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Abstract

This study develops an oil spill environmental vulnerability model for predicting and mapping the
oil slick trajectory pattern in Kota Tinggi, Malaysia. The impact of seasonal variations on the
vulnerability of the coastal resources to oil spill was modelled by estimating the quantity of coastal
resources affected across three climatic seasons (northeast monsoon, southwest monsoon and pre-
monsoon). Twelve 100m? (10,000 splots) medium oil spill scenarios were simulated using General
National Oceanic and Atmospheric Administration Operational Oil Modeling Environment
(GNOME) model. The output was integrated with coastal resources, comprising biological, socio-
economic and physical shoreline features. Results revealed that the speed of an oil slick (40.8 meters
per minute) is higher during the pre-monsoon period in a southwestern direction and lower during
the northeast monsoon (36.9 meters per minute). Evaporation, floating and spreading are the major
weathering processes identified in this study, with approximately 70% of the slick reaching the
shoreline or remaining in the water column during the first 24 hours (h) of the spill. Oil spill impacts
were most severe during the southwest monsoon, and physical shoreline resources are the most
vulnerable to oil spill in the study area. The study concluded that variation in climatic seasons

significantly influence the vulnerability of coastal resources to marine oil spill.
Keywords: Oil spill; trajectory modelling; vulnerability mapping; GNOME model; GIS; Malaysia

1.0 Introduction

The importance of crude oil as a major contributor to global development and it has been
documented in several literature (Guo, 2017, Van Winden et al., 2013, Jiang et al., 2012, Kilian,
2010, Hamilton and Wu, 2014). This is for its contributions to government revenue, creating

employment opportunities and energy supply (Guo, 2017). The tremendous increase in world
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population over the years (Yekeen et al., 2019) has escalated the oil production rate to about 9947
billion ton-miles (Chen et al., 2019) and a high percentage of it is transported by sea yearly (Alaa
El-Din et al., 2018). This results in oil spill at different scales and frequency (Balogun et al., 2018).
Oil spills usually occur through ship collision, wrecking, pipeline blowing, refinery activities,
pipeline vandalism, sabotage, and ship tank cleaning (Lee et al., 2015, Clark, 1992, Blackburn et

al., 2014, Li et al., 2016).

Oil spills pose severe threats to coastal ecosystems, ranging from immediate economic losses to
long-term adverse effects on the interactions between ecological elements (Yang et al., 2011). This
is because of its densely populated configuration (Statham, 2012, Halpern et al., 2015). Similarly,
the locational interface (Menicagli et al., 2019) of coastal ecosystem makes it highly vulnerable to
anthropogenic pollutants (Ferreira et al., 2017) such as plastic debris (Zhang, 2017, Menicagli et
al., 2019, Yekeen et al., 2019), metal debris, volatile methylsiloxanes (Rocha et al., 2019) and oil
spills. On a global estimate between 1970-2015, over 238 marine oil spill incidents have occurred
close to coastal environments, affecting large expanse of vegetation, sand beach, marine mammals,
and birds (Sheppard, 2000, Beyer et al., 2016, Piatt et al., 1990, Trustees, 2016, Mignucci-Giannoni,

1999).

In many parts of the world, a large percentage of oil spill effects on coastal ecosystems is linked to
the unavailability of reliable Decision Support Systems (DSS) which can accurately delineate the
vulnerable coastal resources for prompt intervention (Melaku Canu et al., 2015, Kankara et al.,
2016, Balogun et al., 2018, Temitope Yekeen et al., 2020). DSSs help to reduce the consequence
of oil spills on the coastal environment by forecasting vulnerable areas and resources to aid rapid

responsc.
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Vulnerability is a nebulous word which requires contextual definition. Broadly, vulnerability
assessment entails identifying areas with potential to suffer loss, damage, or injury as a result of an
action. It involves the mapping and presentation of probable information on the areas that are likely
to be affected by the occurrence of hazards like marine oil spill (Romero et al., 2013). In the past,
a good deal of oil spill vulnerability assessments have been done based on worst case, average and
survey based approaches. Castanedo et al. (2009) considered socio-economic, physical and
biological features of Cantabria coast to classify the area’s vulnerability to oil spill impacts into
high, moderate and low vulnerability levels. Depellegrin and Pereira (2016) adopted similar
procedures to classify vulnerable locations within 237 km of the shoreline using physical and
biological properties of the area, with consideration of shoreline sinuosity, orientation and wave
exposure. Azevedo et al. (2017) developed a web-based GIS (geographical information systems)
for the prediction of oil spill vulnerability based on the physical, socio-economic, biological and
global vulnerability index of the intertidal area of the water body. However, a major shortcoming
of these approaches is the absence of definite vulnerability level of the coastal environment to
different types of spill scenarios (e.g. pipeline leakage) and spill intensity, as well as the possibility

