3181 cases were numerically propagated to feed the database and to work as precomputed
scenarios for the TWS: In case of tsunami, the results for the closest precomputed scenario (in location and magnitude) are
shown. From the database, 7 worst-case scenarios were selected and computationally simulated at national and local scale, in
9 municipalities all along the coast of Oman, resulting in tsunami hazard maps containing relevant variables in the flooded
area, such as the inundation water depth and the drag level (hazard degree for people instability).

Finally, in order to manage conveniently the results, an online tool, called Multi-Hazard Risk Assessment System (MHRAS),
was developed. This tool is a viewer that contains an easy-to-use application, including the results of the tsunami hazard
assessment and the tsunami scenario database, and the selection algorithm to choose the proper case among the precomputed

ones. The results of this research are part of the National Multi-Hazard Early Warning System of Oman (NMHEWS).
1. Introduction

Tsunamis are relatively infrequent phenomena but they represent a greater threat than earthquakes, hurricanes and tornadoes.
They have caused the loss of thousands of human lives and extensive damage to coastal infrastructures around the world.

Recent tsunami events like those occurred in Japan in 2011 and in Chile in 2010 and especially, the tsunami of 2004 in the
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Indian Ocean, have fostered the elaboration of mitigation strategies on those countries that are located in tsunami-prone areas.
This is the case of the Sultanate of Oman.

The Sultanate of Oman is placed on the southeast corner of the Arabian plate. Its area covers 310.000 km? and its population
is ca. 4.000.000 inhabitants (NCSI, 2014). The coast of Oman has approximately a length of 2.000 km and a great part of the
population lives in the coastal area. Muscat, the capital of Oman, is placed in the north coast of the country. From a seismic
point of view, Oman is mostly affected by the Makran trench, on the opposite side of the Gulf of Oman (see Fig. 1). Large
earthquakes along the Makran Subduction Zone (MSZ) have generated destructive tsunamis in the past (Heidarzadeh et al.,
2008). Although the historical record is incomplete, it is believed that tsunamis from this region have significantly impacted
on several countries bordering the Northern Arabian Sea and the Indian Ocean. A recent example is the tsunami generated
along the MSZ on November 28th, 1945. Its effects were noted in Pakistan, Iran, India and Oman. Run-ups between 5 and 10
meters were recorded (Heidarzadeh et al., 2009). This tsunami was caused by an My, 8.1 magnitude earthquake in the eastern
segment of the MSZ, being an interplate thrust event that ruptured approximately 20% of the length of the subduction zone.
Its epicenter, off of the Makran coast, was located at a focal depth of 25 km. Some authors defend that this earthquake generated

a landslide triggering the tsunami, which then arrived delayed to the coast of Oman (Heidarzadeh and Satake, 2017).

Thus, occasional major earthquakes can be expected which have the potential to generate tsunamis that could be particularly
destructive in the Gulf of Oman, and as a consequence, the tsunami events database that feeds the tsunami warning system and

the tsunami hazard assessment of the coast of Oman were addressed in this study.

The objective of the tsunami warning systems is to generate products to warn people about the possibility of an arriving
tsunami and to understand the emergency itself. These products include warning messages, graphics, procedures, exercises,
and dissemination systems focused on ensuring their effectiveness during a tsunami warning.

These systems commonly contain a database of pre-computed tsunami scenarios. This database is built with numerical models
and cover all the possible events affecting the area of interest. When a new earthquake occurs, the system presents the closer
pre-computed scenario, estimating relevant variables like the tsunami wave height and its travel time. The elaboration of the
database for the tsunami warning system of Oman required the analyses of all the seismic structures whose earthquakes could
generate tsunami affecting the coast of Oman, and the accurate characterization of the focal mechanism of the obtained
tsunamigenic sources. Among them, the worst cases were selected and used to assess the tsunami hazard at National and Local
scale.

The main objective of the tsunami hazard assessment (THA) is the accurate estimation and characterization of the coastal
region that would be flooded in case of tsunami. This objective is commonly tackled by calculating the variables or parameters

that describe the flooding in the study area, such as tsunami wave height, water depth onshore, hazard degree for people

2
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instability, etc (Alvarez-Gomez et al., 2013; Lorito et al., 2015). A key value to determine is the maximum run-up, i.e. the
maximum elevation to which water from a tsunami wave will rise during its flooding process. The optimal methodology to
calculate the flooded area in case of tsunami is the application of validated numerical models to simulate the phenomena and

its associated processes: generation, propagation and inundation.

These numerical models are commonly applied following two alternative but complementary approaches (Alvarez-Gémez et
al., 2013): Probabilistic Tsunami hazard Assessment (PTHA) and Deterministic Tsunami Hazard assessment (or Scenario
Based, SBTHA). When PTHA is performed, it is often considered as an extension of probabilistic seismic hazard assessment
(PSHA) (Annaka et al., 2007; Burbidge et al., 2008; Gonzalez et al., 2009; Grezio et al., 2010; Power et al., 2013; Sgrensen et
al., 2012), obtaining seismic return periods for potential tsunamigenic earthquakes and incorporating the random uncertainties
on the fault and tidal level parameters. Deterministic analyses (SBTHA) are based on worst-case scenarios, where the
maximum potential tsunamigenic earthquakes are simulated. In addition, an aggregated analysis combining the results obtained
for a number of worst-case scenarios of tsunamis in an area can be done. In this study, a deterministic approximation has been
applied. This approximation provides essential information for coastal planning, engineering and management in terms of

security concerns (Tinti and Armigliato, 2003).

The THA results are represented in maps that contain the calculated variables, characterizing the flooded area. These results
were obtained at both national and local scale. National scale maps allow identifying the most exposed areas in case of tsunami,
as they contain information about the maximum Run-up and the inundation length onshore. On the other hand, local scale
maps, allow tackling higher resolution studies, evacuation plans and mitigation strategies. The local assessment covered 9 of
the main municipalities and coastal areas of Oman: Sohar, Wudam, Sawadi, Muscat, Quriyat, Sur, Masirah, Al Dugm, and
Salalah., and at least 20 km at each side of these municipalities. The 9 local study areas comprise, altogether, 17 wilayat

(administrative divisions in Oman) and 315 towns.

Once the tsunami hazard is assessed, the study of the potentially flooded area is commonly followed by an assessment of its
vulnerability and risk, which can be approached from several points of view: human, economic, infrastructures, environmental,
etc. This paper tackles and evaluates the tsunami hazard in Oman. The methodology to assess the tsunami risk, its link to
disaster risk reduction, and its application to the case of Oman are addressed in a companion paper (Aguirre Ayerbe et al.,
2018).

The paper is structured as follows: Section 2 describes the characterization of tsunamigenic sources affecting the coast of
Oman. In section 3, the applied numerical model is presented together with the used topobathymetric grid domains and the

output variables that were calculated. In section 4, the results of the numerical simulations, and their representation as hazard
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maps are detailed for both the scenarios database and the deterministic THA, and the viewer developed for the representation

of the results is explained. Finally, in section 5, a discussion and some conclusions of the study are drawn.
2. Seismic Sources

In order to calculate the database of tsunami scenarios and to assess the tsunami hazard for the coast of Oman, first a
seismotectonic study was carried out. This study allowed evaluating the potential seismic structures whose earthquake could
generate tsunamis affecting the coast of Oman. In this section, the main aspects of the tsunamigenic sources’ characterization
are explained.

