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Abstract

Abstract

Knowledge of the spatial distribution of shoreline sensitivity, coastal resources and
habitats vulnerable to an oil spill is crucial for effective coastal zone management. This
goal is best achieved if the location of sensitive resources and the potential oil spill
deposition areas are identified in advance, allowing protection priorities to be
established and clean-up strategies selected to mitigate the environmental consequences

of the spill.

The risk of accidental oil spill in Libyan coastal waters might increase in the future,
reflecting trends in (a) proposed oil exports from the Libyan coast, (b) increased marine
shipping near the Libyan marine area and (c) proposed offshore oil exploration and
production in western Libya. Moreover, the national coastal zone management strategy
for Libyan coasts has not yet been applied. The poor coastal infrastructure, limited
management facilities and the lack of oil spill monitoring and emergency plans, might
increase spill impacts on coastal resources and habitats, making oil spills more
complicated and increasing removal time. Therefore, a new regional oil spill

management plan is developed for this thesis.

A number of steps are required to build the scientific basis for the management of oil
spills. Resources need to be identified and mapped, and those at most risk need
identifying. The thesis builds a case study by identifying and mapping information on
coastal resources, with an emphasis on coastal oil spill risk along the shoreline of the
Misratah region. Three components were developed and integrated into evaluations of
coastal risk from oil spills: (1) identification of biological, economic and cultural
resources and their potential sensitivities to oil spills, (2) application of the
Environmental Sensitivity Index (ESI) approach, and (3) oil spill simulation modelling.
The outcome is the first reliable, high-resolution coastal zone strategy for the area,

which can serve as a tool for shore-based management.

The audit of cultural and natural resources identified areas of considerable wildlife
value (for migratory birds and sea turtles), alongside sites of historic importance and
local industry (fishing, saltpans). Particular features of the Libyan coast include wells

on the shore close to the sea, and beaches protected by offshore reefs that may break the
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surface. The Environmental Sensitivity Index (ESI) methodology was used to
summarise potential vulnerability of sections of the coast on the basis of coastline
morphology. Eleven shoreline classes were described in the study region, with
vegetated low bank shores, ESI 9, as the most sensitive, and the exposed rocky shores
and exposed man-made structures (ESI 1 and ESI 1 A) the least sensitive.

To quantify potential oil spill pathways, the GIS-based simulation GNOME (General
NOAA Operational Modeling Environment) was used in simulations of summer and
winter seasonal conditions. This process identified coastal areas at higher risk of
receiving spilt oil and the likely behaviour of oil slicks on the sea surface in the

different seasons.

The integrated oil risk assessment methodology applied in the thesis produced 43 ESI
maps, covering 248 km of the Misratah coast. The shoreline areas most sensitive to oil
spills are on the Eastern coast of the region. These are shores of ecological importance
as coastal wetlands, turtle nesting areas and habitats for migratory birds. The risk of
spilt oil reaching these high-sensitivity areas is relatively low, due to prevailing winds
and currents. Approximately half of the 128 km of very high sensitivity shore was at
medium risk of spills. This 128 km can be a priority for management measures, along
with 12 km of high and medium sensitivity shores at high risk of oil. The majority of
the shoreline faces a medium oil spill risk, especially along the North coast where

potential oil spill resources are located.

Overall, the thesis provides new information on both the littoral of Misratah and sources
of oil, including identifying sensitive areas at most risk of pollution. This information
can form the basis of coastal management for the region and communication with
stakeholders. A fuller picture of the impacts of oil spilt in the region needs better
monitoring infrastructure and consideration of links to the ecosystem services provided

by fishing, tourism and salt production.
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Chapter 1: General introduction and background

1.1 General introduction

The Libyan coastal and marine area is at a high risk of oil pollution from global oil
tanker routes and the routes connecting Libyan oil exporting ports with the Western
basin of the Mediterranean Sea (Environmental General Authority, 2004). Frequent oil
spills are carried through sewage pipes from urban areas, factories and harbours. The
lack of reliable historical records for oil spills, along with weak monitoring and minimal
responses to spills, increase the threat and impact of oil pollution on coastal habitats and
species. Coastal and marine environments contain many sensitive species, habitats and
resources that can be affected by oil. Thus, protection of the coastal area from oil spills
is a high priority for Libya. In order to fight contamination from coastal and marine oil

spill successfully, Libya must have an effective oil spill response strategy.

Definition of the features of coastal areas is important for oil spill management because
vulnerability to oil contamination varies between shore types. The shoreline topography
is a fundamental feature, central to understanding coastal dynamics and also playing
important roles in both physical and biodiversity related classifications (Boak and
Turner, 2005). Topography is linked to the persistence of oil on a shoreline. Integrating
such information on shoreline sensitivity and natural clean-up capacity is central to the
management of coastal resources and emergency plans (Yanez-Arancibia et al., 2004).
A useful tool for this integration is to classify shores by an environmental sensitivity
index (ESI, NOAA 2002). Emergency plans can reflect decision makers’ judgements,
which in turn affect the governance and management of the coastal environment during

an oil spill.