of uncertainty and subjectivity in experts’ opinions.

To overcome the limitations of expert systems, different mathematical models have been developed
to date (Guo et al., 2014, Qiao et al., 2019, Nordam et al., 2019, Bozkurtoglu, 2017, Liu et al.,
2015). These include Oil Spill Contingency and Response (OSCAR), General National Oceanic
and Atmospheric Administration Operational Oil Modeling Environment (GNOME), Medslik-II,
Spill Impact Model Application Package (SIMAP), Oil Modeling Application Package (OILMAP),
the operational system METEO-MOHID for the Prestigue-Nassua oil spill, and OILTRANS for the

Northwest European continental shelf (Glug and Was, 2018, Chiu et al., 2018, Liu et al., 2015,
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Nordam et al., 2019, Qiao et al., 2019). More recently, the semi-implicit cross-scale hydro-science
integrated system model (SCHISM) which uses water surface elevation and currents for oil spill
trajectory has been developed (Chiu et al., 2018). These models have been applied in different
studies globally (Depellegrin and Pereira, 2016, Kankara et al., 2016, Azevedo et al., 2017,
Bozkurtoglu, 2017, Balogun et al., 2018, Chiu et al., 2018, Glug and Was, 2018, Amir-Heidari and
Raie, 2019, Nordam et al., 2019, Qiao et al., 2019, Biswajeet et al., 2009), with the limitation of
not taking into consideration climatic variations which cause changes in environmental parameters
that influence oil spill trajectory prediction and emergency response planning. Satpathy et al.
(2010), Akhir et al. (2011), Abdul-Hadi et al. (2013) indicated that variation in the salinity,
temperature, freshwater discharge and speed of ocean conditions contribute to the flow and
movement of objects (e.g. oil spill) on ocean surface. Although some countries (e.g. U.K) require
that trajectory modelling needs to incorporate meteorological parameters (Department for Business,

2019) such climatic scenario testing and analysis is not common in literature.

Therefore, a novel coastal decision support system that considers climatic conditions for rapid
identification of vulnerable areas and resources is essential. Vulnerability in this context is the
likelihood of an oil spill reaching and affecting specific features of interest within the study area.
Thus, this study addresses this gap by pursuing the following objectives: 1) model and predict oil
slick trajectory in the study area; i1) estimate the impact of climatic variations on coastal resources
during oil spill; and iii) assess the vulnerability level of the different coastal resources to the oil

spill.

The other sections of the study are organized as follows: Section 2 gives a broad background on the
study area and the rationale for the choice of location. Section 3 states the materials used, including

the sources of data and the methods adopted. This comprises the trajectory model and the spatial
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analysis performed to produce seasonal environmental sensitivity maps. Section 4 gives a critical
analysis of the results and discusses the major findings, and Section 5 presents the conclusion of

the study.

2.0 Study Area

Peninsular Malaysia contains eleven states, including Johor. The state of Johor is located between
1°13°30”N-1%54°30"N and 103°35°00”E-104°16’0"E, covering approximately 19,102 km? land
area (Malaysia, 2013) and has four districts: Kota Tinggi, Kluang, Kulai Jaya and Johor Bahru (Tan
et al., 2015) with eight major towns. Johor is bounded by straits of Malacca to the west, straits of
Johor to the south and China Sea to the east. It has a total of 400 km of coastline, majorly at the east
and west which are predominantly habitats of mangrove, swampy wetland, grasses and Niplah
forest (Abdul Karim et al., 2004). High percentage of oil palm production is carried out in Johor
because of its fertile land (Tan et al., 2015) and it is renowned for its intensive port activities,
comprising of domestic and international marine transportation. The coastal city is highly
vulnerable to oil spills, especially Kota Tinngi (Sakari et al., 2010) because of the frequent use and
movement of petroleum products that are often discharged into the water body. Similarly, its
proximity to the China sea, which experiences intense cargo vessel movements, exacerbates its
vulnerability to oil spill pollution (Nagarajan et al., 2013). For this study, the coastal area of Kota
Tinggi with approximately 196 km shoreline (See Figure 1) between 2°39°53.07”N-1°21°36.02”N
and 103°38°14.82”E-104°16"5.74”E was used due to the frequent occurrence of oil spill in this