2.1 Characterization of Tsunamigenic Sources for the Scenarios Database

In order to generate the seismic scenarios database an analysis of the main aspects of the seismic process related to the tsunami
generation was tackled: First, the tectonics of the area, to characterize the major active faults and its potential rupture
dimensions; and second, the focal mechanisms parameters, to characterize the geometric properties of the occurred
earthquakes.

The characterization of the seismicity is supported by two main aspects. Firstly, the historical and recent distributions of
earthquakes, and, secondly, the focal mechanisms reflecting the rupture characteristics of the earthquakes in the last decades.
These two aspects allow establishing “a priori” areas of higher hazard, as well as the macroseismic characteristics of the
tsunamigenic earthquakes. The focal mechanisms allow to statistically constrain the spatial orientation of the earthquake
ruptures (strike, dip and rake), for the different tectonic zones defined.

Based on the results of both analyses a sources database for the different tectonic zones of the area was developed. From the
tectonic characterization, the maximum potential rupture dimensions and the rheological characteristics of the lithosphere
involved in the seismic deformation were obtained. Some of the rupture parameters and their variability can be constrained
from the analysis of the focal mechanisms and the past earthquakes.

Based on these analyses 11 seismic areas were defined (Fig. 1). This seismotectonic study allowed defining and characterizing
the tsunamigenic sources affecting the coast of Oman.

In order to obtain the potential earthquake magnitude that a fault can generate it is common the use of empirical scaling
relations. These equations relate the magnitude of the potential earthquake with known dimensions of the fault. Such
relationships have been studied for earthquakes in continental crust (e.g. Stirling et al., 2002; Wells and Coppersmith, 1994)

and are the basis for many seismotectonic studies and seismic hazard analyses. The variability of the relations is high, not only
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between different rheological behavior crusts but also between different regions and tectonic settings (Dowrick and Rhoades,
2004; Strasser et al., 2010a)

Depending on the rheological characteristics of the tectonic zones, and on the type of earthquake rupture, different scaling
relations were used (Blaser et al., 2010; Leonard et al., 2014; Strasser et al., 2010a), and occasionally different relations were

used for the same structures in order to check the sensitivity of the results.

4
Arabian
- Peninsula

Arabian Sea

Y o > . Indian Ocean

Fig. 1. Tectonic zonation of the study area. ZZ: Zagros Zone; SHZ: Strait of Hormuz Zone; MSZ: Makran Subduction Zone;
MRZ: Murray Ridge Zone; OFZ: Owen Fracture Zone; AOCTJ: Aden — Owen — Carlsberg Triple Junction; GAZ: Gulf of Aden
Zone; AFT: Alula - Fartak Transform; SR: Sheba Ridge; OT: Owen Transform; CR: Carlsberg Ridge.

Once the earthquake magnitudes were related to the dimensions of the faults, and knowing the geometrical characteristics of
the fault planes (from the tectonics and the focal mechanisms analysis) a series of tsunamigenic seismic sources for events
with magnitudes greater than 6.5 were defined.

Most of the potential tsunamigenic sources are located in the Makran subduction, where the greatest earthquakes in the area
can be generated. A complete set of scenarios with magnitudes ranging from 6.5 to 9.25 were defined. These scenarios are
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spatially distributed covering all the potential earthquake locations in order to contemplate the maximum number of
possibilities for the early warning system.

This approximation is different from the use of “unit” sources (e.g. Gailler et al., 2013). Instead of scaling some parameters
from predefined units, all the characteristics of the rupture for each scenario were define. The ruptures that were studied and
characterized are (Fig. 1):

Makran Subduction Zone (MSZ).

In the Makran subduction, two differentiated segments with apparently different seismic behaviors have been described. An
eastern segment that has presented relevant seismic activity in historical times, with large subduction events, like the
earthquake in 1945 (Heidarzadeh et al. 2009); and a western segment without significant seismicity in recent times. However,
(Shah-Hosseini et al., 2011 obtain results in their analysis of coastal boulders that are only explainable if the western Makran
segment behaves in a seismic manner and generates large tsunamigenic events, although less frequently than the eastern
segment. Similarly, Mokhtari et al. (2008) describe Holocene raised marine terraces (<10 000 years) along the Makran coast,
both east and west, that are typical markers of recent tectonic activity. In a simple way, the absence of large earthquakes in
recent times can be explained by two hypotheses. Or the subduction interface does not have coupling (i.e., does not accumulate
elastic energy and therefore cannot generate earthquakes), or is coupled and it is storing this elastic energy to release it as a
large earthquake in the future. As there is no conclusive data to rule out coupling and potential seismic behavior of the western
segment, and underestimating the maximum earthquake in the area, or exclude the occurrence of a major earthquake in the
western segment, could cause thousands of casualties in the medium term and a serious lack of emergency planning, it was
decided to include the western segment as a potential source in the same terms as the eastern segment. In MSZ, the worst-case

scenario is then defined by the total length of the potential rupture of the whole subduction interface.

For the elaboration of the tsunami scenario database, the minimum magnitude of tsunamigenic earthquakes was considered
Mw=6.5, implying a rupture length of 20 km. Accordingly, a potential earthquake epicenter each 20 km along the length
direction was defined. Analogously the width predicted for a My=6.5 earthquake is approximately 24 km. As the total width
of the subduction interface projection is 220 km a potential earthquake epicenter each 22 km was defined along the subduction
interface width. From the magnitude My=6.5 to the worst-case M=9.25 magnitude a source for each potential epicenter was
defined while the rupture dimensions allow the source to be contained in the subduction interface. E.g. for the magnitude
Mw=6.5, 404 rupture models were defined (Fig. 2a), while for the magnitude My=9.0, 38 potential ruptures were defined with
slightly different strikes, epicenters and centroid depth (see Fig. 2b).
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Fig. 2. Epicenters (circles) and simplification of Mw=6.5 (a) and Mw=9.0 (b) magnitude earthquakes at Makran subduction zone.

Zagros Zone (ZZ). The active Zagros fold-thrust belt lies on the northeastern margin of the Arabian plate, on Precambrian

(Pan African) basement. This is a young (Pliocene) fold-thrust belt currently undergoing 10+4 mm yr~* shortening and

thickening as a result of collision of the Arabian and central Iranian plates (Berberian, 1995; Vernant et al., 2004). The tectonic

mapping of Berberian (1995) and Blanc et al. (2003) were used to estimate the maximum earthquake based on the maximum

mapped fault length. A maximum length of 110 km was obtained. According to the scaling relations of Blaser et al. (2010) or
Wells and Coppersmith (1994), it is equivalent to an M 7.75 earthquake. In the Zagros Zone, only the frontal offshore thrust

was modeled, but allowing magnitudes from 6.5 to 7.75. A total number of 148 ruptures along the Zagros front were modeled

(see Fig. 3).
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Fig. 3. Epicentres (circles) and simplification of Mw=7.75 magnitude earthquakes at Zagros.

