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Abstract: The coastal zones of Oman are frequently exposed to tropical cyclones and are expected
to be overwhelmed by tsunami waves that originate from marine earthquakes in the Indian Ocean.
Inundation of low-lying coastal lands is, hence, inevitable. This study aims to provide a spatial
database of the major infrastructure of Oman in relation to their vulnerability to the sea-level
rise by tsunamis. This investigation relied on high-resolution elevation data obtained from the
Advanced Spaceborne Thermal Emission and Reflection Radiometer-Global Digital Elevation Model
(ASTER GDEM) and eleven infrastructure variables acquired from the Oman National Spatial
Data Infrastructure. These variables include: schools, hospitals, banks, mosques, fuel stations,
police centers, shopping centers, archeological sites, vegetation cover, roads and built-up areas.
A Geographical Information System (GIS) analysis was carried out to delineate and quantify the
features along the coast with elevation ranges between 1 and 10 m above the current sea-level.
Four tsunami scenarios were investigated depending on historical and expected estimations of
tsunami heights of 2, 5, 8 and 10 m at the shoreline from previous studies. Results provide spatial
vulnerability maps and databases that could be of the utmost importance to planners and developers.
Al-Batinah coastal plain of northern Oman is the most vulnerable location to tsunami hazards due
to its low-elevated coastal plain and high concentration of population, infrastructure and services.
The study asserts the benefits of GIS as a geospatial analysis tool for risk assessment.
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1. Introduction

Risk assessment of natural hazards is a key element in order to perform long-term management
for risk reduction along coastal regions. The coastal zone is, typically, the region that extends to 100 km
from the coastline or that lies between the coastline and the contour line of 50 m above sea-level [1].
About 60% of the world population lives along coasts [2], and a wide range of socio-economic activities,
such as urbanization, recreation, tourism, trade, energy production, and industrial activities, occur at
or near coasts [3]. There are many reasons for the rise in the sea-level; some of them are slow and the
others are sudden. Slow changes include the eustatic movements of the sea-level by melting of ice,
tectonic adjustments, steric changes by thermal expansion, and by the global warming from excess
emissions of greenhouse gases [4]. Unfortunately, data for the slow rise in the sea-level along the
coasts of Oman are scant, however, this change is inferred from global estimates. According to [5],
the sea-level rose only 16–21 cm between 1900 and 2016 and it is expected that the sea-level will
continue rising until the end of this century by about 70 cm [6]. This slow change could cause flooding
along coastal low-lands below 1 m level. For example, [7] reported that the rise of the sea-level by
1 m could overwhelm an area of 6165 km2 along the Nile Delta coast of Egypt, which occurs below
1 m level. [8] also found that 980 km2 occurs below the 1 m level along the Red Sea coast of Saudi
Arabia. The coastal elevation, hence, plays the most crucial rule in the exposure to the sea level rise.
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Tsunami and tropical cyclones are considered catastrophic natural hazards, where their potential
threat on population, buildings and infrastructures of the coastal areas cannot be overlooked [9].
Tsunami waves are one of the most violent natural hazards accountable for the big loss of life and the
massive destruction of property throughout history [10]. One deadly example of these disasters is the
Sumatra tsunami in December 2004, which caused more than 200,000 causalities from 14 countries
in the Indian Ocean within a few hours [11]. On the other hand, the 2011 tsunami in Japan resulted
in more than 15,000 deaths and damaged buildings, dams, nuclear power stations and many other
infrastructures. World Bank estimates of the economic cost due to the 2011 tsunami in Japan was US$
235 billion, making it the costliest natural disaster in world history [12].

1.1. Tsunamis in the Sea of Oman and the Arabian Sea

Historically, the shores of Oman were repeatedly hit by tsunamis [13]. The Makran Subduction
Zone (MSZ) in the Sea of Oman and the Sunda/Sumatra Subduction Zone are the hot spot locations
susceptible to marine earthquakes in the Indian Ocean [14,15]. The largest recorded tsunami in the Sea
of Oman occurred after a big earthquake (Mw 8.1) along the MSZ on the 27th of November 1945 [16].
The death toll of this tsunami approached 4000 fatalities and the waves raised to 5–12 m along the
countries surrounding the Sea of Oman, particularly in Pakistan [17]. Most assessment of tsunami hazards
in the world is based upon a previous tsunami record, which is called the direct statistical tsunami
hazard assessment (DSTHA) [18]. Since there is no much record of paleo-tsunamis in the Arabian Sea
region, the assessment of tsunami hazards depends on the probabilistic approach using a database of
seismic events. This approach is referred to the probabilistic tsunami hazard assessment (PTHA) [19,20].
Hence, from a hazard perspective, most of the scenarios of tsunami waves are built upon hypothetical
assumptions related to different magnitudes of the presumable earthquake along the MSZ [18].