region caused by the recurrent transportation of crude oil.
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3.0 Materials and Method
3.1 Coastal Resources

The first step of this study was the development of a coastal resource map that comprises the
physical shoreline types, biological and socio-economic features sensitive to oil spill. The
classification of the map is based on the list from (IPIECA, 2012, Petersen et al., 2002), existing
literature, satellite imagery observation and site visitation. The coastal resources map, which is a
vector based map and an integral component of the oil spill decision support system (Kankara et
al., 2016, Amir-Heidari and Raie, 2019, Sardi et al., 2020), was used to identify the elements of
the coastal shorelines that are vulnerable to oil spill. This enables the emergency response team
and decision-makers to holistically identify vulnerable zones in the occurrence of oil spills. Figure
2 shows the coastal resources map of the study area, highlighting the physical shoreline types
which include building structures, muddy-shore, rocky-shore, sand/beach, and vegetation (marsh
and mangrove). The biological elements include sub-tidal (mangrove and salt mash) and
submerged plants (seagrass) while the socio-economic elements include the water way,

recreational area, artificial lake and tourist zone (IPIECA, 2012, Petersen et al., 2002).



103°300"E 104°0'0"E 104°30'0"E 105°0'0"E
L 1 1 1 2
=
™
£
o Boa
2 ﬁ(
N ) @
%
"y z
N L e
Z
o
=
.
o
<
o
ro
N
<
o
©
o e -
103°30'0°E 104°00"E 104°30'0"E N
Legend ;
Socio-Economic Features Physical Shoreline Type Blalogical Featlves
{#®) Beach s Solid Man-Made Structure s Sub-tidal plant {(Mangrove)
, Hote| e Artificial Lake = Sub-tidal plant (salt marsh) S
Wsrsin Al Miidldy:Shoie e Submerged Plant (Seagrass)
s Rocky-shore @ Bird
£ Police Stati
- SasE Sand/Beach @ cab
& Resor m—— \ogetation (Marsh/Mangrove) .
AN\ Tourism site s Canal (Water Discharge) at  Fish
0 10 20 40 60 80
s Beach [ = eeee—

Kilometers

159  Figure 2. Map showing the coastal resources of the study area (Source: Authors)

160 3.2 Oceanographic Data

161  Reliable oceanographic data is an integral part of oil spill vulnerability mapping and the basis for

162  accurate prediction. This is because it provides an overall view of the environmental factors that

163  enable oil spill movement. Mean ocean currents, wind speed, wind direction, salinity, and ocean

164  temperature for three different seasons (pre-monsoon, north-east monsoon and south-west
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monsoon) of the study area were used for this study (see Table 1). These data were sourced from
GNOME online oceanographic data service (GOOD) that provides 1/12° and 0.25° daily ocean
current forecast data from Hybrid coordinate ocean model (HYCOM); and daily wind forecast
data from the National Center for Environmental Prediction (NCEP) Global forecast system,
respectively (Bleck, 2002). The acquired data was validated with data from existing literature and
the Malaysian meteorology database to ensure accuracy and reliability of the outcome.

Table 1. Oceanographic parameters for oil spill vulnerability modelling.