Strait of Hormuz Zone (SHZ). In the SHZ the NW trending Zendan-Minab-Palami fault system connects the Zagros fold-
and-thrust belt to the Makran prism long a NNW trending fold-and-thrust belt, 20 km wide and 250 km long. It is oblique to
the regional convergence and is characterized by strike-slip, oblique reverse and thrust faulting as well as fault propagation
folds (Regard et al., 2004). According to the characterization of the faults in the area, a conservative maximum rupture length
of approximately 45 km was estimated. The strike is NNW-SSE with values from N150°E to N180°E and dipping towards the
east with high angles. The fault motion is of oblique character, with right-lateral and reverse dip-slip components, but
predominantly right-lateral. In addition to the strike-slip and oblique ruptures, some reverse faulting earthquakes are present
in the area (Fig. 4). In order to take into account the possibility of this kind of earthquakes in the strait, some scenarios with
the characteristics of these earthquakes were modeled. As mapped faults could not be used, as in the strike-slip structures
described for the zone before, it was decided to constrain the maximum rupture length with the width of the strait. This
maximum rupture length is 80 km in the N60C°E direction which can produce earthquakes with magnitudes Mw 7.5 according
to the Blaser et al., 2010 relations, with a rupture width of 39 km. With this width and a dip of 25° (from the focal mechanisms)
a maximum rupture depth of 16 km was obtained, which is coherent with the seismotectonics of the area. A total of 48 sources

were modeled in SHZ including the oblique-strike slip and reverse events.
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Fig. 4. Focal mechanisms from the Global CMT catalog (Ekstrém et al., 2012). The shading is function of the focal mechanism depth.
205 The defined seismotectonic zones are marked by dashed lines.

Murray Ridge Zone (MRZ). The Murray Ridge System is divided into basins and ridges. This has been interpreted as a

transform margin of the Indian Plate that has been active since the Upper Cretaceous. Seismic reflection profiles from the
210 Murray Ridge in the Gulf of Oman, show a significant component of extension across the predominantly strike-slip Indian—

Avrabian plate boundary. The Murray Ridge lies along the northern section of the plate boundary, where its trend becomes more

easterly and thus allows a component of extension (Mokhtari et al., 2008). Due to the lack of detailed structural maps for the

Murray Ridge a maximum earthquake similar to the defined by Deif et al., 2013 was used, modeling 33 ruptures of magnitude

6.5 following two families of fault planes, one striking N100°E, dipping 60° towards the north with a rake of -135° (an oblique
215 right-lateral dip-slip rupture); and other striking N35°E and dipping 60° towards the NW with a rake of -135° (Fig. 4).

Owen Fracture Zone (OFZ). The OFZ is a pure strike-slip boundary between the Arabian and Indian plates and is marked

by a moderate seismicity and by a prominent bathymetric ridge, the Owen Ridge, up to 2000-m high with respect to the
9



220

225

230

235

240

245

250

Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-221
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.

Discussion started: 24 July 2018

(© Author(s) 2018. CC BY 4.0 License.

surrounding seafloor. The Arabian plate moves northwards slightly faster than the Indian plate at a differential rate of 2 to 4
mm yr~1 (Fournier et al., 2008). Commonly a strike-slip motion (horizontal displacement) is unable to generate dangerous
tsunamis; for this reason, only worst-cases scenarios were modeled, which in the area corresponds with the maximum length
of 180 km described by Fournier et al., 2011. This worst-case scenario is represented by a Mw ~ 7.75 earthquake according to
the Blaser et al. (2010) relations.

Aden-Owen-Carlsberg Triple Junction (AOCTJ). At its both tips, the Owen Fracture Zone terminates into extensional
structures associated with basins. To the south, the OFZ terminates abruptly into the Beautemps—Beaupré Basin, a 50-km-wide
and 120-km-long basin bounded by two N70-N90°E-trending conjugate master normal faults (Fournier et al., 2001, 2008,
2011). The N70°E normal faults dip towards the south and the N90°E faults, on the southern edge of the basin, dip towards the
north. The maximum length of this normal faults was used in order to estimate the worst-case scenarios related to this structure.
Using the structural map of (Fournier et al., 2008) a maximum length for the northern faults of 46 km was obtained, and, in
the same way, 34 km for the southern faults was calculated, which corresponds approximately to earthquakes with magnitudes
6.75 and 6.5 (Blaser et al., 2010; Wells and Coppersmith, 1994). In the AOCTJ, the northern and southern normal fault
bounding the basin, and the strike-slip 37°30" E transform were modeled.

Gulf of Aden Zone. Situated between southern Arabia and the Horn of Africa, the Gulf of Aden links the Ethiopian rift and
the Red Sea with the Carlsberg Ridge in the NW Indian Ocean. The ridge crest is offset by numerous NNE-SSW-trending
structures identified as left-stepping transform faults with right-lateral motion. The Gulf of Aden is characterized by an oblique
opening. The present-day spreading direction is close to N25°E along the Alula-Fartak transform fault, as indicated by slip
vectors of earthquake focal mechanisms (Fournier et al., 2010). The obliquity is accommodated by an échelon faulting within
the axial rift, with normal faults oblique to the ridge trend (Fournier et al., 2010). The normal faults have directions of N100-
120°E while the transform fault strikes N25-30°E. The transform faults are short in general (< 50 km) and consequently, being
of pure strike-slip character, unable to generate relevant tsunamis. It was decided to discard these transform faults in the
western part of the Gulf of Aden as tsunamigenic. On the other hand, the normal fault segments present lengths up to 70 km,
but with the rupture confined to the first 5-10 km of depth in the lithosphere due to the thermal condition near the spreading
centers (Huang and Solomon, 1987). In this worst-case of normal faulting earthquake, assuming a reasonable dip of the fault
of 60° from the focal mechanisms, a maximum width of 11.5 km was obtained. This width, multiplied by the maximum length
of 70 km, gives a maximum rupture area of 805 km2. Using different relations of Area vs. Mw (Leonard, 2010; Strasser et al.,
2010a; Wells and Coppersmith, 1994) a magnitude Mw 6.9 earthquake is obtained. Taking into account these results it was
decided to model 44 normal faulting earthquakes in the area from magnitudes Mw 6.5 to a maximum magnitude of 7.0 using

the self-consistent relations of Leonard et al., 2014.

10
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Alula — Fartak Transform. The Gulf of Aden Ridge, in the central part, is offset over 200 km by one major transform fault,
the Alula-Fartak transform. This structure presents a maximum length of circa 200 km, which could generate a complete
rupture, a magnitude Mw 7.75 similarly to the pure strike-slip faulting of the OFZ. This worst-case scenario was modeled in a
similar way to the worst-case scenario of the OFZ.

Sheba Ridge. In the eastern part of the Gulf of Aden, the Sheba Ridge axis is offset by minor transform faults. The spreading
rate along the eastern Sheba Ridge is currently slightly faster (2.4 cm yr™1) than along the western Carlsberg Ridge (~2.2 cm
yr1). Arabia is thus moving northward more rapidly than India with respect to Somalia. The Arabia-India relative motion was
taken up by the Owen fracture zone as has been described previously. The Sheba ridge present similar characteristics to the
Gulf of Aden ridge, and both parts of the ridge are usually studied as a whole. Being the tectonic characteristics similar, the
same dimension constrains used for the Gulf of Aden was adopted. 65 rupture models with magnitudes from 6.5 to 7.0 were
modeled for the Sheba Ridge.

Owen Transform. The Owen transform fault offsets by 330 km the Carlsberg Ridge and connects to the Sheba Ridge, which
continues westward in the Gulf of Aden. As a transform fault its motion is almost pure strike-slip and is analogous to the Alula-
Fartak transform fault described before. In the same way, only the worst-case was modeled, since the tsunamigenic potential

of the strike-slip faults is very low. In the Owen Transform 3 scenarios of strike-slip type were modeled.
Carlsberg Ridge. The Carlsberg Ridge present similar characteristics to the other two main ridge axis in the area, the Gulf of
Aden and Sheba ridge. The same dimension parameters and criteria described before were used. A total of 74 ruptures with

magnitudes ranging from 6.5 to 7.0 of normal type were modeled in the Carlsberg Ridge.

