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Abstract The Arabian Gulf is considered as a hub for
global oil industry. Thus the Arabian Gulf marine envi-
ronment is under permanent threat from oil spills due to
oil exploitation, production, and transportation. Oil pol-
lution poses adverse effects on marine environment,
society, and economy. Oil spill incidents that occurred
in Bahrain caused damage to marine environment and
threatened the vital coastal facilities along the coastline
of Bahrain. This study determined the exposure levels of
coastal facilities in Bahrain to oil spills. The General
NOAA Operational Modeling Environment (GNOME)
model was validated and applied to hypothetical oil spill
scenarios. The modeling results showed that the coastal
facilities on the north-eastern coastline are more proba-
ble to be hit by oil spills, while those on the northern
coastline are susceptible to receive more quantity of oil.
The time required for oil to reach the western coastline is
shorter compared to the other coastlines. The modeling
outcomes can be utilized in contingency planning,

setting the protection priorities and allocation and mo-
bilization of response resources in both governmental
and private sectors. The implications of the present
study could be applied on a regional scale to ensure an
integrated response to combat and or minimize oil pol-
lution in the Arabian Gulf.
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Introduction

Globally, transporting oil from production sources
to consumption locations is associated with a risk
of accidental oil spills, which can cause severe
damage to marine ecosystems and a variety of
losses to human society (Liu 2010; Lee and Jung
2013; Chang et al. 2014). Oil spills can cause
immediate and long-term impacts on coastal marine
ecosystems and habitats (Lee and Jung 2013). For
instance, seabirds and intertidal wader are highly
vulnerable to the impact of oil spill because of their
breeding behavior, foraging, and distribution (Troisi
et al. 2016). Small quantity of oil can affect the
feathers of birds and lead to loss of bird’s buoyancy
and insulation, which can cause an immediate death
by drowning or hypothermia (Fritt-Rasmussen et al.
2016). Oil spill disruption of sensitive marine eco-
systems, including mangroves and coral reefs, can
affect their ecological and environmental services
such as fish production and shoreline protection
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(Duke 2016). Spilled oil can interfere with harbors
and coastal facilities and cause several social and
economic losses in tourism sector, fishing industry,
and maritime navigation (Dwarakish et al. 2015;
Cirer-Costa 2015).

The Arabian Gulf is considered as the largest reserve
of oil in the world (Literathy et al. 2002). Coastal and
marine environments in the Arabian Gulf are under
permanent threat from oil spills due to oil exploitation,
production, and transportation (Naser 2013). Main
sources of oil spills in the Arabian Gulf include offshore
oil wells, underwater pipelines, oil tanker incidents, oil
terminals, weathered oil and tar balls, illegal dumping of
ballast water, and military activities (Sale et al. 2010).

The Arabian Gulf has been the scene for major oil spill
incidents that associated with significant environmental
impacts. In the last three decades, more than 140 medium
to major oil spill incidents occurred in the Arabian Gulf
(Elhakeem et al. 2007). One of the earliest major oil spills
in the Arabian Gulf occurred in 1980 due to an explosion
of an oil well. Large oil slicks (50,000 barrels) caused
severe ecological and economical damages along the
coastlines of Saudi Arabia, Bahrain, and Qatar (Lehr and
Belen 1983; Brown and James 1985). Another massive oil
incident was the Nowruz oil spill, which occurred in 1983.
Crude oil flowed for several months with an estimated rate
of 4000 barrels per day (Fayad 1986). TheNowruz oil spill
resulted in severe impacts on marine life. Several vulner-
able and endangered species, including dugongs, turtles,
seabirds, and sea snakes, were significantly affected by that
massive oil incident (Amirah 1983). The largest oil spill
reported in the Arabian Gulf occurred during the 1991
Gulf War. Around 11 million barrels of crude oil were
spilled in the Arabian Gulf waters (Massoud et al. 1998).
About 1.16 million barrels of oil were recovered from the
surface water (Michel 2011).