Mean Oceanography Variable North East Monsoon Pre-Monsoon South West Monsoon

Period (November-March) (April, (May-September)
October)

Wind speed (meter per hour) 4907.559° 3488.90? 4196.05°

Wind direction 75° 103° 135°

Salinity (parts per thousand 32.5 32.5 32.5

(ppt))

Ocean temperature 29°C 26°C 28°C

Ocean current speed (miles per  761.15% 992.432 833.80?

hour)

Ocean current direction 220° 25° 40°
172
173 3.3 Trajectory Modeling
174  The oil spill trajectory simulation was conducted using the GNOME model because of its high
175  prediction accuracy (Xu et al., 2013, Chang et al., 2011, Farzingohar et al., 2011). The model is
176  based on Langrangian discrete element which enables the simulation behavior of oil spill
177  information of splots during the breaking process that includes spreading, evaporation, dispersion,
178  and advection. The model is capable of simulating different oil spill types such as gasoline, diesel,
179 medium oil, and kerosene at different volume and conditions such as continuous spill,
180 instantaneous ship leak, intentional tank discharge, and leakage of tank. Thus, for this study, four
181  oil spill sites were chosen to simulate oil spills during three different climatic conditions. A total
182  of twelve different oil spill scenarios were simulated for 24 h using 100m* medium (10,000 splots)
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Malaysia BEKOK crude oil with 49.1 API (American Petroleum Institute) instantaneous ship tank
discharge oil spill (See Supplementary File 1). The selection of this type of spill was based on the
available data acquired from the Malaysia ministry of environment. The data shows that a larger
percentage of oil spill in the study area is caused by ship discharge. Also, the mean oceanographic
data (Table 1) were used as the predictive factors. The trajectory simulation produced different
output which includes the time the slicks get to the coastal resources within the first 24 h; the speed
of the slick, which is a function of the time the slick gets to the coastal resource and the distance
of'the oil spill point source to the coastal resources; slick trajectory direction; quantity of oil budget

and the area of coastal resources affected at each scenario.

3.4 Vulnerability mapping

The vulnerability of the coastal resources to oil spill was ascertained using the shoreline resources
properties layer (Figure 2) that comprises of socio-economic, biological and physical shoreline
features of the coastal area and the GNOME trajectory output from the twelve oil spill scenarios
during the three climatic seasons. The index of vulnerability was categorized into five classes:
very-high (5), high (4), moderate (3), low (2) and very-low (1). The very low index represents
areas with the least vulnerability to oil slick (splots) concentration. Low vulnerability depicts zones
with low-density oil slick concentration and are far from the density point center. Moderate
vulnerability zones contain significant oil slick concentration in a certain area while the high
vulnerability areas comprise resources with significant oil slick (splots) and are near to the point
center. Very high vulnerable zones comprise areas with high density of splots concentration which

are also centered on a coastal resource (Sardi et al., 2020).

The first step in the production of the oil spill vulnerability map is the aggregation of the oil spill

trajectory results from the four oil spill scenarios for the three different climatic seasons. The entire
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trajectory output of the Southwest monsoon from the four different scenarios were merged. A
similar procedure was performed for the pre-monsoon and northwest monsoon in addition to
aggregating all the twelve scenarios. The outputs were overlaid on the coastal resources (socio-
economic, biological and physical feature) of the study area in the Geographical Information
System (GIS) environment. The Kernel density spatial analysis function in ArcGIS was used to
calculate the density of splots in the neighborhood around the coastal resources represented in the
GIS layer. Thus, the vulnerability level/index of the coastal resources (Figure 2) were determined
by overlaying the trajectory output and the coastal resources shapefile (Figure 3). From the output,
an Environmental Vulnerability Index (EVI) table was developed for all the coastal elements in

the study area.
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Figure 3. Modeling flowchart used in this study.

4.0 Results
4.1. Oil spill trajectory prediction

The results of the oil spill trajectory simulation are presented in Figure 4. Two different outcomes
are indicated therein, which are the directional movement of the slick and the time the slick reaches
the shoreline within the first 24 h of the spillage. It was observed from the outcome that the
directions of the four experimental slick trajectories are similar, moving towards the southwest
region of the area during the three climatic seasons. This is because the flow of water within the

study area moves in the southwestern direction (Hoffman et al., 2015, Luu et al., 2015, Juneng and
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Tangang, 2006, Chang et al., 2011), in addition to the ocean wave and current direction. It was
also observed that the flow of water at the upper part (north) of the study area (‘Pehang’) moves
towards the north while at the study area, the water moves towards the strait of Johor which is the

southern part of Malaysia.