In the following table the number of sources modeled for each zone is shown.

Table 1. Number of sources considered at each seismic zone

Seismic Zone Number of sources
Aden Gulf 44
Alula Fartak 1
AOCT 14
Sheba ridge 65
Owen transform 3
Carlsberg Ridge 74

11
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Owen Fracture 16
Murray Ridge 33
Hormuz 48
Zagros 148
Makran 2735
TOTAL 3181

The sources were described as simple rectangular ruptures. Their parameters were defined in a way that are easily incorporated
into the numerical modeling of surface deformation (by means of the Okada model, Okada, 1985a). It was computed, for each
one of the modeled sources: i) the hypocentral location (center of the earthquake rupture): longitude, latitude and depth; ii) the
rupture orientation: strike, dip and slip rake; iii) the rupture dimensions: fault length and width; and iv) the average earthquake

slip over the rupture plane.

2.2 Tsunamigenic Sources for the Tsunami Hazard Assessment

The tsunami hazard was assessed following a deterministic approach, i.e. by means of numerical simulations of worst-case
scenarios. These scenarios were selected from the tsunami scenarios database created in the seismotectonic study presented in
the previous subsection. The results of these scenarios were used to calculate and develop tsunami hazard maps, where several
useful variables are represented for the study area. These maps are presented and explained in next sections.

From the 3181 cases of the database, 6 potential tsunamigenic sources were chosen and, additionally, the historical earthquake
occurred in 1945 was included. The characteristics of the 7 selected sources that were used for the numerical simulation can

be seen in Table 2.

Table 2. Selected sources to elaborate the tsunami hazard assessment

Seismic  Magn  Lon Lat Depth Strike  Dip Rake  Slip L W
Zone Mw (km) (m) (km) (km)
Zagros 7.75 56.063 26.653 6.1 250.4 35 90 8.1 104 21

Makran 8.75 63.185 25.119 11.27 258.3
Makran 8.75 60.614 25.066 11.27 276
Makran 8.75 59.494 25.312 14.436 266.9
Makran 9.25 61.985 25.312 14.436 266.9
Makran 9.25 61.41 25.328 14.436 270.9
1945 8.1 63 245 20 240

90 7.8 438 163
90 7.8 438 163
90 7.8 438 163
90 15.6 860 234
90 15.6 860 234
90 75 126 38

o~~~ N~
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As explained the Makran subduction zone has two segments, with an approximate length of 430 km each. By applying the
empirical relations of Strasser et al., 2010b or Blaser et al., 2010, this length implies earthquake magnitudes of Mw 8.8.
However, if both segments break in one earthquake, the rupture length would be about 850 km, implying maximum earthquake
magnitude Mw ~ 9.25. The cases to be included in the tsunami hazard assessment were chosen from a conservative point of
view, and, consequently, the possibility of the total break of both segments in one earthquake and the inclusion of Mw 9.25

cases was adopted.

The hazard mapping based on the potential occurrence of events of great magnitude, such as Mw 9.25, although conservative,
and with return period of the order of thousands of years, allows defining a “flood peak” on land and the potential flood zones,
which would be vital to define safety limits for evacuation zones, from a global risk assessment point of view. The experience
of the 2004 tsunami in Indonesia and Tohoku, Japan, in 2011 have shown that unlikely events with return periods of thousands

of years, can occur. Although the period of return is high, these events could take place at any time.

3. Numerical simulation of the tsunami events

Numerical models are commonly applied to assess the tsunami hazard. These models use as input the tsunamigenic sources
characteristics and the topobathymetry of the study area. The output of the numerical simulations are the variables that
characterize the propagation and inundation processes of the calculated tsunami.

In this section, the numerical model used to conduct the tsunami simulations is explained. First, the model itself is exposed
and afterward, the grid domains adopted for the calculations of scenarios database and for the THA, at both National and local

scales, are presented. Finally, the variables that the numerical simulations give as output are defined and detailed.

3.1 Characteristics of the applied model

The numerical model used to simulate the tsunami scenarios was COMCOT ( Cornell Multi-grid Coupled Tsunami Model ,
Wang, 2009). COMCOT solves the nonlinear shallow water equations (NLSWE) using a leap-frog finite differences scheme
on a 2D horizontal domain.

In a Cartesian coordinate system, the NLSWE can be expressed as follows:

Mass conservation equation:

on o°P 0Q 0 1)
at  ox dy
Momentum conservation equations:
oP 9dP? 09PQ on 2
Eﬁ'gﬁ‘wﬁ‘ngﬁ'TxD—fQ =0
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2
where 1) is the free-surface elevation above mean sea level; x and y represent the longitude and latitude of the earth; tx and ty
are the bottom shear stress; P and Q stand for the volume fluxes (P =Du and Q=Dv, with u and v being the depth-averaged
velocities in the longitude and latitude direction); D is the total water depth (D =h+ 1), with h being the water depth; f represents
the Coriolis parameter; and g is the acceleration due to gravity. Numerical models based on LSWE and NLSWE are generally

very efficient simulating tsunamis propagation.

The C3 model (Olabarrieta et al., 2011), a modification of COMCOT developed in the Environmental Hydraulics Institute of
the University of Cantabria was adopted. Both, COMCOT and C3 are widely used and validated worldwide (Alvarez-Gémez
etal., 2013; Liu et al., 2009; Roshan et al., 2013; Wang and Liu, 2006, 2005).

Initial and boundary conditions are introduced defining a seafloor deformations from the seismic tsunamigenic sources defined
in the previous subsection 2.2. They were modeled with the Okada equations (Okada, 1985b) included in the COMCOT-C3

model to transform the seafloor deformation into water surface deformation.

3.2 Grid Domains

Several data sources were used to build the bathymetric grids for the numerical simulations of propagation and flooding: (1)
GEBCO bathymetry database (International Hydrographic Organization, 2014), (2) digitized bathymetric charts in near-shore
areas and (3) high- resolution bathymetric data from hydrographic surveys. For the topography, a digital terrain model (DTM)
with a cell size of 10m provided by PACA (Public Authority of Civil Aviation of the Sultanate of Oman) was used.

These data were merged and 14 regular grids were elaborated, distributed in three nested levels. Several levels were nested to
obtain an adequate resolution both offshore and near the coast. The characteristics of these grids (cell size, covered area) are

given in Table 3. In Fig. 5, the area covered by each one of the constructed grids is depicted.

The first level, with lower resolution, was used not only to elaborate the tsunami scenario database but also to work as the
biggest grid of the hazard assessment, where the rest of the grids were nested. This first level grid contained all the seismic
areas affecting the coast of Oman. Level 2 grids were nested to level 1 grid and they were used to approach the propagations
to the coastal areas by increasing the resolution of the bathymetry. The THA at National scale was conducted with the results

of the numerical simulations obtained at this level 2 grids. Finally, one grid for each one of the 9 main coastal municipalities

14
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of Oman was built at high resolution (Cell size around 45 m), and nested to level 2 grids. The THA at local scale was conducted

at this high-resolution local grids.

Table 3. Schematization of nested grids.