Given the perceived need for Libyan oil spill response strategies, this thesis aims to
develop a coastal oil spill management plan for the Misratah coast. A central task for
this goal is to build a geodatabase of coastal and marine information (Pincinato et al.,
2009). Wind directions and speeds, currents, bathymetry and coastal topography all
influence where oil spill is deposited in the coastal zone. Therefore, oceanographic and
climatological data can be used to interpret oil slick movement (Alves et al., 2014) and

1
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potential locations for oil deposits on shoreline areas (Santos and Andrade, 2009).

The Libyan coastline is not well described in the existing literature. This chapter will
describe the underlying physical setting and the oil industry in the region. The
conclusion of the chapter outlines the research approach and chapter structure for the
thesis. Although the coastal and marine commission in the Libyan Environmental
General Authority (EGA) has been working since 1990s to reduce environmental
pressures and improve strategies to protect the coast, oil spills and coastal development
are continuing issues. Addressing these issues is made harder by the absence of an
integrated coastal zone management plan. Furthermore, efforts to sustainably manage
the coast are hampered by a lack of accurate data, a problem facing many southern
Mediterranean countries (Daffonchio et al., 2013). Until now, no study has focused on
evaluating Libyan coastal resources for coastal zone management. This study develops

the tools and knowledge for a discussion of coastline risk from oil spills.

The thesis is mostly concerned with Misratah - also spelt Misrata or Misrutah - a city
and a district in North-western Libya, 200 km to the East of Tripoli, with a shoreline of
248 km (out of a total of 1770 km for Libya). The area lies between 32°33'37" and
32°23'48"N, 15°22'58" and 14°36'47"E. The study area (Figure 1A-B) has a population
of 400,000 people (Bureau of Statistic and Census Libya, 2016) and includes a large
port and a range of wetland habitats used as nesting areas for sea turtles (UNEP, 2010)
and feeding places for migrant birds (Etayeb et al., 2007). The coast also hosts several
anthropogenic activities, including fishing and tourism. The coast has two distinct shore
types: the North and the East coast (Figure 1D). The Northern coast is quite straight
with narrow cliffs covering approximately 50 km, and different types of shoreline, such
as rocky beaches, boulder shores and sandy patches between coastal headlands (Aniba,
2007). Most human activities take place on the North coast, e.g. fishing, tourism,
industry, ports, oil platforms, oil storages and coastal development. Therefore, most of
the local oil spills are located on the North coast. The Eastern shore is a low-lying area,
mainly composed of wetland coasts. Socio-economic activities are limited to the salt

industry and two seasonal fishing harbours.
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Figure 1 The study area located within the map (A) is the central Mediterranean Sea.
The coastline is potentially impacted by spills occurring at any point of the loading and
shipping of oil between the Libyan oil export ports and southern Europe. In the map (B)
the location of the study area on the Libyan coast with other major cities is indicated.
(C) Local shoreline names. (D) Onshore elevation map (DEM) for Misratah (USGS,
2014). White indicates levels between -5 and 5m. The breadth of the white colour on the
eastern coast indicates an extensive low-lying coastal strip. Rapid transitions through
purple to blue indicate cliffs transitioning between 4 to 40 m in elevation, particularly

evident on the northern coast.
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1.2 The Mediterranean Sea

The Mediterranean is a semi-closed basin described by Rodriguez-Rodriguez et al.
(2016) as one of the most highly valued marine environments in the world (MEDPAN,
2013., UNEP-Map(Rac/Spa) 2010) and containing many distinct coastal and marine

ecosystems (Katsanevakis et al., 2014). For example, the Libyan coast was recorded as

one of the most important nesting areas for loggerhead turtles (Caretta caretta)

resting places for migratory birds. The Libyan marine area (Figure 2) is bordered by
30°
15' 50" N” and 35° 13' 30.7"N and 11° 31' 33.9" E and 26° 12' 26"E. Libyan coastline
forms part of the southern boundary of the central Mediterranean Sea basin, covering

Egypt, Greece, Italy, Malta and Tunisia (UNEP/MAP, 2012) and extends between

1,770 km. The coast is important for tourism, industry and fishing. Libya has a

population approaching 6.202 million, concentrated along the coast (Bureau of Statistics

and Census Libya, 2016).
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Figure 2 Libyan maritime boundaries (Marine Regions, 2017)
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1.2.1 Bathymetry and sea depth

The purpose of discussing regional bathymetry is because variations in depth and
subsurface topography interact with ocean current circulation (LLP, 2010; Alves et al.,
2014). Such interactions can block or steer seawater flows and further modify local
current directions and speed, hence influencing oil spill routes (Alves et al., 2015). For
example, bathymetric data used by Alves (2015) in an oil spill prediction model
influenced oil spill trajectory offshore of Crete in the Eastern Mediterranean. Similarly,
Dalyander (2014) used high-resolution bathymetric imagery to assess the mobility and
redistribution patterns of sand and oil agglomerations in the surf zone of the Gulf of
Mexico (Dalyander et al., 2014). These studies show that bathymetric, meteorological
and oceanographic conditions are the main factors controlling the trajectory of oil slicks

on the sea surface (Alves et al., 2015).