A variation in the time the slick reaches the shoreline was observed across the four different oil
spill sites and seasons. The oil spill at site 1 had the slowest movement at 0.21 m/h, while the speed
at site 2 was 0.62 m/h, site 3 was 0.96 m/h and site 4 was 0.83 m/h. Considering the climatic
seasonality, variations were observed in the trajectory speed of the slick, with the least speed (0.62
m/h) recorded during the northeast monsoon. The speed in the southwest monsoon was 0.66 m’/h
and pre-monsoon had the highest speed at 0.68 m/h. These variations in speed are linked to the
differences in the ocean current speed and wave speed which were also established by (Abascal et
al., 2009, Guo and Wang, 2009), in addition to the location of the oil spill (See Table 2). In contrast
to the study of Cheng et al. (2011) where only ocean current was identified as a major climatic
factor influencing oil slick trajectory, both the ocean wave and current contribute significantly to
the oil slick trajectory pattern in this present study. For example, Site 1 (Figure 4) is located in an
almost enclosed sea area at the strait of Johor between Malaysia and Singapore, which allows

lower forces to move the slick toward the shoreline unlike those at the open sea.

Also, the time taken for the slick to reach the shoreline varied across the three seasons, with the
least time (16:00 h) recorded during the south-west monsoon and the longest time (24:00 h) during
the north-east monsoon, indicating a lower effect on the shoreline. This can be attributed to the
location of the oil spill site at an enclosed water path, causing the elements to move with the
directional pattern of the water towards the open sea. In their study, Naidu et al. (2012) observed

that the ocean current and wave at the open shore are stronger than that of close to shore. While
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the former produce a higher oil spill trajectory speed, the latter lowers the speed. The average time
taken for the slick to reach the shoreline at the other sites is 7 h, with variations across the three
climatic seasons. This is similar to the study of Deng et al. (2013) wherein variations in location
and climatic parameters produced different oil travel distance and polluted area. The longest time
taken by the slick to reach the shoreline was recorded in the northeast monsoon, aligning with our
study’s outcome. Please see (supplementary file 2) for the 24 h trajectory splots distribution

outcome.

Table 2: Oil spill trajectory prediction

Site Speed (m/h) Climatic season Speed (m/h)

Site 1 749.99 Northeast monsoon 2213.99
Site 2 2231.99 Pre-monsoon 2447.99
Site 3 3437.99 Southwest monsoon 2375.99
Site 4 2969.99
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Figure 4. S1 (Site 1), S2 (Site 2), S3 (Site 3), S4 (Site 4), NW (northwest monsoon), SE
(southeast monsoon), PRE (pre-monsoon) trajectory prediction output.

4.2 Estimation of oil spill budgeting and impact on coastal shoreline
4.2.1 Quantitative oil budget estimation

Understanding the different oil spill weathering processes such as evaporation, entrainment,
emulsification, dissolution, biodegradation, photo-oxidation and sedimentation (Li et al., 2016,
Spaulding, 2017) is important for measuring the extent of oil spill effects (Nelson et al., 2018,
Qiao et al., 2019, Spaulding, 2017). Analysis of the oil spill quantitative budget estimation
(Supplementary File 3) shows that evaporation, floating and spreading of the slick to the coastal
line are the noticeable oil spill weathering processes that occurred during the spill in the study area.
Qiao etal. (2019) identified 20% evaporation and 80% spreading over a period of 48 h at Tsushima
strait, south and east coast of Japan. Also, Guo et al. (2009) observed advection, diffusion and
mechanical spreading weathering at Dalian coastal region. From Figure 4, it was also observed
that a higher proportion of the oil spill at site 1 was still floating on the water surface during the
three seasons, in comparison to other sites. This implies that oil spilled within this location is
highly unlikely to get to the shoreline, with a higher probability of remaining on the water body.
In contrast, approximately 70% of the oil slick at the other sites get to the shoreline, impacting
different elements while close to 27% evaporated and around 3% remain floating on the water

column.