Level Grids Area Resolution  Application

1 1 Whole Coast 1350 m Hazard Assessment and scenario Database
2 4 Coastal areas 270 m Hazard assessment

3 9 Municipalities  45m Hazard assessment

1.- Sohar
2.- Wudam
3.- Suwadi
4.- Muscat
5.- Qiriyat
6.- Sur

7.- Masirah
8.- Dugm
9.- Salalah

Global Grid
National Grids
Local Grids

Fig. 5. Distribution of grids: global grid (Level 1), National or approximation grids (Level2) and the 9 Local grids (level 3).
3.3 Output Variables of the numerical model

As a result of the propagation, the model gives relevant variables that characterize the tsunami phenomenon, its propagations
and the inundation that triggers when it reaches the coast. The variables that are usually represented in tsunami hazard maps
are (see Fig. 6): Inundation depth (h), the vertical distance between the water surface and the ground (or the sea bottom);
Elevation (1), the amplitude of the wave from the sea level to the water surface; Run-up (Ru), Maximum topographic

elevation reached by the tsunami in its flooding process; Inundation length (L), horizontal distance between the coastline and

15
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the maximum flooding; Flow velocity (u) and Drag level (d), hazard degree for people instability, calculated as flow velocity

times the inundation depth (u-h).

seoanC e

h : Inundation Depth 1 : Elevation
U : Flow velocity Ru: Run-up
d : Drag L : Length

Fig. 6. Scheme of the output variables obtained from the numerical simulations and represented in the THA maps

4. Results

The objective of this research was twofold: on the one hand the characterization of the tsunami hazard over the entire coast of

Oman and focused on 9 municipalities, and, on the other hand, the computation of a tsunami scenario database.

4.1 Tsunami Scenarios Database and MHRAS

The numerical simulations of the 3181 cases that form the database were carried out by using the COMCOT model and for
each one of them, several variables were obtained. Thus, the generated tsunami database was used to calculate 2 variables: (1)
Tsunami maximum wave elevation data and (2) Minimum tsunami travel time of a detectable positive amplitude of 2 cm wave.
The results of all these numerical simulations are part of the tsunami warning system of the Sultanate of Oman. The calculated
variables were included as maps in the MHRAS (Multi-Hazard Risk Assessment System of the coast of Oman) (Aniel-Quiroga
et al., 2015; Fernandez et al., 2014). For this MHRAS an easy-to-use online viewer was created (Fig. 7) to manage the
elaborated data. Using the epicenter locations (both numerical and graphical) and the earthquake magnitude as input, the
system automatically searches and selects the closer scenario among the 3181 precomputed cases, taking into account the
defined location and magnitude. Once the selection has been made, the tsunami travel time map and the tsunami maximum
wave elevation data are shown in the viewer (Fernandez et al., 2014). In Fig. 7, an example of the maximum wave elevation

for an event with epicenter on Makran Subduction zone is shown.
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Fig. 7. Extract of the MHRAS. Maximum wave elevation for a Mw=8.7 event, in Makran Subduction Zone

In addition, for each one of the scenarios of the database, the tsunami maximum wave elevation time series was obtained at
specific locations: The validation points and the forecast points.

4.1.1 Validation points

The validation points are the actual locations where tidal gauges are placed on the coast of Oman. For each one of the tsunami
scenarios, the time series at these locations was obtained and depicted. In Fig. 8, an example of one of the graphs included in
the MHRAS is given. In the system, the graph is given by clicking on the validation point location once the scenario has been
chosen. These graphs allow knowing the time series on the coast in advance and also are useful to compare the computed and
real record data once the tsunami arrives the tidal gauge.

17



400

Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-221
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.

Discussion started: 24 July 2018

(© Author(s) 2018. CC BY 4.0 License.

5 Point Muscat Event 1753

n (mts)

® ymax=0010m
0 50 100 150 200 250
t (mins)

Fig. 8. Example of the time series obtained for the location of the Muscat tidal gauge, including the maximum value of the tsunami
wave elevation

4.1.2  Coastal Forecast Points (CFP) and Zones (CFZ)

The Coastal Forecast Points (CFP) are points on the coast of each country at a depth of 30 m that work as key locations in a
tsunami warning system. MHRAS is connected to the Indian Ocean tsunami warning system, and the location of 124 CFP on
the coast of Oman and close countries was set by IOC-UNESCO in agreement with PACA of Oman (see Fig. 9a).
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Karachi

Muscat

Fig. 9. a Coastal forecast points defined by UNESCO where the time series of each tsunami scenario was obtained. b. CFP are
grouped in CFZ and for each one the threat category was calculated for each tsunami scenario of the database and its representation
was included in the MHRAS

In order to categorize the tsunami hazard due to each scenario of the database at each CFP, a decision matrix was applied (see
Table 4), based on the values of the tsunami wave amplitude and the tsunami travel time from the source to the coastal area.
In this matrix 4 levels were defined: Tsunami Warning (red), Tsunami alert (orange), tsunami Watch (yellow) and threat passed
(green).

CFP were grouped in Coastal Forecast Zones (CFZ), defined as sections of 100 km of coastline. For each CFZ, the worst threat
category among its CFP was selected and depicted in maps like the one given in Fig. 9b. The CFZ maps allow knowing from
a unique map the hazard in the whole area.

Table 4. Threat categories, calculated by means of the tsunami travel time from the source to the CFP and the tsunami wave
amplitude.

Amplitude T1<60 mins  T2>60 mins

>2m Alert
0.5-2m Alert ‘ Watch
0.2-0.5m Watch Watch
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These results, the obtained values at the validation points and forecast points and zones, were also included in the MHRAS
viewer.
MHRAS is currently part of the Indian Ocean Tsunami Warning system, it receives relevant data regarding the tsunamigenic

sources, and selects the closer already-modeled case, sharing the maps that include the results of the propagations.

4.2 Tsunami Hazard Maps

The THA was carried out at National and local scale. At National scale run-up, inundation length and wave elevation were
obtained from the numerical simulations. And at local scale drag level, inundation depth was obtained. The definition of this

variables is given in Fig. 6.

The tsunami hazard maps were represented by means of aggregated maps. These aggregated maps (Alvarez-Gomez et al.,
2013) combine the results of all the considered scenarios into one unique map. At each point of the map, the worst value of
the represented variable among the calculated scenarios is given. l.e. if an elevation value of 4 meters is given at a point, this
means that among the 7 studied scenarios the maximum elevation is precisely 4 m. This type of map allows representing
graphically the worst condition on every point in one unique map. Although these “worst” cases might have a low probability
of occurrence, they are useful to represent the maximum flooding levels and to identify the most exposed areas, from a

deterministic point of view.

4.2.1  Tsunami Hazard Map at National Scale

In Fig. 10, the tsunami hazard map of the coast of Oman at National scale is given. In this map, two variables were represented:
Run-up and Inundation length. The combination of these 2 variables gives an adequate view of the hazard, regardless the shape
of the coastal area. l.e. in an area of cliffs the run-up can be very high, but complementing this information with a large or
small inundation length, allows understanding better the tsunami scenario at each point of the coast. On the other hand, in a
very flat area, the inundation length can be large, but knowing whether the run-up is high or low gives a more accurate view
of the threat. In the National scale map both variables are given along the coast.

In this map it is observed that the highest tsunami hazard was obtained in the north coast of the country, as those tsunamis
arriving from the Makran subduction zone reach Oman coast directly. On the east coast, there is a very flat area protected by
Masirah Island, where the inundation length is large, but the obtained run-up is low. In the south of the country, the affection

of the considered tsunamigenic sources is low, and the calculated run-up an inundation length produce a low tsunami hazard.
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4.2.2  Tsunami Hazard Map at Local Scale

The 7 selected scenarios were modelled until the level 3 of the constructed nested grids (see Table 3), with a resolution of 45
meters at the 9 local municipalities (see Fig. 5). As a result, tsunami hazard maps containing two variables were developed

focused on the characterization of the flooded areas.
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The variables that were represented in the local maps are the inundation water depth and the drag level, using the equinoctial
highest tidal level as reference.