In Bahrain, oil pollution is one of the major stressors
on the coastal and marine environment. There are many
sources of major potential oil spills in Bahrain, includ-
ing oil tankers, offshore oil well, underwater pipelines
and ports, and oil terminals (Zainal et al. 2008). Oil spill
incidents that occurred in Bahrain in the last decades
were associated with ecological and economic losses.
During the 1980 oil spill, slicks invaded the north and
west coasts of Bahrain causing severe ecological dam-
ages (Brown and James 1985). These slicks caused the
death of several hundred birds and total kill of beach
fleas and crabs (Lehr and Belen 1983). Additionally,
major biological impact of the oil spill was the mortality

of marine life due to the smothering of organisms by oil.
That oil spill resulted in a severe damage to the fishing
industry due to suspension of fishing during the spill and
the destruction of fishing equipment (Linden 1981). The
oil released into the marine environment in 1991 caused
an adverse impact on the fishing industry in Bahrain
(Metz 1994). Bahrain’s economic losses in 1991 and
1992 due to the environmental impact of that oil spill
were estimated at 3.5 million US $ (Price et al. 1994). In
1993, around 4000 barrels of light Arabian crude oil
were released into the sea from one of the two under-sea
crude oil pipelines between Bahrain and Saudi Arabia.
The spill reached the sensitive beaches along the coast-
line of Bahrain (Brown 1995).

In March 2003, oil slicks were noted 20 miles off the
north coast of Bahrain. An estimated 100 tons of oil
reached Bahrain’s coast and polluted around 18 km of
shoreline. According to claim submitted by the govern-
ment of Bahrain to the International Oil Pollution Com-
pensation Funds (IOPC), the preventative measures and
cleanup operations had cost the government around 1.1
million US $. Moreover, 434 fishermen have suffered
economic losses and property damage estimated by 1.6
million US $. The estimated cost to protect the water
intakes of two desalination plants was 283,000 US $
(IOPC Fund 2004). On the other hand, minor oil spills
occur frequently in territorial waters of Bahrain. Over
the last 10 years, Bahrain encountered 23 minor oil spill
incidents in different locations (SCE 2016).

Oil spill management is essential for improving the
response to oil spill incidents. It includes the actions and
measures that are taken to strengthen preparedness and
enhance the response to oil spill. Such actions may
include preparing national oil spill contingency plan
and industry oil pollution contingency plans, establish-
ing national response management system, coordination
of oil spill response resources, formulating vulnerability
and sensitivity maps, and issuing national legislations
and regulations and signing international conventions
(IMO 1995; Fingas 2010).

Bahrain has adopted the national oil spill contingen-
cy plan in 1993 that aims to protect the marine environ-
ment by providing a safe, timely, effective, and coordi-
nated response to oil spills incidents (SCE 2013). The
plan is integrated with the ROPME (Regional Organi-
zation for the Protection of theMarine Environment) Oil
Spill Contingency Plan that aims to ensure an integrated
and coordinated response to oil pollution incidents at the
regional level (MEMAC 2010).
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Oil spill modeling is an important element in contin-
gency plans. The planners may develop the potential oil
spill scenarios and apply oil spill models to these sce-
narios to expect the trajectory and fate of the oil and the
natural resources which could be affected by the oil
(Zafirakou et al. 2015; IPIECA 2015). Several oil spill
models have been developed in the last four decades
(Simecek-Beatty and Lehr 2007; Nelson and Grubesic
2018). These models are being applied during oil spill
incidents to simulate the trajectory of oil slicks in differ-
ent parts of the world (Leech et al. 2005; Walker et al.
2005; Başar 2010; Donia 2010; Kabdasli et al. 2010;
Wang and Ye 2011). The General NOAA Operational
Modeling Environment (GNOME) model is one of the
popular models, which has been used by studies in
different parts of the world (Başar 2010; Remyalekshmi
and Hegde 2013).

Determining exposure level to oil spill aids in deter-
mining the vulnerability and producing the sensitivity
maps. The exposure maps support oil spill contingency
planning, setting the protection priorities, allocation of
response resources, and mobilization of response equip-
ment. Therefore, the aim of this study is to determine the
exposure level of the coastal facilities to oil spills in
Bahrain by using the GNOMEmodel and Geographical
Information System (GIS).