In the literature, different scenarios of marine earthquakes originating in the Indian Ocean
anticipate the arrival of high tsunami waves into the coastal zone of Oman within a short period of
time from the onset of the earthquake [12,21–23]. Two important concepts should be observed when
talking about tsunami hazards: The tsunami wave height and the tsunami run-up height. The first
refers to the absolute height of the wave above the sea-level in the sea, but the run-up height denotes
the tsunami vertical height above the sea-level at its inland furthest point [21]. In the study of [23]
to estimate the probabilistic assessment of an earthquake of 8.8 Mw along the eastern side of MSZ,
they predicted tsunami waves arriving on the northeast coast of Oman at about 2 m height. In the
study of [14] using the numerical modeling and simulation of the 1945 tsunami, they suggested that a
similar earthquake (Mw = 8.1) occurs along MSZ will produce tsunami waves of 5 m height along the
coasts of Oman. Reference [18] assumed a different scenario that an earthquake of Mw > 8 occurring in
the Sea of Oman along the southwest coast of Pakistan could initiate tsunami waves at northern Oman
coast with a run up height of 7.8 m. The worst-case scenario was suggested by [24] with a possible Mw
> 9 earthquakes in the MSZ resulting from the full rupture of the plate boundary. This devastating
tsunami will be associated with run-up heights of up to 10 m along nearly all of the coastal areas in the
Sea of Oman region. In all previous cases, it is obvious that large earthquakes occur along the MSZ
should be accompanied by tsunami waves that will impact the coasts of Oman. Moreover, these studies
point out to the Sea of Oman coasts as susceptible to tsunamis.

Tropical cyclones, on the other hand, are also frequent natural hazards occurring in the Arabian
Sea [25–27]. Recently, the Cyclone Gonu; the strongest cyclone that occurred in the Arabian Sea [25] hit
the coast of Muscat and the eastern coast of Oman in June 2007. There were 49 causalities and about
US$ 4 billion damages in the infrastructure [26]. Another strong tropical cyclone; i.e., Phet hit the coast
of Oman in June 2010 leaving 40 causalities and about US$ 1 billion [26]. This was the second-largest
tropical cyclone in the Arabian Sea. In May 2018, the Cyclone Mekunu struck the southern coast of
Oman at the Dhofar region. Although there were damages in the infrastructure, the alarming programs
and government plans succeeded to significantly minimize the number of causalities. These cyclones
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are not only associated with the high waves along coastal areas but they are also accompanied by high
flooding in streams and highlands from intense precipitation [27].

Coastal elevation is usually obtained from digital elevation models. For local studies,
very high-resolution Digital Elevation Models (DEMs) can be produced by airborne-based Light Detection
and Ranging (LiDAR) systems. Yet, these DEMs are expensive to derive and are, hence not widely available
at regional and global scales [28,29]. The Shuttle Radar Topography Mission (SRTM) is another platform
providing elevations at reasonable spatial resolution (90 m and 1000 m). Nevertheless, there are concerns
about the accuracy, which leads to problems in local or regional analyses [30]. In some cases, the vertical
accuracy is lowered by 5–9 m in rugged and sloping terrains [31]. The ASTER GDEM is the finest available
dataset of elevation on regional and global scales using multiple stereo-pairs imaging. ASTER is a complex
optical remote sensing unit onboard Terra satellite and is composed of three sub-systems; visible and
near-infrared (VNIR), shortwave infrared, and thermal-infrared radiometers [32]. With precise ancillary
measurements, stereo-image pairs from both nadir and backward views are used to generate highly
accurate DEM without ground control points [33,34]. ASTER GDEM data were, therefore, utilized in
numerous elevation studies with high confident results [35,36]. GIS is a powerful tool to process and
analyze spatial information (raster and vector). It allows users to create interactive queries and produce
spatial results from all logical operations [37]. GIS was used in previous studies to assess socio-economic
vulnerability to coastal hazards [38–40].

The present study aims to utilize GIS tools in order to extract the coastal zones of Oman ranging
from 1 to 10 m above the sea-level from the GDEM and to perform spatial analysis to delineate
the type and quantity of each infrastructure feature upon each elevation level. Since the heights of
tropical cyclone waves vary in place and time depending on the meteorological behavior of cyclone
itself, it is difficult to predict the wave heights for future cyclones. However, for tsunamis in the
Sea of Oman, as the tsunamigenesis source has been investigated with different scenarios based on
historic and probabilistic assessments, this study is exclusive to study the vulnerability of Oman
coastal zone to tsunamis. Four different scenarios of tsunami heights at the shoreline from previous
studies were investigated to estimate the inundation area and consequently, the vulnerability of the
infrastructure damages are assessed. These scenarios were implemented depending on the heights
of either historical tsunamis, such as the 1945 earthquake, or upon the predictions reported in the
literature. These scenarios are the 2 m [23], the 5 m [14], the 7.8 m [18] and 10 m [24]. As the DEM has
a vertical resolution of 1 m, the 7.8 m scenario was rounded to 8 m. The study assumes that for any of
the previous scenarios, there are associated run-up heights of 2, 4, 8 and 10 m and each run-up height
is constant along the entire coast of Oman for that scenario. This investigation is of utmost importance
to developers and decision-makers for coastal zone management.