In Fig. 11 the aggregated maps of maximum inundation water depth of the coastal area of the 9 municipalities in case of
tsunami are given. In these maps it is observed that the hazard at those municipalities located in the north part of the country
(from Fig. 11 ato Fig. 11 f) is higher than the hazard at the eastern part, where the inundation water depth remained low,
being almost negligible in Salalah (Fig. 11 i) and Dugm (Fig. 11 h). In the north, the maximum inundation depth in most
coastal areas of Wudam (Fig. 11 c) and Suwadi (Fig. 11 d) would reach 5-10 m. And in Muscat (Fig. 11 a), the capital city
of Oman, the inundation depth of the western part of the city, where the airport is located, would be also around 5-10 m. It is
important to highlight that these are aggregated maps, which means that the worst situation among the 7 modeled scenarios at

each point of the municipalities has been represented.

In Fig. 12 the maximum drag level maps of the coastal area of the 9 municipalities in case of tsunami are given. In these maps,
the represented variable combines the water depth and the flow velocity (Jonkman et al., 2008) to stablish a scale of hazard
degree for people instability. In these maps, in accordance to the results of the inundation depth variable, the worst region for

people instability in case of tsunami is the north of the Country, while the east coast is barely affected.
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In the manner of the results of the tsunami scenarios database, all the results of the THA were included in the MHRAS. This
easy-to-use tool allows consulting any of the developed results. This viewer collects all the tsunami hazard maps, including all
the calculated variables. The user just needs to select the scenarios (among the 7 modeled ones) and the scale (National or
Local) and the tool provides the final map. The aggregated maps, represented in Fig. 11 and Fig. 12, were also included in
the HRAS viewer.

5. Discussion and conclusions

The tsunami hazard assessment of the coast of Oman has been addressed by means of the calculation of a tsunami scenarios

database and the elaboration of tsunami hazard maps at National and local scale.

First, the potential seismic structures whose earthquake could generate tsunamis affecting the coast of Oman were studied and
characterized. Although the main structure affecting the coast of Oman is the Makran Subduction Zone, other 10 seismic areas
were analyzed in order to cover all the possible tsunami scenarios, including earthquakes with magnitudes from 6.5 to 9.25.
As a result, a number of 3181 scenarios were found and characterized and the parameters that define their focal mechanisms

were set.

The 3181 tsunami scenarios were modelled, numerically, at national scale with the COMCOT-C3 model. These numerical
simulations provided the maximum elevation maps and minimum tsunami travel time along the coastal area of Oman, and the
resulting propagations were included in an online viewer, the MHRAS (Multi Hazard Risk Assessment System). MHRAS is
an easy-to-use tool that provides the results of the simulations in the form of maps. In order to visualize the results, the viewer
also includes a selection algorithm. By providing the epicenter location and the magnitude of an earthquake, the system
automatically makes available the maps of the closest scenario of the precomputed database. These maps show the maximum
wave height on each point, and the minimum time required by the tsunami to reach. Obviously, tsunami travel time depends
on the proximity between the specific point that is being checked and the source of generation of the tsunami. On the other
hand, the wave height mainly depends on the magnitude of the earthquake that has generated the tsunami wave. In general, the
bigger the magnitude, the higher the wave. Besides, once the MHRAS has already selected the pre-computed case, the system
allows the user consulting the numerically recorded data at several interesting points: forecast points and validation points.
The forecast points are internationally agreed key points that, in case of a tsunami event would receive and then spread all the
relevant data, and validation points are the actual locations of tidal gauges.
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Among the 3181 tsunami scenarios, the 7 worst possible events for the coast of Oman were selected to address the tsunami
hazard. These 7 scenarios were modeled at national and local scale, including the calculation of the flooded coastal areas. At
National scale, the run-up and the inundation length were calculated and represented in a National tsunami hazard map (see
Fig. 10). And, at local scale, the inundation depth and the hazard degree for people instability were calculated and mapped.
Both National and local scale maps were elaborated from a deterministic point of view. The hazard maps at National and local

scale of each one of the 7 chosen scenarios, as well as the aggregated case are included in the MHRAS viewer.

National Hazard map is focused on the identification of the areas that would be more affected in case of tsunami. In this map
(see Fig. 10), maximum run-up and horizontal inundation length can be observed. From the analysis of the National scale
map, it can be said that the most affected area in case of tsunami would be the north coast of Oman, located in the gulf of
Oman. This is due to its proximity to Makran subduction zone. Besides, there are some areas where the value of the maximum
Run-up is quite high, but the inundation length is short, like in the case of Qiriyat area. This behavior is associated with cliffs
areas. In the same way, some aisled areas with huge inundation length but low Run-up can be observed. This behavior is

related to very flat areas, like, for instance, the continental side in front of Masirah Island.

Local hazard maps of the 9 main coastal municipalities focused on the identification of specific affected areas in case of
tsunami. The resolution of the grids was higher than in the case of National maps.

Analyzing these maps it can be observed that even for the aggregated maps, the envelope of all the worst cases, the eastern
coast of Oman would be very lowly affected. There are some areas where the horizontal inundation length is long, but the
wave’s elevation is very small. This occurs, for example, at the continental area of Masirah strait (see Fig. 11g), as it can be
also observed in the national maps.

Again, the most affected areas are located in the north coast of the country, in the Gulf of Oman. The longest inundation was
recorded at Wudam and Sawadi (see Fig. 11c and 11d), and in the same way, the highest elevation is observed in the west of
Muscat area (see Fig. 11 a). On the other hand, in Qiriyat (see Fig. 11f), due to the existence of high cliffs, the inundation
area is smaller, and it can be said that just low zones or wadis (dry rivers) would be affected. The main affection comes from
the Makran Subduction Zone events. The affection on the north coast by the Mw=7.75 event at Zagros subduction zone hardly
affects the north coast, and the eastern coast is negligible. Just in the northern considered municipality (Sohar, Fig. 11 a),
some affection could be expected from Zagros since it is the closest area to the Strait of Hormuz. In Dugm and Salalah (Fig.

11 hand Fig. 11i), on the eastern coast, the flooded area is very small, and again, just low areas and wadis would be flooded.

The results of the tsunami hazard assessment allow tackling the next steps in the tsunami risk assessment. Once the affected
area is calculated, exposition and vulnerability assessments will provide the necessary framework to properly assess the
tsunami hazard. Therefore, mitigation measures are proposed and applied. This is, from both theoretical and practical points

of view, the aim of a companion paper (Aguirre Ayerbe et al., 2018), focused on the disaster risk reduction.

26



545

550

555

560

565

570

Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-221
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.

Discussion started: 24 July 2018

(© Author(s) 2018. CC BY 4.0 License.

Acknowledgements

The authors would like to thank the Ministry of Transport and Communications of the Government of the Sultanate of Oman
(MQOTC), Directorate General of Meteorology (DGMET), Public Authority for Civil Aviation (PACA), for supporting and
funding the project “Assessment of Coastal Hazards, Vulnerability and Risk for the Coast of Oman ” and the collaboration of
the IOC-UNESCO personnel.

References

Aguirre Ayerbe, I., Martinez Sanchez, J., Aniel-Quiroga, ., Gonzalez-Riancho, P., Al-Yahyai, S., Gonzélez, M. and Medina,
R.: From Tsunami Risk Assessment to Disaster Risk Reduction. The case of Oman, NHESS, Under revi, doi:10.5194/nhess-
2017-448, 2018.