Methods

Coastal facilities in Bahrain

There are several coastal facilities distributed along
Bahrain’s coastline. Some of the facilities are owned
by the government while others are operated by the
private sector. To facilitate quantifying the exposure of
the coastal facilities to oil spill incidents, Bahrain’s
shoreline was divided into five categories based on the
dominant type of the coastal facilities (e.g., tourist,
recreational, industrial, residential, and ports), and the
operator sector of these facilities (i.e., public or private).
Category A comprised of 11 facilities dominated by
beaches, resorts, and fishermen ports. Category B
contained 11 facilities mostly represented by major
reclaimed recreational and residential projects, and fish-
ermen ports. Category C composed of 30 facilitates
dominated by major industries, desalination plants, and
ports. Category D composed of four main facilities
including water and power plant, public beaches, fish

farm, and amajor residential project on a reclaimed area.
Finally, category E was allocated to Hawar Islands,
which are located in the southeast of Bahrain. These
islands contain a resort hotel. Additionally, these islands
host the world’s largest breeding colony Socotra Cor-
morants with a winter population of 200,000 individuals
(King 1999).

The most updated map of Bahrain was obtained from
Information and e-Government Authority. A geo-
database was developed utilizing the ArcGIS software.
Five feature datasets were created, and one dataset was
specified for each coastline category. Feature classes
were created under the main groups, one feature class
was specified for each coastal facility. The geographical
data of the coastal facilities were inserted into the feature
classes, which were arranged under the feature datasets
based on the location of the coastal facilities. Five layers
with different colors were created for the five categories
to produce functional map for the coastline of Bahrain
(Fig. 1).

The model

The GNOME model was used in quantifying the
exposure of the coastal facilities to oil spills. This
model had been developed by NOAA to simulate
the trajectory and the fate of oil spills. The model is
based on input of required data such as weather
condition, type, and quantity of oil spilled on which
the output represents the best guess of the spill’s
trajectory (Agustin et al. 2015). The GNOME has
been applied by researchers in different areas such
as Istanbul (Başar 2010) and India (Remyalekshmi
and Hegde 2013).

In the Arabian Gulf, the GNOME was applied by
Farzingohar et al. (2011) to simulate different sce-
narios of oil spill from ships in a port located on the
eastern coast of the Arabian Gulf near the Hormuz
Strait. The GNOME was also applied by Zhao et al.
(2015) to track oil slicks detected by satellites in
April 2014 near Al-Khafji (Saudi Arabia) and in
May 2014 near Al-Fujairah (UAE). In that study,
the simulation results from the GNOME were com-
pared with the images received from MODIS and
VIIRS satellites for the first 48 h. The results indi-
cated that the GNOME properly predicted the direc-
tion of the slicks. That prediction was consistent
with satellites images, with minimum variation
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attributed to the slicks velocity because of the cur-
rent speed and direction (Zhao et al. 2015).

The Marine Emergency Mutual Aid Centre
(MEMAC) for ROPME is cooperating with NOAA
to develop a trajectory model for the Arabian Gulf
region. MEMAC recommended the use of the
NOAA model (GNOME) in simulation of the trajec-
tory of oil spills in the Arabian Gulf as well as for
incident investigation (MEMAC 2010).

Validating the model

To validate the GNOME model and to ensure its
accuracy within the environmental conditions of the
Arabian Gulf, the data of the oil spill incident that
occurred in Bahrain coasts in 2003 was used as input
of the model. This particular incident was selected
because its phases were documented by the competent
authority (i.e., Supreme Council for the Environment,

Fig. 1 Map showing the five categories based on types of coast facilities in Bahrain
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SCE). This major incident was first reported by the
Coast Guard 20 miles off the north coast of Bahrain on
March 15 2003. After 2 days, the oil reached the
northern coastline of Bahrain. On the third day, oil

covered the west and east coasts of Muharraq Island
causing damage to fishing vessels and gears. Addition-
ally, oil slicks were monitored by aerial surveillance
conducted by the Ministry of Interior.

Table 1 Comparison between the actual and simulated trajectories of 2003 oil incident North of Bahrain

Date Time GNOME simulation
(present study)