1.2. The Study Area

The Sultanate of Oman occurs along the southeastern corner of the Arabian Peninsula with a total
area of 309 thousand km2. The country occurs within the subtropical region between latitudes 16◦ and
28◦ N and longitudes 52◦ and 60◦ E and overlooks three water bodies: The Arabian Sea in the south and
east, the Sea of Oman in the north and the Arabian Gulf in the northwest (Figure 1). The Arabian Gulf is a
shallow sea, whereas both the Sea of Oman and the Arabian Sea are deep oceanic basins. Oman possesses
shorelines extending for more than 3000 km from the Strait of Hurmuz in the north to the Yemen borders
in the south. The coastal zone of Oman is characterized by different inherent topography, geomorphology
and land use. The coastal zone is relatively narrow (~50 km) at the northern coast along the Sea of Oman
as the Al-Hajar Mountain series run parallel to the shoreline. A coastal plain known as Al-Batinah plain,
which hosts the major population communities and agriculture in Oman, occurs between the mountains
and the Sea of Oman. On the other hand, the eastern coast of the country is generally rocky except for
some sandy beaches and sabkha flats. Major human settlements along the eastern side occur in the south
along the foot of the Dhofar mountains. This eastern coast is annually exposed to the SW monsoon
winds from June to September and bring abundant vegetation to the Dhofar province [41]. The remaining
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country is a hot and arid desert of annual precipitation less than 100 m and annual temperatures approach
45 ◦C in summer and fall to 15 ◦C in winter [42].

The coasts of Oman host important ecosystems, such as coral reefs and mangroves. Major mangrove
patches occur along the northern coast [43]. This vegetation is associated with the outlets of the main
streams along the Sea of Oman. On the other hand, coral reefs cover a total area of 530 km2 along the
maritime region of the country [44]. The eastern coast of Oman also holds a sand sea of a coastal front
of 170 km along the Arabian Sea. Oman is divided into 11 administrative units called governorates
with the capital Muscat along the Sea of Oman. These governorates are; in the same order as in
Figure 1: 1—Al-Batinah North; 2—Al-Batinah South; 3—Muscat; 4—Ash Sharqiya South; 5—Al-Wusta;
6—Dhofar; and 7—Musandam; 8—Al-Burayimi; 9—Adh Dhahirah; 10—Dakhiliya; and 11—Ash
Sharqiya North. According to the National Center of Statistics and Information [45], population of
Oman, which exceeded 4 million in 2017, mostly occurs along the northern coast. Al-Batinah plain of
north Oman, which includes Al-Batinah North and Al-Batinah South governorates, is the major region
of agriculture in the country. Water resources rely on the groundwater aquifers of the region. Among the
11 governorates of Oman, seven have coastal fronts (1—Al-Batinah North; 2—Al-Batinah South;,
3—Muscat; 4—Ash Sharqiya South; 5—Al-Wusta; 6—Dhofar; and 7—Musandam). Each governorate
consists of many administrative units called Willayat (district). For example, Muscat Governorate
consists of six Willayat with the largest in area is called Qurayat. Among the total 61 Willayat in Oman,
there are 41 Willayat within the coastal seven governorates. There is a dense road network covering the
entire country. Three levels of roads are used in Oman: 1—Speedways, which are inter-governorate
roads connecting the northern region with Dhofar and running mostly in the middle of the country;
2—Highways, which are the second level and predominates in the eastern governorates; and 3—Streets,
which spread in all governorates and connect towns and neighborhoods together. These streets are the
most dominant all over the country. Oman has undergone extensive development projects along the
coast due to the oil and gas discoveries. Thousands of kilometers of paved roads, projects, services and
urban lands were built in the country, particularly along the coast.
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Figure 1. The location of Oman along the three water bodies. Note the shallow continental shelf of
the country. Source. Google Earth maps. The numbers refer to coastal governorates of the country:
1—Batinah North; 2—Al-Batinah South; 3—Muscat; 4—Ash Sharqiya South; 5—Al-Wusta; 6—Dhofar;
7—Musandam; 8—Al-Burayimi; 9—Adh Dhahirah; 10—Dakhiliya; and 11—Ash Sharqiya North.
The Al-Batinah plain includes #1 and #2. The right map shows the the population of Oman in 2017 [45].
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2. Materials and Methods

The data operated in this study were obtained from both raster and vector sources. Digital elevation
models are raster dataset provided by the ASTER GDEM, which was released by the U.S. National
Aeronautics and Space Administration (NASA) and Japan’s Ministry of Economy, Trade, and Industry
(METI). The first version of GDEM data was released on 2009 and the second on 2011. Data presented
for this study were downloaded from version 3, which has many improvements above the previous
versions. The ASTER GDEM is distributed in geographic tagged image file format (GeoTiff) files with
geographic lat/long coordinates and can be freely accessed from https://earthexplorer.usgs.gov/. This
GDEM was provided in 30 m horizontal spatial resolutions and 1 m vertical resolution. Vector data
were downloaded from the Oman National Spatial Data Infrastructure gateway (http://nsdig2gapps.
ncsi.gov.om/nsdiportal/). These data are shapefiles representing the infrastructure variables in the
form of points (e.g., schools), lines (e.g., roads) and polygons (e.g., built-up). The concept of the
National Spatial Data Infrastructure is to share the geospatial data and information among stakeholders.
The service allows users to download geospatial related data. The Oman Explorer gateway aims
to provide relevant, standardized and good quality geospatial information (data and services) to
support decision making and project implementation with secure data. Oman Explorer is available to
institutional and public access at no coast. These data were prepared and processed by the National
Center for Information and Statistics [46]. Eleven categories of vector data were downloaded from
Oman Explorer gateway: Education, health, transportation, financial, religious, shopping centers, fuel
stations, historical, security, croplands, and built-up. Some of these categories have multiple layers.
The education category includes four layers for private and governmental schools and universities; the
health category includes hospitals and health centers; the transportation category includes three layers
for speedways, highways and streets; the financial category includes both governmental and private
banks and the shopping category includes three layers of malls, markets and the department stores.
Table 1 provides the total numbers, lengths and areas of these features of the whole Oman. In addition
to these vector data, the total population data were also extracted from 2017 [45]. All the features were
provided in Geographic Coordinate System (GCS), with the datum WGS84. Therefore, features of
polylines and polygon shapefiles should be converted to metric units by converting the GCS to the
Universal Transverse Mercator (UTM) in order to get their lengths and areas, respectively.