Alvarez-Gomez, J. A., Aniel-Quiroga, I., Gutiérrez-Gutiérrez, O. Q., Larreynaga, J., Gonzélez, M., Castro, M., Gavidia, F.,
Aguirre-Ayerbe, I., Gonzalez-Riancho, P. and Carrefio, E.: Tsunami hazard assessment in El Salvador, Central America, from
seismic sources through flooding numerical models., Nat. Hazards Earth Syst. Sci., 13(11), 2927-2939, doi:10.5194/nhess-
13-2927-2013, 2013.

Aniel-Quiroga, I., Alvarez-Gémez, J. A., Gonzalez, M., Aguirre-Ayerbe, 1., Fernandez, F., Jara, M. S., Gonzalez-Riancho, P.,
Medina, R. and Al-Yahyai, S.: Tsunami Hazard assessment and scenarios database development for the tsunami warning
system for the coast of Oman, in international conference on reducing tsunami risk in the western Indian ocean, Muscat, Oman.,
2015.

Annaka, T., Satake, K., Sakakiyama, T., Yanagisawa, K. and Shuto, N.: Logic-tree approach for Probabilistic Tsunami Hazard
Analysis and its applications to the Japanese coasts, in Pure and Applied Geophysics, vol. 164, pp. 577-592., 2007.
Berberian, M.: Master “blind” thrust faults hidden under the Zagros folds: active basement tectonics and surface
morphotectonics, Tectonophysics, 241(3-4), doi:10.1016/0040-1951(94)00185-C, 1995.

Blanc, E. J.-P., Allen, M. B., Inger, S. and Hassani, H.: Structural styles in the Zagros Simple Folded Zone, Iran, J. Geol. Soc.
London., 160(3), 401-412, doi:10.1144/0016-764902-110, 2003.

Blaser, L., Kruger, F., Ohrnberger, M. and Scherbaum, F.: Scaling Relations of Earthquake Source Parameter Estimates with
Special Focus on Subduction Environment, Bull. Seismol. Soc. Am., 100(6), 2914-2926, doi:10.1785/0120100111, 2010.
Burbidge, D., Cummins, P. R., Mleczko, R. and Thio, H. K.: A probabilistic tsunami hazard assessment for Western Australia,
in Pure and Applied Geophysics, vol. 165, pp. 2059-2088., 2008.

Deif, A., El-Hussain, 1., Al-Jabri, K., Toksoz, N., ElI-Hady, S., Al-Hashmi, S., Al-Toubi, K., Al-Shijbi, Y. and Al-Saifi, M.:
Deterministic seismic hazard assessment for Sultanate of Oman, Arab. J. Geosci., 6(12), 4947-4960, doi:10.1007/s12517-012-

27



575

580

585

590

595

600

Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-221
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.

Discussion started: 24 July 2018

(© Author(s) 2018. CC BY 4.0 License.

0790-4, 2013.

Dowrick, D. J. and Rhoades, D. A.: Relations between earthquake magnitude and fault rupture dimensions: How regionally
variable are they?, Bull. Seismol. Soc. Am., 94(3), 776—788, d0i:10.1785/0120030151, 2004.

Ekstrom, G., Nettles, M. and Dziewonski, A. M.: The global CMT project 2004-2010: Centroid-moment tensors for 13,017
earthquakes, Phys. Earth Planet. Inter., 200-201, 1-9, doi:10.1016/j.pepi.2012.04.002, 2012.

Ferndndez, F., Aguirre, |., Gonzalez-Riancho, P., Martinez, J., Mendez, F., Gonzalez, M., Medina, R., Losada, I. J. and Al-
Yahyai, S.: Multi Hazard Risk Assessment System (MHRAS)-Tsunamis &amp; Tropical Cyclons, in ESRI Spanish
Conference, Madrid, Spain. [online] Available from:
https://www.researchgate.net/publication/266910699_Multi_Hazard_Risk_Assessment_System_ MHRAS-
Tsunamis_Tropical_Cyclons (Accessed 20 March 2018), 2014.

Fournier, M., Patriat, P. and Leroy, S.: Reappraisal of the Arabia-India-Somalia triple junction kinematics, Earth Planet. Sci.
Lett., 189(3-4), 103-114, doi:10.1016/S0012-821X(01)00371-5, 2001.

Fournier, M., Chamot-Rooke, N., Petit, C., Fabbri, O., Huchon, P., Maillot, B. and Lepvrier, C.: In situ evidence for dextral
active motion at the Arabia-India plate boundary, Nat. Geosci., 1(1), 94-98, doi:10.1038/nge0.2007.24, 2008.

Fournier, M., Chamot-Rooke, N., Petit, C., Huchon, P., Al-Kathiri, A., Audin, L., Beslier, M. O., D’ Acremont, E., Fabbri, O.,
Fleury, J. M., Khanbari, K., Lepvrier, C., Leroy, S., Maillot, B. and Merkouriev, S.: Arabia-Somalia plate kinematics, evolution
of the Aden-OwenCarlsberg triple junction, and opening of the Gulf of Aden, J. Geophys. Res. Solid Earth, 115(4),
d0i:10.1029/2008JB006257, 2010.

Fournier, M., Chamot-Rooke, N., Rodriguez, M., Huchon, P., Petit, C., Beslier, M. O. and Zaragosi, S.: Owen Fracture Zone:
The Arabia-India plate boundary unveiled, Earth Planet. Sci. Lett., 302(1-2), 247-252, doi:10.1016/j.epsl.2010.12.027, 2011.
Gailler, A., Hébert, H., Loevenbruck, A. and Hernandez, B.: Simulation systems for tsunami wave propagation forecasting
within the French tsunami warning center, Nat. Hazards Earth Syst. Sci, 13, 2465-2482, d0i:10.5194/nhess-13-2465-2013,
2013.

Gonzalez, F. 1., Geist, E. L., Jaffe, B., Kanoglu, U., Mofjeld, H., Synolakis, C. E., Titov, V. V., Areas, D., Bellomo, D., Carlton,
D., Horning, T., Johnson, J., Newman, J., Parsons, T., Peters, R., Peterson, C., Priest, G., Venturato, A., Weber, J., Wong, F.
and Yalciner, A.: Probabilistic tsunami hazard assessment at Seaside, Oregon, for near-and far-field seismic sources, J.
Geophys. Res. Ocean., 114(11), doi:10.1029/2008JC005132, 2009.

Grezio, A., Marzocchi, W., Sandri, L. and Gasparini, P.: A Bayesian procedure for Probabilistic Tsunami Hazard Assessment,
Nat. Hazards, 53(1), 159-174, doi:10.1007/s11069-009-9418-8, 2010.

Heidarzadeh, M. and Satake, K.: A combined earthquake-landslide source model for the tsunami from the 27 november 1945
Mw8.1 makran earthquake, Bull. Seismol. Soc. Am., 107(2), 1033-1040, doi:10.1785/0120160196, 2017.

Heidarzadeh, M., Pirooz, M. D., Zaker, N. H., Yalciner, A. C., Mokhtari, M. and Esmaeily, A.: Historical tsunami in the
Makran Subduction Zone off the southern coasts of Iran and Pakistan and results of numerical modeling, Ocean Eng., 35(8€9),
774-786, doi:http://dx.doi.org/10.1016/j.0ceaneng.2008.01.017, 2008.

28



605

610

615

620

625

630

635

Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-221
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.

Discussion started: 24 July 2018

(© Author(s) 2018. CC BY 4.0 License.