Actual location aerial
surveillance/Coast Guard

15.03.2003 10:00 26° 30′ 32.80″ N 26° 30′ 32.80″ N

50° 35′ 66.90″ E 50° 35′ 66.90″ E

16.03.2003 09:10 26° 21′ 51.00″ N 26° 24′ 21.50″ N

50° 44′ 23.00″ E 50° 45′ 49.50″ E

17.03.2003 10:00 26° 23′ 43.00″ N 26° 25′ 32.00″ N

50° 39′ 50.00″ E 50° 40′ 58.00″ E

18.03.2003 10:00 26° 14′ 35.00″ N 26° 14′ 36.00″ N

50° 41′ 11.00″ E 50° 39′ 28.00″ E

(a) Date: 15/03/2003 Time:1600 (b) Date: 16/03/2003 Time:09:00

(c) Date: 16/03/2003 Time:22:00 (d) Date: 17/03/2003 Time:10:00

(e) Date: 18/03/2003 Time:10:00 (f) Date: 19/03/2003 Time:10:00

Fig. 2 Trajectories of oil slick
during March 2003 North of
Bahrain
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The meteorological data of March 2003 were
obtained from the Meteorological Directorate at the
Ministry of Transportation, while information and
data related to the type and quantity of spilled oil,
spill location, real path, and fate of the spilled oil
were obtained from SCE and MEMAC. The model-
ing results by the GNOME were compared with the
real trajectory and fate of oil.

Quantifying exposure levels of coastal facilities

After validating the GNOME model, it was used in
quantifying the exposure of the coastal facilities to oil
spills. The model was applied to 40 oil spill scenarios
that occurred under different weather conditions and
from different sources such as ships, pipelines, and

exploration wells. To make the scenario more realis-
tic, the meteorological data of the year 2016 were
obtained from the Ministry of Transportation and
Telecommunications. The actual locations of the ex-
ploration wells and the real data related to the mari-
time navigation such as the locations of ship anchor-
age, navigational channels, and size of ships were
considered during the simulations of the scenarios.

The model was applied to 40 hypothetical scenar-
ios. The duration of these scenarios was set as 3 days,
which is the maximum run duration in the GNOME
model. The modeling approach utilized by Al Shami
et al. (2017) was adopted to quantify the exposure
levels of the coastal facilities to oil spill incidents.
Three hazard metrics were used to quantify the ex-
posure levels. The first metric is related to the

(a) Oil spill from AB Pipeline (b) Oil Spill from Exploration Rig

(c) Oil Spill From Exploration Well (d) Oil spill from Unknown Source

Fig. 3 Examples of oil spill
scenarios hit category Awest of
Bahrain

Table 2 Oil spill scenarios hit category Awest of Bahrain

No. Date Source Time to hit (h) Oil quantity (mt) Concentration (mt/km)

1 15-Jan-2016 Exploration rig 33 164 0.951

2 09-Feb-2016 AB pipeline 6 403 2.338

3 11-Apr-2016 Exploration well 33 16 0.093

4 15-Sep-2016 AB pipeline 17 24.1 0.140

5 22-Oct-2016 Unknown 4 167 0.969

6 14-Nov-2016 Exploration rig 36 346 2.007
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probability of shoreline to be hit by oil, which is
estimated by counting the number of times at which
oil hit the category during the 40 simulations. There-
fore, each category will be assigned with a score
ranged between 0 (category experienced no oiling)
and 40 (category experienced oiling across all 40
runs). The second metric is applied to determine the
average concentration of oil (mt/km) reaching the
shorelines estimated by dividing the quantity of oil
reached the category over the length of the shoreline
category. The concentration will be averaged over the

40 spill simulations. The third metric is used to cal-
culate the time needed to reach the shoreline quanti-
fied by calculating the minimum time in hours re-
quired for oil to hit the category shoreline in a given
scenario. Every category will be assigned scores be-
tween 0 and 72. The score 0 means that category
shoreline was hit by oil immediately, while 72 means
that 3 days are required for oil to hit a category
shoreline in a given scenario, and > 72 means that
the category was not hit during the run of the
scenarios.

(a) Oil spill from an Oil Field (b) Oil Spill from a Crude Tanker

(c) Oil Spill From Exploration Well (d) Oil spill from an Oil Tanker

Fig. 4 Examples of oil spill
scenarios hit category B North of
Bahrain

Table 3 Oil spill scenarios hit category B North of Bahrain

No. Date Source Time to hit (h) Oil quantity (mt) Concentration (mt/km)

1 17-Mar-2016 Ship 64 232 0.867

2 18-May-2016 Oil field 50 1428 5.338

3 18-Jun-2016 Oil tanker 60 364 1.361

4 25-Jun-2016 Exploration rig 55 126 0.471

5 17-Jul-2016 Unknown 53 102 0.381

6 23-Jul-2016 Oil field 30 904 3.379

7 11-Aug-2016 Cargo ship 55 37 0.138

8 15-Aug-2016 Ship 41 681 2.546

9 18-Aug-2016 Ship 42 313 1.170

10 17-Oct-2016 Exploration well 42 159 0.594

11 7-Nov-2016 Unknown 36 666 2.490
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Results and discussion

Trajectories of oil spill occurred in 2003

The trajectories of the oil slick in different days and
times for the 2003 oil spill incidents as obtained
from the GNOME model are shown in Fig. 2. The
oil slick was moving toward South east during the
first 24 h then its direction changed with the wind
direction to the South west and reached Muharraq
Island coastline on March 19, 2003.