Data manipulation, processing and presentation were carried out using ArcGIS 10.4 Software.
The raster DEM was cut by the shapefile of Oman boundary and then the ten levels of elevations
(1–10 m) were obtained using the Raster Calculator, Reclassifying and Vectorization functions in the
Spatial Analyst Tool to yield ten polygons that represent each level. The total area of each polygon
was determined by its geometry in ArcMap in order to delineate the inundation area at each elevation
level. The area of each elevation level was also calculated at the governorate level. The number, length,
or area of each of these infrastructure variables that fall within the boundary of that polygon were
counted and listed. Hence, a spatial database of the elevations of coastal infrastructure features was
prepared with identifying the vulnerable governorate. For the four scenarios implemented in this
study, the tsunami heights at the shoreline of Oman from previous studies were used to determine the
inundation area. The four investigated scenarios by tsunami waves are 2 m, 5 m, 8 m and 10 m and the
analyses were carried out to assess the location, type and quantity of vulnerable infrastructure features
along the coast. In order to determine the flow-depth for each scenario, the elevation of tsunami waves
as mentioned in previous studies was projected along the coastline. As the DEM of Oman reveals a flat
coastal zone for the majority of the country, except for some protrusions of elevated lands, particularly
along the east side of Muscat Governorate, the inundation distance for each tsunami scenario was
calculated from the shoreline onward to the furthest pixel on land at that elevation level as extracted
from the DEM. An overlay analysis was, then, performed in ArcMap using the polygon shapefile of
that elevation level as extracted from the DEM for this scenario and from each infrastructure feature
for the whole country. Figure 2 outlines the main processing steps performed in this study using the
ArcMap Software.

https://earthexplorer.usgs.gov/
http://nsdig2gapps.ncsi.gov.om/nsdiportal/
http://nsdig2gapps.ncsi.gov.om/nsdiportal/
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Table 1. The infrastructure database of Oman as provided by [46].

Infrastructure
Feature Layer Data Type Number Length,

km
Area
km2

Education

Government schools Point 1124
Private schools Point 551

Government universities Point 1
Private universities Point 6

Health
Health centers Point 183

Hospitals Point 49

Security Police stations Point 67

Financial
Government banks Point 34

Private banks Point 617

Shopping
Malls Point 121

Market Point 203
Department stores Point 457

Religious Mosques Point 12,210

Automotive Fuel stations Point 548

Historical Archeological sites Point 499

Transportation
Expressway Polyline 3360

Highway Polyline 4161
Streets Polyline 54,968

Urban Built-up Polygon 24,512

Vegetation Crops Polygon 866
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3. Results

The coastal zone of Oman overlooks three water bodies: the Arabian Sea, the Sea of Oman and the
Arabian Gulf (Figure 1). The digital elevation model reveals that the coastal zone of Oman is generally
narrow. Table 2 presents the area of each elevation level between 1 and 10 m above the mean sea
level. In other words, each level delineates the inundation area that should be flooded by water if the
sea waves exceed that level. It is observed that all the low-lying lands are exclusive along the coast
without any interior lowlands. In Table 2, it is also clear that the area of the coastal zone of 1 m above
the sea-level equals 46 km2. This means that the sea-level rise by 1 m should inundate a total area
of only 46 km2. On the other hand, the coastal zone of 2 m accounts for 48 km2, however, a tsunami
run-up of 2 m should flood all the lands below 2 m, which equals 94 km2 (0.03% of Oman area). In the
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same manner, the total area that should be overwhelmed by a giant tsunami run-up of 10 m should
flood 4552 km2 of coastal areas, which equals 1.5% of the total area of the country. Figure 3 delineates
the area of each elevation (1–10 m) at the governorate level. If we consider all regions between 1
and 10 m to be low-lying areas, it is obvious that the most region with low-lands occurs in Al-Wusta
Governorate along the Arabian Sea with about 820 km2 below 10 m. The second-largest low-lying
region of the country is found in the Al-Batinah North Governorate (276 km2). Ash Sharqiya South
Governorate along the Arabian Sea is the third governorate to have low-lying areas in the country
(170 km2). The lowest low-lying land (≤10 m) is observed in the Musandam Governorate (25 km2).
In the capital, Muscat Governorate, the low-lying coastal zone accounts for 77 km2. Figure 3 also shows
the population of the coastal governorates as for 2017 [45], where it is certain that the majority of the
population lives in Muscat, Al-Batinah North, Al-Batinah South and Dhofar governorates. This will be
translated to more infrastructure and more services in these governorates. Relating the population and
their services with low-lying areas (Figure 3), it is obvious that Al-Batinah North Governorate includes
both significant population and low-lying lands, whereas Muscat Governorate, where more than one
million of people live, has less low-lying lands (≤10 m). The distribution of the four elevation levels
(2, 5, 8 and 10 m) are shown in Figure 4 with the major occurrence in the Al-Wusta and Al-Batinah plain.
The inundation distance is shown to be maximal in the Al-Wusta Governorate. However, for the most
populated regions, i.e., Muscat and Al-Batinah plain, the inundation distances range between a few
meters to several kilometrs from the coastline for the lowest and highest tsunami scenarios, respectively.
The GIS analysis for the given infrastructure features with the DEM data of the ten elevation levels are
shown in Table 3. In this matrix, detailed elevation data are shown for each layer utilized in the study.
For example, the schools are categorized into public and private schools, while the shopping category
includes the markets, malls and department stores.
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Table 2. The coastal elevations and inundation areas between 1 and 10 m along Oman coasts.