Heidarzadeh, M., Pirooz, M. D., Zaker, N. H. and Yalciner, A. C.: Preliminary estimation of the tsunami hazards associated
with the Makran subduction zone at the northwestern Indian Ocean, Nat. Hazards, 48(2), 229-243, doi:10.1007/s11069-008-
9259-x, 2009.

Huang, P. Y. and Solomon, S. C.: Centroid depths and mechanisms of mid-ocean ridge earthquakes in the Indian Ocean. Gulf
of Aden, and Red Sea&quot;&quot;, J. Geophys. Res., 92(B2), 1361, doi:10.1029/JB092iB02p01361, 1987.

International Hydrographic Organization: General Bathymetric Chart of the Oceans., 2014.

Jonkman, S. N., Vrijling, J. K. and Vrouwenvelder, A. C. W. M.: Methods for the estimation of loss of life due to floods: a
literature review and a proposal for a new method, Nat. Hazards, 46(3), 353—-389, doi:10.1007/s11069-008-9227-5, 2008.
Leonard, M.: Earthquake Fault Scaling: Self-Consistent Relating of Rupture Length, Width, Average Displacement, and
Moment Release, Bull. Seismol. Soc. Am., 100(5A), 1971-1988, doi:10.1785/0120090189, 2010.

Leonard, M., Westra, S., Phatak, A., Lambert, M., van den Hurk, B., Mclnnes, K., Risbey, J., Schuster, S., Jakob, D. and
Stafford-Smith, M.: A compound event framework for understanding extreme impacts, Wiley Interdiscip. Rev. Clim. Chang.,
5(1), 113-128, doi:10.1002/wcc.252, 2014.

Liu, P. L.-F. F., Wang, X. and Salisbury, A. J.: Tsunami hazard and early warning system in South China Sea, J. Asian Earth
Sci., 36(1), 2-12, doi:10.1016/j.jseaes.2008.12.010, 2009.

Lorito, S., Selva, J., Basili, R., Romano, F., Tiberti, M. M. and Piatanesi, A.: Probabilistic hazard for seismically induced
tsunamis: Accuracy and feasibility of inundation maps, Geophys. J. Int., 200(1), 574-588, doi:10.1093/gji/ggu408, 2015.
Mokhtari, M., Abdollahie Fard, I. and Hessami, K.: Structural elements of the Makran region, Oman sea and their potential
relevance to tsunamigenisis, Nat. Hazards, 47(2), 185-199, doi:10.1007/s11069-007-9208-0, 2008.

Okada: Okada_1985.pdf, 1985a.

Okada, Y.: Surface deformation due to shear and tensile faults in a half-space Okada, Y Bull Seismol Soc AmV75, N4, Aug
1985, P1135-1154, Int. J. Rock Mech. Min. Sci. Geomech. Abstr., 75, 1135-1154, doi:10.1016/0148-9062(86)90674-1,
1985h.

Olabarrieta, M., Medina, R., Gonzalez, M. and Otero, L.: C3: A finite volume-finite difference hybrid model for tsunami
propagation and runup, Comput. Geosci., 37(8), 1003-1014, doi:http://dx.doi.org/10.1016/j.cageo.2010.09.016, 2011.

Power, W., Wang, X., Lane, E. and Gillibrand, P.: A Probabilistic Tsunami Hazard Study of the Auckland Region, Part I:
Propagation Modelling and Tsunami Hazard Assessment at the Shoreline, Pure Appl. Geophys., 170(9-10), 1621-1634,
doi:10.1007/s00024-012-0543-z, 2013.

Regard, V., Bellier, O., Thomas, J. C., Abbassi, M. R., Mercier, J., Shabanian, E., Feghhi, K. and Soleymani, S.:
Accommodation of Arabia-Eurasia convergence in the Zagros-Makran transfer zone, SE Iran: A transition between collision
and subduction through a young deforming system, Tectonics, 23(4), doi:10.1029/2003TC001599, 2004.

Roshan, A., Basu, P. and Jangid, R.: Performance evaluation of some tsunami numerical models for far field propagation of
2011 tsunami, in International Tsunami Symposium (1TS2013), Goceck, Turkey., 2013.

Shah-hosseini, M., Morhange, C., Naderi Beni, A., Marriner, N., Lahijani, H., Hamzeh, M. and Sabatier, F.: Coastal boulders

29



640

645

650

655

660

Nat. Hazards Earth Syst. Sci. Discuss., https://doi.org/10.5194/nhess-2018-221
Manuscript under review for journal Nat. Hazards Earth Syst. Sci.

Discussion started: 24 July 2018

(© Author(s) 2018. CC BY 4.0 License.

as evidence for high-energy waves on the Iranian coast of Makran, Mar. Geol., 290(1-4), 17-28,
doi:10.1016/j.marge0.2011.10.003, 2011.

Sgrensen, M. B., Spada, M., Babeyko, A., Wiemer, S. and Grunthal, G.: Probabilistic tsunami hazard in the Mediterranean
Sea, J. Geophys. Res. Solid Earth, 117(B1), n/a-n/a, doi:10.1029/2010JB008169, 2012.

Stirling, M., Rhoades, D. and Berryman, K.: Comparison of earthquake scaling relations derived from data of the instrumental
and preinstrumental era, Bull. Seismol. Soc. Am., 92(2), 812-830, doi:10.1785/0120000221, 2002.

Strasser, F. O., Arango, M. C. and Bommer, J. J.: Scaling of the Source Dimensions of Interface and Intraslab Subduction-
zone Earthquakes with Moment Magnitude, Seismol. Res. Lett., 81(6), 941-950, doi:10.1785/gssrl.81.6.941, 2010a.

Strasser, F. O., Arango, M. C. and Bommer, J. J.: Scaling of the Source Dimensions of Interface and Intraslab Subduction-
zone Earthquakes with Moment Magnitude, Seismol. Res. Lett., 81(6), 941-950, doi:10.1785/gssrl.81.6.941, 2010b.

Tinti, S. and Armigliato, A.: The use of scenarios to evaluate the tsunami impact in southern Italy, Mar. Geol., 199(3-4), 221
243, d0i:10.1016/S0025-3227(03)00192-0, 2003.

Vernant, P., Nilforoushan, F., Hatzfeld, D., Abbassi, M. R., Vigny, C., Masson, F., Nankali, H., Martinod, J., Ashtiani, A.,
Bayer, R., Tavakoli, F. and Chéry, J.: Present-day crustal deformation and plate kinematics in the Middle East constrained by
GPS measurements in Iran and northern Oman, Geophys. J. Int., 157(1), 381-398, do0i:10.1111/j.1365-246X.2004.02222.X,
2004.

Wang, X.: COMCOT User Manual Ver. 1.7, Cornell Univ., 6, 1-59, 2009.

Wang, X. and Liu, P. L.-F.: An analysis of 2004 Sumatra earthquake fault plane mechanisms and Indian Ocean tsunami, J.
Hydraul. Res., 44(2), 147-154, doi:10.1080/00221686.2006.9521671, 2006.

Wang, X. and Liu, P. L. F.: A numerical investigation of Boumerdes-Zemmouri (Algeria) earthquake and Tsunami, C. -
Comput. Model. Eng. Sci., 10(2), 171-183, 2005.

Wells, D. L. and Coppersmith, K. J.: New Empirical Relationships among Magnitude, Rupture Length, Rupture Width,
Rupture Area, and Surface Displacement, Bull. Seismol. Soc. Am., 84(4), 974-1002, doi:<p></p>, 1994.

30