The modeling results were compared with the real
oil spill trajectories as specified by the Coast Guard
and the aerial surveillance. Generally, the results of
the model were consistent with the location recorded
by Coast Guard for the 2003 incident (Table 1).
Therefore, it can be concluded that the GNOME
model can be adopted for oil spill incidents in Bah-
raini territorial waters to simulate the trajectory of
the oil slicks by providing accurate meteorological
data for the model input. These findings were in line
with the studies conducted by Zhao et al. (2015) to

(a) Oil spill from Oil Tanker in Anchorage (b) Oil Spill from a Ship Bunker Tank

(c) Oil Spill From a Pipeline (d) Oil spill from a Ship

Fig. 5 Examples of oil spill
scenarios hit category C North-
eastern of Bahrain

Table 4 Oil spill scenarios hit category C North-eastern of Bahrain

No. Date Source Time to hit (h) Oil quantity (mt) Concentration (mt/km)

1 22-Jan-2016 Ship 35 28.2 0.094

2 25-Feb-2016 Unknown 60 75.0 0.251

3 11-Apr-2016 Ship 5 24 0.080

4 24-Apr-2016 Pipeline 6 4.1 0.014

5 5-May-2016 Exploration rig 56 110 0.368

6 9-May-2016 Ship 36 70 0.234

7 17-May-2016 Ship 48 134 0.448

8 18-Jul-2016 Ship 22 471 1.574

9 27-Jul-2016 Ship bunker tank 8 78 0.261

10 23-Aug-2016 Ship 28 347 1.160

11 14-Sep-2016 Ship bunker tank 1 10.3 0.034

12 1-Dec-2016 Ship bunker tank 3 15.3 0.051

13 13-Dec-2016 Pipeline 23 26.2 0.088
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validate the GNOME model near Kuwait and UAE
coastlines, and Yang et al. (2013) during Deep Ho-
rizon oil spill incident occurred in the Gulf of
Mexico.

Exposure levels of coastal facilities to oil spills

Exposure levels of the coastal facilities to oil spills
were quantified by simulating 40 different oil spill
scenarios on the five coastal categories (A, B, C, D,
and E). The five categories are varied in terms of
number of hits by oil, average concentrations of oil
reaching the shorelines, and the time need for oil to
reach the shorelines.

Category A: western coastline

Potential sources of oil spills that can affect the
western coastline are exploration rigs, exploration
wells, and the pipeline between Bahrain and Saudi
Arabia (AB pipeline) (Table 2). There are no ship
anchorages or ship traffic near this category. There-
fore, oil released from ships might be limited. This
category was impacted by oil in six scenarios. The
minimum time needed for oil spill to reach the
shoreline was 4 h, while the maximum time was
36 h. The maximum oil quantity reached this cate-
gory was 403 mt from a leakage in the AB pipeline.
This oil pipeline provides Bahrain Petroleum Com-
pany (BAPCO) with crude oil from ARAMCO in

(a) Oil spill from Exploration Well (b) Oil Spill from a Ship Bunker Tank

(c) Oil Spill From a Ship at the Anchorage (d) Oil spill from a Ship

Fig. 6 Examples of oil spill
scenarios hit category D South-
eastern of Bahrain

Table 5 Oil spill scenarios hit category D South-eastern of Bahrain

No. Date Source Time to hit (h) Oil Quantity (mt) Concentration (mt/km)

1 20-Feb-2016 Exploration well 48 820 5.398

2 19-Mar-2016 Ship 42 125 0.823

3 26-Apr-2016 Unknown 25 288 1.896

4 23-Jun-2016 Ship bunker tank 52 11 0.072

5 8-Sep-2016 Exploration well 56 144 0.948

6 23-Oct-2016 Ship 50 12 0.079

7 23-Nov-2016 Ship bunker tank 52 46 0.303
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Saudi Arabia. The current capacity of this pipeline is
about 25,000 barrels per day. The minimum quantity
reached this category was 16 mt released from an
exploration well. Figure 3 shows the oil trajectories
and the impacted areas during different scenarios
that hit category A. Several tourist recreational areas
can be affected by oil spills in this category. These
include public beaches in Al-Jasra, Al-Hamala, Al-
Malkiya, and Al-Jazaer areas. Additionally, fisher-
men ports in Al-Budaiya and Zalaq villages can be
impacted by oil spills, which can cause economical
losses to fishermen.