Elevation Area (km2) Inundation Area (km2) % of Oman Area

1 46 46 0.01
2 48 94 0.03
3 51 144 0.05
4 61 205 0.07
5 97 301 0.10
6 196 497 0.16
7 408 905 0.29
8 750 1656 0.54
9 1202 2858 0.93

10 1724 4582 1.48
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Table 3. The infrastructure/elevation matrix for Oman.

Level, m

1 m 2 m 3 m 4 m 5 m 6 m 7 m 8 m 9 m 10 m

Government schools 0 0 0 0 1 1 8 18 39 63
Private schools 0 0 0 0 0 0 6 9 14 28
Hospitals 0 0 0 0 0 0 0 0 0 1
Health centers 0 0 0 0 1 3 5 10 12 17
Police stations 0 0 0 0 0 0 0 0 2 5
Government Banks 0 0 0 0 0 0 0 1 1 1
Priv. Banks 0 0 0 0 1 1 1 5 8 23
Market 0 0 0 1 2 6 10 13 18 22
Malls 0 0 0 0 1 2 2 3 6 9
Stores 0 0 0 0 0 0 0 6 7 16
Mosques 8 8 8 10 13 37 106 241 467 703
Fuel stations 4 4 4 5 5 9 16 28 45 59
Archeological 0 0 0 0 0 2 8 11 21 35
Expressway, km 0 0 0 1 4 13 27 51 85 136
Highways, km 1 2 2 2 3 8 21 39 66 104
Streets, km 15 15 15 21 72 276 719 1360 2167 3098
Built-up, km2 3 3 3 6 22 69 160 261 439 600
Vegetation, km2 0 0 0 0 1 6 16 32 52 77

3.1. The 2 m Height Tsunami Scenario

According to [23], a probabilistic analysis assuming tsunamigenic earthquakes along MSZ could
yield tsunami waves reaching the northeast corner of Oman. By this scenario, the maximum wave
height arriving along the northeastern corner of Oman is about 2.5 m. Hence, all the infrastructure
futures occurring at ≤2 m above the sea-level are under direct influence. The DEM reveals that the area
of inundation by 2 m elevation totals 93.5 km2. As shown in Table 4, the rise of the sea-level by this
scenario should have a limited impact upon infrastructure features, with a major influence upon the
coastal road network, particularly along Willayat Sur coast. Built-up areas that could be inundated
approach 3.2 km2 mostly at Willayat Seeb coast in the Muscat Governorate. This area includes public
recreation lands and parks. The limited impacts by this scenario confirm with the findings of [21] at
Seeb using a field surveying with GPS measurements.

Table 4. The vulnerability matrix of the 2 m run-up tsunami scenario at the governorate level.

Al-Batinah
North

Al-Batinah
South Muscat Ash Sharqiya

South Al-Wusta Dhofar Musandam Total

Population 0 0 0 0 0 0 0 0
Government schools 0 0 0 0 0 0 0 0

Private schools 0 0 0 0 0 0 0 0
Health centers 0 0 0 0 0 0 0 0
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Table 4. Cont.