This outcome suggests that after the occurrence of an oil spill at the open sea/ocean, a higher
percentage of the slick will reach the shoreline. For a similar occurrence at an enclosed sea area,
much of the slick will remain on the water column within the first 24 h. This analysis offers
valuable insights to emergency response teams to make appropriate decisions in combating oil

spills at these locations. This confirms earlier findings that slick movement varies across locations
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and seasons. Liu et al. (2015) indicated that a higher percentage of spilled oil diffuse into the water
column or sink beneath the sea at the Penglai 19-3 oil spill while Kankara et al. (2016) observed
40% of evaporation, 8% of dispersion along water column and 52% along the Chennai coastline

of India.
4.2.2 Estimated Quantitative assessment of oil spill affected coastal resources

The estimated quantitative assessment of the coastal resources affected by oil spill was based on
the output of the Kernel Density analysis which integrated results from the trajectory simulation
at the four sites with the coastal resources information within the GIS environment. Table 3
illustrates the total area of coastal resources affected for each simulation. A total of 136.21 km? of
shoreline coastal resources were affected with Vegetation (Marsh/Mangrove) being the most
affected (55.42 km?). Next to that was Rocky-shore with 36.35 km? affected area, sub-tidal plant
(salt marsh), Sand/Beach, and Submerged Plant (Seagrass) representing 28.62 km?, 10.23 km?,
and 5.59 km? affected areas respectively. The effects of the oil spill were higher during the
Southwest monsoon with a total of 51.95 km? affected coastal resources while the least impact was
identified during the northeast monsoon with approximately 34.91 km? of coastal resources being
affected. Although all oil spill trajectory simulation scenarios were subjected to similar oil spill
quantity (100m?), oceanographic factors were varied. The highest oil spill impact on the shoreline
was recorded at site 3, where approximately 46.85 km? of coastal resources were affected. This
outcome indicates that physical shoreline natural resources are highly vulnerable to the impact of
an oil slick, similar to the findings of (Kankara et al., 2016, Deng and Linda, 2018, Nelson et al.,

2018, Sardi et al., 2020).
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334

335  Table 3. Coastal resources affected by an oil spill

Spill Artificial Beach Building Canal Muddy- Rocky- Sand/beach Sub-tidal Sub- Submerged Vegetation Total (km?)
scenario  lake structure (water shore shore  (km?) plant tidal plant (marsh/mangrove)
discharge) (km?) (mangrove) plant (seagrass) (km?)
(salt (km?)
marsh)
(km?)
SINWMS v v v v v v v v 3.28 v v 3.28
SIPREMS v v v v v 1.51 v v 8.05 v v 9.56
SISWMS v v v v v v v v 0.87 v v 0.87
S2NWMS v v v v v 13.68 v v v v 13.68
S2PREMS v v v v v 10.64 v v 3.9 v v 14.54
S2SWMS v v v v v 10.52 v v 3.39 v v 13.91
SINWMS v v v v v v v v 5.59 4.23 9.82
S3PREMS v v v v v v 422 v 4.75 v 7.33 16.3
S3SWMS v v v v v v 6.01 v 4.38 v 10.34 20.73
SANWMS v v v v v v v v v v 8.13 8.13
S4PREMS v v v v v v v v v v 8.95 8.95
S4SWMS v v v v v v v v v v 16.44 16.44
Total v v v v v 36.35 10.23 v 28.62  5.59 55.42 136.21
336
337
338
339
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5.0 Discussion
5.1 Coastal oil spill Vulnerability mapping and Analysis

The oil spill vulnerability maps for this study were developed following the procedure in Section
3.4. The number of splots on each of the coastal resources after the trajectory simulation formed
the basis of the vulnerability assessment of the resources. As depicted in Figures 5a-d, the
vulnerability maps for the three climatic seasons and the aggregated map of all seasons show some
level of similarities in the very-high and very-low vulnerability areas. However, differences exist
in the vulnerability level of the coastal resources to the oil spill. There are also differences in the
area extent of the different vulnerability indexes during the three seasons, which is linked to the
variation in the climatic parameters used for the trajectory prediction. Amir-Heidari and Raie
(2019) showed that change in parameters affect vulnerability. An example of such differences is
seen in the area extent of each of the vulnerability classes (Figures 5a-d). During the Northeast
monsoon, 36.56 km? of the area is very highly vulnerable to oil spill compared to 49.0 km?, 40.1
km? and 35.21 km? of areas which are classified as very highly vulnerable areas during the
southwest monsoon, pre-monsoon and the aggregation of the seasons, respectively. As presented
in the supplementary file 4, across the three climatic seasons, vegetation (marsh/mangrove) is
classified as the most very highly vulnerable among the different coastal resources with 36.56 km?,
49.0 km?, 37.66 km?, and 35.21 km? affected areas in the northeast monsoon, pre-monsoon,
southwest monsoon and the aggregated period, respectively. However, 2.44 km? of the rocky shore

was equally indicated to be very highly vulnerable during the southwest monsoon.