Category B: northern coastline

The northern coastlines was hit by oil 11 times,
reflecting a high probability of oil pollution. How-
ever, oil patches required longer time to reach the
shoreline of this category, where the minimum time
needed for oil spill to reach this category was 30 h
while the maximum time was 64 h (Table 3). The
maximum quantity of oil that can reach this category
was 1428 mt, which was three times more of the
maximum quantity of oil that reached category A.
This might be attributed to the variety of the poten-
tial sources of oil spills nearby the northern coast-
line. For instance, oil could be released from ships
in the navigation channels, oil field of neighboring
countries, and exploration wells and rigs located in

Bahrain’s territorial waters or the Arabian Gulf.
Based on data received from the Meteorological
Directorate, northern wind predominates in Bahrain.
This can contribute to the drifting the oil patches
toward the northern coastline. Figure 4 shows the oil
trajectories and the impacted areas during different
scenarios that hit category B. This category has been
developed mostly on reclaimed coastal and subtidal
areas. Most of the recent housing and recreational
and economic projects can be affected by oil spills.
These include Salman City, Reef Island, Bahrain
Bay, Diyar Al-Muharaq, Delmonia Islands, Amwaj
Islands, Nurana project, and Al-Hidd housing
project.

Category C: north-eastern coastline

The north-eastern coastline of Bahrain is heavily
occupied by major petrochemical industries. This
category was hit in 13 scenarios, which represent
the highest number among the categories investigat-
ed. There are several potential sources of oil spills,
including ports, oil terminals, and jetties and ships
visiting these coastal facilities (Table 4). Underwater
pipelines in BAPCO terminal can also pose a poten-
tial threat of oil spill. According to maps from Ports
and Maritime Affairs, Bahrain ships anchorage is
located within 10 km from the nearest point to
category C. Additionally, the main navigational

(a) Oil spill from a Ship (b) Oil Spill from an Exploration Rig

Fig. 7 Examples of oil spill
scenarios hit category E at Hawar
Islands

Table 6 Oil spill scenarios hit category E at Hawar Islands

No. Date Source Time to hit (h) Oil quantity (mt) Concentration (mt/km)

1 6-Mar-2016 Ship 55 150 1.239

2 24-Jul-2016 Exploration rig 11 175 1.446

3 26-Sep-2016 Exploration rig 55 75 0.620
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channel is located nearby this category. Figure 5
shows the oil trajectories and the impacted areas
during different scenarios that hit category C. This
category is heavily occupied by major industrial
facilities in Bahrain. Oil spills in this category can
interfere with the industrial processes and transpor-
tation activities. This category hosts two major pow-
er and desalination plants in Al-Hidd and Sitra. Oil
spills can affect water intakes of these desalination
plants, which can interfere with water and power
production in Bahrain. Therefore, protection of de-
salination plants must be given the priority in
Bahrain’s oil spill contingency plan.

Category D: south-eastern coastline

Category D was hit in seven scenarios. There are
many potential sources of oil spill near this category
such as exploration wells, ships anchoring at jetties
and terminals, and ships anchored at Bahrain an-
chorage. The minimum time required for oil to reach
category D was 25 h, while the maximum time was
56 h. The maximum quantity of oil received by
category D was 820 mt of crude oil released from
an exploration well (Table 5). Figure 6 shows the oil
trajectories and the impacted areas during different
scenarios that hit category D. Al-Dur water and
power plant, Ras Hayan mariculture centre, and
Durrat Al-Bahrain islands are the main areas that
can be impacted by oil spills in this category.

Category E: Hawar Islands

Hawar Islands are the least susceptible to oil spill
incidents in comparison with the other categories.