Al-Batinah
North

Al-Batinah
South Muscat Ash Sharqiya

South Al-Wusta Dhofar Musandam Total

Hospitals 0 0 0 0 0 0 0 0
Government banks 0 0 0 0 0 0 0 0

Private banks 0 0 0 0 0 0 0 0
Police station 0 0 0 0 0 0 0 0

Malls 0 0 0 0 0 0 0 0
Market 0 0 0 0 0 0 0 0

Department stores 0 0 0 0 0 0 0 0
Expressway (km) 0 0 0 0 0 0 0 0

Highway (km) 0 0 0 1 0 0 0 1
Streets (km) 1 0 1 9 2 1 2 16

Mosques 0 0 0 8 0 0 0 8
Archeological sites 0 0 0 0 0 0 0 0

Fuel stations 0 0 2 2 0 0 0 4
Built-up area (km2) 0 0 2 1 1 0 0 4

Croplands (km2) 0 0 0 0 0 0 0 0

3.2. The 5-m Height Tsunami Scenario

Due to the topographic nature of the Omani coast, which is relatively elevated above the mean
sea-level, the total area that extends from the sea-level to 5 m elevation approaches only 301.1 km2.
This region extends along the Al-Batinah plain in the north and along the eastern coast. The occurrence of
a tsunami with a run-up wave height of 5 m could be probable if a similar earthquake of 1945 (Mw 8.1)
strikes along MSZ in the Sea of Oman [14]. In this circumstance, the most flooding zone should be
along the northern coast of Oman. GIS analysis reveals that 22 km2 of built up area, 79 km of road
network mostly at Al-Batinah plain along the northern coast of Oman are exposed. The three most
governorates vulnerable to this event are Al-Batinah North, Al-Batinah South and Muscat. The impact
will generally be limited and confined to beaches and valley mouths. As this scenario simulates what
happened in 1945 tsunami, eyewitness observations of elder people revealed minor damages along the
Omani coast [47]. Today, only 13 mosques and five fuel stations could be overwhelmed and other minor
impacts are encountered for the remaining infrastructure parameters. Figure 5 shows the distribution
of the infrastructure features along the low-lands of Oman that could be impacted by a 5 m tsunami.
Although many other economic features were not involved in this investigation, it is very clear that all the
coastal facilities for oil refining, desalination plants, electric generation and harbors are severely vulnerabile
to this 5 m tsunami waves scenario. Table 5 summarizes the infrastructure damages of this scenario.

Table 5. The vulnerability matrix of the 5 m tsunami scenario at the governorate level.

Al-Batinah
North

Al-Batinah
South Muscat Ash Sharqiya

South Al-Wusta Dhofar Musandam Total

Government schools 1 0 0 0 0 0 0 1
Private schools 0 0 0 0 0 0 0 0
Health centers 0 0 0 0 0 1 0 1

Hospitals 0 0 0 0 0 0 0 0
Government banks 0 0 0 0 0 0 0 0

Private banks 0 0 0 0 0 0 1 1
Police station 0 0 0 0 0 0 0 0

Malls 0 0 0 0 0 0 1 1
Market 1 0 0 0 0 0 1 2

Department stores 0 0 0 0 0 0 0 0
Expressway (km) 4 0 0 0 0 0 0 4

Highway (km) 1 0 0 1 0 0 0 2
Streets (km) 18 16 9 11 4 7 7 72

Mosques 2 0 0 8 0 0 3 13
Archeological sites 0 0 0 0 0 0 0 0

Fuel stations 0 1 2 2 0 0 0 5
Built-up area (km2) 8 6 4 1 0 1 0 20

Croplands (km2) 1 1 0 0 0 0 1 3
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3.3. The 8-m Height Tsunami Scenario

If a tsunami produces a run-up height of 8 m crosses the coasts of Oman, the situation will be
overwhelming. In this case, built-up areas of 1656 km2 should be inundated by the tsunami run-up.
As [18] mentioned, an earthquake of >8 Mw is possible along the south coast of Pakistan in the Sea of
Oman. This devastating earthquake should be followed by tsunami waves that arrive the coast of
Oman after 48 minutes with a run-up of 7.8 m along Muscat coasts. Although [18] reported that the
impact is maximum along the northern coast of Oman due to the proximity to tsunamigenic source
and minimum along Salalah coast at Dhofar due to the distance from MSZ, the study assumes that
the run-up is uniform along the entire coast and approaches 8 m, because it is difficult to determine
the run-up variation between Muscat and Salalah and along the entire 3000 km coast as well. Table 6
and Figure 6 summarize and address the consequences of this assumed scenario. The major impact
is observed to be in Al-Batinah North Governorate. Road network at the street level (1360 km) is
also severely prone to tsunami waves mostly on the Al-Batinah plain. The regional geography of the
Musandam Peninsula in the north and its low population are the reasons why this region has the
lowest vulnerability to tsunami waves. It is worth mentioning that the western side of Musandam,
where population and major services occur, is facing the Arabian Gulf and it is relatively not at direct
exposure to tsunami waves from the Sea of Oman. On the other hand, although Al-Wusta Governorate
has the longest coastal front in the country, it has the lowest vulnerability to tsunami. This may
be attributed to the nature of the coastline, which is rocky in most of its length and also to the low
population settlements and associated with infrastructure in this governorate. Nonetheless, one of the
biggest harbors of Oman, i.e., Duqum, is being established along a coastal flat in this region. By this
scenario, one school, one health center and 0.6 km2 of cropland will be impacted at Willayat Duqum.

Table 6. The vulnerability matrix of the 8 m tsunami scenario at the governorate level.