Also, for the locations with high vulnerability, the area extent in the aggregated map (158.07 km?)
is higher than those in the northeast monsoon (102.76 km?), pre-monsoon (97.9 km?) and
southwest monsoon (85.61 km?) maps, respectively. A higher percentage of this high vulnerability

zone is dominated by vegetation (marsh/mangrove) with 81.27 km? affected during the northeast
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monsoon, 86. 09 km? in pre-monsoon, 85.61 km? in the southwest monsoon, and 99.77 km? during
the cumulative period. This is in addition to the 21.39 km? of rocky-shore in the northwest
monsoon located in this high vulnerability zone. Also, 7.05 km? of beach , 34.31 km? of rocky-
shore, and 16.94 km? of sub-tidal plant (salt marsh) are classified as highly vulnerable zones based
on the cumulative period. Likewise, from Figures 5a and 5d on the one hand, and Figures 5b and
c on the other hand, it is observed from the former that rocky shoreline elements and resort center
have a high vulnerability which is contrary to the moderate vulnerability observed in Figures 5b
and ¢ where muddy shore, subtidal plant (mangrove), and tourist site were indicated to have low
vulnerability to oil spill in this locality. This is due to the lower concentration of oil splots in the
study area, similar to earlier studies (Kanniah et al., 2005, Najmuddin et al., 2019). Further analysis
of the maps and the supplementary file 4 reveals that the physical elements at the shoreline (e.g.
vegetable (marshy/mangrove)); biological elements (e.g. sub-tidal plant (salt marsh)) and socio-
economic elements (e.g. Beach) are very highly and highly vulnerable to oil spill which could be
linked to the directional movement of the oil slick. This is because the oil slick trajectory depends
on the current oceanographic variables as indicated in section 3.2. Furthermore, aside from the
vulnerability due to the elements’ spatial dimensions, the economic cleaning cost and recovery
period of the biological and physical shoreline resources are higher. For example, after the
Deepwater Horizon oil spill, billions of US dollars were allocated for the cleaning of the different
coastal resources (Grubesic et al., 2019, Taleghani and Tyagi, 2017). Similarly, shoreline resources
like vegetation, salt marsh, and seagrass require more than eighteen months to recover after oil
spill cleaning (Balogun et al., 2020). Also, the socio-economic resources are regarded as vital
cultural and economic features of the study area (Kankara et al., 2016), which increases their

vulnerability level.
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Table 4 summarizes the outcome of this study’s oil spill vulnerability analysis. Physical shoreline
resources like Vegetation (Marsh/Mangrove) and biological features (Sub-tidal plant (salt marsh))
and other elements are prioritized in accordance to their vulnerability and overall impact in the
coastal area while resources like man-made structures, police station and muddy shore have lower
scores, which reflects their relative importance in terms of vulnerability to oil spill and overall

impact in the coastal community as presented in the supplementary file 4.

For decision making, particularly when there is a conflict of interest regarding resources to be
prioritized during emergency response to oil spills, physical shoreline and biological features
should be given utmost attention because they require more cleaning and restoration resources for

environmental sustainability compared to the equally sensitive socio-economic features.

Healthy vegetation sustains the ecosystem and is a source of revenue to the government (Tooke et
al., 2010, Korner, 2009, Guay et al., 2014). They also act as carbon sinks to minimize Green House
Gases (GHG) and reduce air pollution. Adamu et al. (2018), Ozigis et al. (2019a), Ozigis et al.
(2019b), Balogun et al. (2020) highlighted that oil spills reduce the biomass and aboveground
productivity of vegetation, which contributes to the reduction in environmental sustainability and

food insecurity.

Table 4: Coastal resources oil spill environmental Vulnerability index.