This category was hit in three incidents only. Poten-
tial sources of oil spill relevant to this category are
limited. Oil exploration projects near this category
are considered as the main potential source of oil
spill (Table 6). Generally, there is no movement for
oil tankers or general cargo ships near this category.
However, ships in the anchorage can pose oil spill
particularly during northern wind with speed more
than 8 knots. The maximum quantity of oil received
by this category was 175 mt, which is relatively
small quantity compared with the oil quantities re-
ceived by the other categories. Figure 7 shows the
oil trajectories and the impacted areas for two sce-
narios that hit category E. According to these sce-
narios, islands host Socotra Cormorants can be eco-
logically impacted by oil spills. Additionally, such
spills can associate with economic impacts on tour-
ism activities in these islands.

Exposure maps of Bahrain coastlines

The mapping of the levels of exposure to accidental
oil spills is an essential step in oil pollution pre-
paredness, respond, and cooperation. These maps
are considered as a crucial tool to assist responders
during and oil incident (IPIECA 2016). The average
values of the three exposure metrics were calculated
and imposed on the five categories (Table 7). The
maximum number of hits was in category C while
the minimum was in E (Fig. 8). The shorter time for
oil to reach the categories was in category A, while
the longer time was in B (Fig. 9). The highest
concentration of oil was received by category B
while the lowest concentration was in C (Fig. 10).

In Bahrain marine environment, exposure maps
are important in preparing oil spill contingency plans,
determining the protection priorities and allocation of
combating equipment and resources during oil spill
incidents. Figure 8 shows that North-eastern coast-
line of Bahrain is the highest susceptible category to
oil spill incidents. Therefore, coastal facilities along
this category are required to increase their prepared-
ness by drawing up oil spill contingency plans and
providing the necessary resources and equipment to
prevent and respond to oil spill incidents within their
facilities. Most of the coastal facilities along category
C are industrial facilities operated by the private
sector. This sector is required to strengthen the

Table 7 Average exposure metrics obtained from the GNOME
model on oil spills in Bahrain

Category Number
of hits

Average
time
to hit (h)

Average oil
concentration
(mt/km)

A 6 22 1.083

B 11 48 1.703

C 13 25 0.358

D 7 46 1.360

E 3 40 1.101
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preparedness of its facilities in order to respond oil
spill incidents effectively.

The northern coastline of Bahrain (category B) is
also susceptible to oil spill incidents. Facilities along
this category are mostly tourist, recreational, or res-
idential. Public beaches, resorts, and the properties
of citizens and investors could be impacted by oil
spills. Because these facilities are operated by pri-
vate and public sectors, there is a need to enhance

the preparedness and communication between the
two sectors.

Quick response to oil spill incidents can minimize
the impact on both economy and environment.
Therefore, the time required for mobilization of
equipment and response resources is an important
factor in achieving an effective response and mini-
mizing the damage (Zhong and You 2011). Oil
slicks require a shorter time to reach category A

Fig. 8 Range of numbers for oil hit the coastlines of Bahrain
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compared to the other categories. Consequently, cat-
egory A needs to be given the priority in mobilizing
equipment and response resources. Category C came
second in terms of time required to reach the coast-
line. Therefore, equipment warehouses could be lo-
cated at proximity from these categories to ensure
the rapid mobilization.

When oil slicks reach shorelines, a lot of effort
and resources will be required to clean up the

impacted shorelines. Allocation of response re-
sources shall be based on damage occurred in the
shorelines, large quantities of beached oil required a
lot of effort, equipment, and response resources.
Amount of oil present at each location is one of
the factors which should be considered during de-
veloping shorelines clean-up plans (Owens 2017).
Although oil slicks require longer average time to
reach categories B and D, these categories

Fig. 9 Range of required time for oil to reach the coastlines of Bahrain
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experienced the higher concentration of oil. There-
fore, during oil spill incidents, it is expected that
these two categories will experience large quantity
of oil. Accordingly, a lot of effort, equipment, and
response will be required to clean and rehabilitate
these categories.

In conclusion, this study generated three GIS maps
to present the exposure levels of the coastal facilities to
oil spills in Bahrain. These maps could be used to

enhance oil spill response in Bahrain, particularly in
contingency planning, setting protection priorities, allo-
cation, and mobilization of equipment and response
resources. To ensure an integrated and coordinated
response for oil pollution in the Arabian Gulf, such
studies could be applied on the entire coastlines of the
Arabian Gulf. Toward this, MEMAC as an intently of
ROPME provides the basis for an integrated regional
response to combat oil pollution.

Fig. 10 Range of oil concentrations (mt/km) for oil reaching the coastlines of Bahrain
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