Al-Batinah
North

Al-Batinah
South Muscat Ash Sharqiya

South Al-Wusta Dhofar Musandam Total

Government schools 8 3 4 1 1 1 0 18
Private schools 5 3 1 0 0 0 0 9
Health centers 2 2 1 1 1 2 1 10

Hospitals 0 0 0 0 0 0 0 0
Government banks 1 0 0 0 0 0 0 1

Private banks 3 1 0 0 0 0 1 5
Police station 0 0 0 0 0 0 0 0

Malls 0 0 2 0 0 0 1 3
Market 9 1 2 0 0 0 1 13

Department stores 3 3 0 0 0 0 0 6
Expressway (km) 50 0 0 0 0 0 0 50

Highway (km) 16 0 0 13 4 4 0 39
Streets (km) 494 340 165 87 103 108 64 1360

Mosques 106 42 19 20 10 16 28 241
Archeological sites 6 1 0 2 0 0 2 11

Fuel stations 8 3 7 4 1 3 2 28
Built-up area (km2) 135 62 33 8 14 7 2 261

Croplands (km2) 26 3 1 1 0 1 1 33

3.4. The 10 m Height Tsunami Scenario

This is the most catastrophic scenario ever when a full rupture of the Arabian/Eurasian plate
boundary caused by a Mw > 9 earthquake occurs in the MSZ as suggested by [24]. This destructive
tsunami will be associated with run-up height of 10 m along all of the coastal areas in the Sea of
Oman region. This giant tsunami will inundate about 1.5% of the Oman area (4582 km2) and will
lead to tremendous impacts upon all the infrastructure stability of the coastal zone. Quantitatively,
589 km2 of the built-up area and 78 km2 of croplands will be inundated. In addition, 91 schools
(private and governmental), 18 hospitals and health centers, 703 mosques, 58 fuel stations, 28 banks
(governmental and private), and 47 shopping centers (malls, markets and department stores) will be
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overwhelmed by this scenario. Table 7 and Figure 7 give the detailed numbers, lengths and areas of
the infrastructure features vulnerable to the 10-m high tsunami. The Al-Batinah North Governorate
is the major region that should be impacted followed by Al-Batinah South and Muscat governorates
(Figure 8). The lowest impact is estimated for the Musandam Governorate in the north with notable
losses of built-up, streets and mosques.Geosciences 2020, 10, x FOR PEER REVIEW 13 of 20 
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Table 7. The vulnerability matrix of the 10 m tsunami scenario at the governorate level.

Al-Batinah
North

Al-Batinah
South Muscat Ash Sharqiya

South Al-Wusta Dhofar Musandam Total

Government schools 23 14 9 6 1 7 3 63
Private schools 11 6 4 4 0 3 0 28
Health centers 5 3 2 3 2 2 0 17

Hospitals 0 0 0 0 0 0 1 1
Government banks 1 0 0 0 0 0 0 1

Private banks 7 1 8 1 0 3 3 23
Police station 0 1 2 1 1 0 0 5

Malls 0 1 6 0 0 1 1 9
Market 13 2 4 1 0 1 1 22

Department stores 4 6 4 0 0 2 0 16
Expressway (km) 125 5 0 0 0 6 0 135

Highway (km) 43 0 0 32 16 1 0 92
Streets (km) 1149 716 386 237 269 214 127 3098

Mosques 321 122 61 58 30 40 71 703
Archeological sites 23 2 1 5 0 1 3 35

Fuel stations 14 7 11 9 3 11 3 58
Built-up area (km2) 268 121 69 44 68 16 4 589

Croplands (km2) 60 11 2 0 1 3 1 78
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Figure 8. The coastal topography in North Oman. Note that red color highlights low-elevated coastal
zones (below 10 m). Major low-lands occur at Al-Batinah North Governorate and Al-Batinah South
Governorate along the Sea of Oman. Some coastal pockets occur at Muscat Governorate (such as at
Willayat Seeb and Willayat Qurayat) and at Willayat Sur.

4. Discussions and Conclusions

A tsunami is one of the most destructive coastal natural hazards. The primary source for creating
tsunamis is the marine interplate earthquakes [48]. However, some tsunamis could be induced
by marine landslides [49] or by human activities, such as nuclear explosions [50]. In the Indian
Ocean, tsunamis are frequent along subduction zones, e.g., MSZ and Sunda/Sumatra subduction zone.
Two catastrophic earthquakes occurred in the last two decades in Indonesia (2004) and Japan (2011)
resulting in thousands of causalities. Seismic studies anticipate marine earthquakes in the near future
along MSZ in the sea of Oman [51]. Tsunami hazard mapping is the first step in the development of
effective evacuation plans for communities at risk. The coasts of Oman, which is extremely exposed to
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tsunami waves, faces more than 3000 km of shorelines along three water bodies. The coastal zone of
Oman is generally flat and the land gradually rises landward, particularly along the Al-Batinah plain
with the major population and infrastructure. This is conspicuous by the smooth and flat DEM for the
majority of the coastal zone. However, in some regions, such as the eastern side of Muscat and along
the eastern coast, rugged coastal terrains protrude into the shoreline (Figure 8). The coastal zone is
relatively elevated compared to other regions in the Arabian Peninsula and the Middle East [8,52].
The coastal areas of 1 m above the sea extend for only 46 km2, while the areas having 1 m above the
sea-level along the Arabian Gulf coast of the United Arab Emirates and along the Saudi Red Sea coast
total 270 and 980 km2, respectively. It could be clear that the global sea-level rise even with its extreme
value until the end of the current century (70 cm) [6] should not have any significant impact upon the
coastal zone of Oman. The coasts of Oman hold the majority of the population and infrastructure of
the country. The human settlements and their infrastructure services are not evenly distributed along
this extended coast. The majority of the human and infrastructure features are concentrated along the
Al-Batinah plain, which includes Al-Batinah North, Al-Batinah South and Muscat. Linking the different
sea-levels with the elevations of the infrastructure features (Tables 1 and 2) reveals that tsunami and
tropical cyclones could be a significant threat to the coastal zone of Oman and the global sea-level rise
could have limited impact.