Coastal resource types Coastal shoreline Oil spill environmental
features vulnerability score
Socio-economic features Beach 4
Hotel 3
Mersing airport 1
Police station 1
Resort 2
Tourism site 1
Canal (water discharge) 3
Physical shoreline Solid man-made structure 1
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Artificial lake
Muddy-Shore
Rocky-Shore
Sand/Beach
Vegetation
(marsh/mangrove)
Biological features Sub-tidal plant 3
(Mangrove)
Sub-tidal plant (salt
marsh)
Sub merged plant 3
(Seagrass)

DN N D= N

W

Sub-tidal plants are also important and highly susceptible to oil spill, which will expose them to
premature deaths and stunted growth. Thus, protecting them from environmental hazards such as
oil spills should be prioritized. Silliman et al. (2012), McCall and Pennings (2012), Beazley et al.
(2012), Turner et al. (2019) reported that over 30% sub-tidal plants were destroyed during the deep
horizon oil spill. Such occurrences can be prevented in future by adopting EVI maps that provide
reliable spatial vulnerability information to decision makers in order to facilitate prompt response

with the potential to salvage the plants from destruction.

Beach, hotel, and resorts are major tourist facilities in Malaysia with approximately 12.3%
contribution to the country’s GDP and creating close to 1.5 million employment (Kadir and Karim,
2012). Risks to the beaches, hotels and resorts by oil spill will affect the tourism and services
industry, with significant economic implications. This underscores the prioritization of these socio-

economic features on the EVI map.
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425  Figure 5: Coastal oil spill environmental vulnerability map: (a) northeast monsoon; (b) pre-
426  monsoon; (c¢) southwest monsoon; and (d) cumulative/aggregated period.
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5.0 Conclusion

Over time, coastal oil spill vulnerability maps have been based on expert opinion or trajectory
models, without adequate consideration of seasonal climatic variations which influence the coastal
sensitivity. This study has developed a coastal vulnerability map of Kota-Tinggi Johor, a hotspot
of marine oil spill in South East Asia. The study takes into consideration the three climatic seasons,
Northeast monsoon, Pre-monsoon and Southwest monsoon, oceanographic environmental factors,
oil spill hotspot zones and the coastal resources in the study area (biological, physical shoreline
and socio-economic resource). A 24 h simulation of medium crude oil spill trajectory from ship

tank was conducted using GNOME model on four hotspot zones.

Findings of the study revealed that oil slick moves in a southwest direction, irrespective of the
climatic season. This trend is linked to the Pacific Ocean flow direction. Significant differences
were recorded in the flow speed of the slick over the three seasons, with the pre-monsoon period
having the average highest speed at 0.68 m/h while the northeast monsoon has the least speed of
0.62 m/h. This indicates that emergency response mechanisms should be very active during the
highly risky pre-monsoon season. Also, enclosed ocean paths experience slower oil slick flow than
open ocean areas. Evaporation, floating and spreading are the major weathering processes that
occurred during the oil spill trajectory analysis, with spreading being more dominant (70%),
followed by evaporation (27%) and floating (3%) although the simulation seasons. This indicates
that about 70% of oil slick will probably get to the coastal shoreline or similar proportion remain

in water column in closed path water way 24 h after the occurrence of oil spill.

The quantitative impact assessment indicated that more of the shoreline resources are affected
during the southwest monsoon, with vegetation (Marsh/Mangrove), rocky-Shore, beach, and sub-

tidal plant (salt marsh) being the most susceptible elements while tourism site, solid man-made
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structures, and muddy-Shore are classified as the least vulnerability features within the study area.
We conclude that variation in the climatic season significantly influence the level of coastal
resources’ sensitivity to oil spill. To enhance decision support for oil spill emergency response in
the future, it is imperative to develop a web-based model to provide real time simulation and

mapping of coastal resources’ vulnerability to oil spill pollution thereby facilitating rapid response.
Abbreviation and terms:

The following abbreviations and terms were used in the manuscript:
h=hour(s)

m/h=meters per hour

m’=meters cube

E=Eastern

N=Northern

EVI=Environmental Vulnerability Index

K?=square kilometers

GDP=Gross Domestic Product.

Splots= this is the representative of oil spill in the GNOME spill trajectory model that appears as

a pollutant particles in black.

Point source= This represent the oil spill source.
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