Tsunami waves are most probable along the Sea of Oman [53] and their impacts are pronounced
along the coastal zone of the entire country. The inundation scenarios obtained from the present study
are limited to the coastal zones of the flat topography overlooking the shoreline without any coastal
interruptions by rugged mountains or by any coastal discontinuity as lagoons or bays. Nevertheless,
tsunami waves associated with 2 m run-up could impose a limited impact. The 5 m tsunami scenario
will also have a low impact on the country scale because the shorelines of Oman are generally above the
sea-level except for little regions. In the investigation carried out by [21] along one of these flat regions
of Muscat with the use of field surveying by 2 cm resolution GPS altimeter, it is reported that 2 m
tsunamis should have a minor impact and the 5 m tsunami will flood hundreds of coastal buildings and
streets, which are parallel to the shoreline. The present study shows that the most significant impacts
along the coastal zone are from 8 m or 10 m run-up heights, which are considered devastating tsunamis
and are probably expected by previous studies [18,24]. As the present study assumes that the run-up
height for each of the aforementioned scenarios is constant for each scenario along the entire coast of
Oman, the damage was also assessed for the distant regions from MSZ. In some locations, such as Bar
Al-Hakman, the inundation area could extend landward for 30.8 km and 40.2 km by the run-up of 8 m
and 10 m, respectively. Along the Al-Batinah plain, the inundation area approaches 4.4 km and 9.9
km for the 8 m and 10 m scenarios, respectively. Although Muscat Governorate is the home for more
than one million people and major infrastructures in Oman, more impact is observed along Al-Batinah
North and Al-Batinah South than in Muscat Governorate. Coastal topography is the crucial player in
this issue, as significant urban lands of the capital occur at elevated terrains. As shown in Figure 8,
the coast of northern Oman is not accessible along the eastern side, where the Al-Hajar mountains
border the Sea of Oman between Muscat Governorate and Willayat Sur with some flat coastal zones,
such as Qurayat and Sur towns. On the other hand, the western side of the northern coast is relatively
exposed to the Sea of Oman with the longest coastal face along with the Al-Batinah North Governorate
(180 km) and Al-Batinah South Governorate (50 km). The most vulnerable locations in Muscat are
along Seeb and Qurayat localities, where a run-up of 10 m could extend inland to about 3–4 km for
both regions. In terms of the infrastructure damages, low impact regions are encountered at the Dhofar,
Al-Wusta and Musandam Peninsula. Because cyclone wave heights are difficult to be predicted along
a given coastal segment, those associated with more than 5 m heights could be of considerable damage
to infrastructure features (Table 3). The study evidently asserts the importance and efficiency of GIS as
a tool for extracting, manipulating and processing of spatial data (vector and raster) with providing
confident results. The accuracy of the maps is dependent upon the data quality, which was imported
from official resources. The maps produced by this study could be extremely important for planners
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and decision-makers on coastal zone management and risk reduction officers. The Government and
major investors in the field of housing, tourism and resort constructions are the main beneficiaries.

Mitigation measures to alleviate the hazards of a tsunami along the coasts of Oman are disputable.
Although public awareness and early warning systems are very important, particularly for regions of
high vulnerability, such as flat coastal zones, hard structures are quite suitable to protect coastal resorts,
roads, desalination and electricity generation plants, harbors and shorelines. However, the major
challenge for constructing coastal protection measures, such as the sea walls and breakwater is the
high costs. [54] estimated the costs of 1 m length of the breakwater to range between US$ 6 k to 9 k
depending on the depth of water, which is very costly in a country of limited resources with a long
coast of high vulnerability to a tsunami. Yet, the Ministry of Transportation and Communication [55]
put a new strategy to make roads, in regions susceptible to inundation, at higher levels in order to
avoid their destruction (Figure 9). The public awareness and warning systems are the most effective to
alarm coastal inhabitants before the hit of the first tsunami wave. The social network communication
tools could efficiently help to disseminate the warning. Coastal road network could be coded to
pinpoint short and easily accessible exit terminals from the coastal zone to safer uplands. These coded
road networks should be concentrated in the most vulnerable regions, such as Sohar and Seeb regions
along the Sea of Oman, which are the most vulnerable regions. The private sector could contribute to
significant protection measures for coastal resorts (Figure 9). The selection of promising coastal regions
for investment should consider the vulnerable locations obtained in this study. Coastal ecosystems,
particularly mangrove vegetation could also help to protect coastal zones from sea surges. They are
also a principal defense against tsunami waves [56]. The environment of Oman coasts favors the
occurrence of several patches of mangrove along the Sea of Oman and the Arabian Sea. New plantation
programs were implemented in order to increase the area of mangroves along the country.
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