The Misratah marine area consists of contrasting seabed elevations between the
northern and the eastern coast (Figure 3A). The seafloor on the north coast has various
bathymetric features, including steep gradients with irregular depths. On average the
coastal water is deeper in the North compared to the Eastern coast. The sea depth
contour map (Figure 3B) shows the depth lines running parallel and near to the
shoreline with a maximum depth of 15 m at the Dafnia and Zurek shores, with a gradual
decrease in depth towards the eastern coast. The eastern water depths near the shore are
as shallow as 1 m (Table 1 Appendix 5). The seabed of the Gulf of Sidra slopes gently
with a smooth relief.
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Figure 3 (A) Bathymetric maps for the central Mediterranean (B) Bathometric
level of Misratah coast, data derived from (EMODnet, 2015). Of note is the
steeper profile of the north-facing coastline, compared to the broad shallow Gulf

of Sidra in the east.

1.2.2 Coastal shape and topography

The potential impact of an oil spill on reaching the shore depends on wave exposure,
shoreline slope and the physical make-up of the shore (Oliveira et al., 2013). Studying
shoreline structure is therefore necessary to understand coastal risk level and the
management and vulnerability of coastal areas to oil spill. In Misratah, there are
several coastal environments, including rocky/sandy beaches and coastal marshes.
Eleven examples of shoreline types were found (Figure 4). Each shoreline type can be

classed into a specific environmental sensitivity to oil (Chapter 3).
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Figure 4 Main coastal types on the northern (A) and eastern coast (B) of Misratah.
The topography of the study areas vary between the north and east facing coasts.
Sandy beaches, narrow rocky shores, headlands and manmade structures define the
north coast, whereas the eastern shoreline is mainly composed of beaches backed by

seasonal wetlands and saltmarsh.

The Northern shore from Dafnia to Gaser-ahmed is characterized by high vertical cliffs
with narrow sandy and rocky shores and patches of gravel beaches. The shoreline is
mainly composed of rocky shores and sandy patches between small headlands, where
the coastal banks are very close to the shoreline (Industrial Research Centre, 1975). The
eastern coast from Gaser-ahmed to Buerat is within the bay of Sidra (characterized as
semi closed sea) and is relatively flat to gently sloping. In the Gaser-ahmed region, the
coast is described as having a wider shoreline than the North coast embayed by

saltmarsh with small backshore dunes.

A feature of the rocky areas is the presence of rocky reefs offshore, which can rise as
steep walls above the water surface in summer season on the North coast. This feature is
spread throughout the nearshore area where the rocky and sandy shores extended
(Figure 5B). The wall-like structures can be considered as a second mechanism
influencing oil slick movement to the shoreline area (Oyedepo, 2011). The coastal reefs
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generally have environmental and economic values (Figure 5B, C): by protecting shore
areas used as harbours from high wave. In addition, the rocky reef is a feeding and

resting area for local and migratory seabirds (Figure 5D).

r

- v L WA

Figure 5 Physical shoreline features that contribute to the sensitivity of coastlines to
oil spills. (A) shows headlands on the north coast of Misratah, (B) present rocky reef
at foreshore area, (C) exhibits reef with vertical protrusions at foreshore, and (D)

submerged rocky reef used as habitats for local and migratory birds.
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1.2.3 Wave, currents and winds and energy
1.2.3.1 Wave

Wave energy generated by winds blowing over the sea surface depends on (1) wind
speed and frequency and (2) the amount of open sea water (fetch) over which the wind
blows (Badejo et al., 2003). The Libyan marine environment is characterized by marked
short-term fluctuations in wave energy and height, reflecting a complex pattern of
northern and eastern winds, with dry winds mostly originating from the south to south-
west. The northern coast can be characterized as open sea with high wave energy,
compared with the low wave energy of the eastern coast (National Centre for
Meteorology, 2017).

The most prevalent directions of waves during winter are from the north and northeast,
towards the south and southwest, with wave heights of 3 to 5 m (Figure 6). In the dry
season, waves often originate from the north over the Mediterranean basin and arrive at
the Libyan coast with an average height of 0.5-1 m. Because wave energy can move
slicks on the sea surface toward the coast, and plays a significant role on tar ball
distribution on coastal areas (Nemirovskaya, 2011;Warnock et al., 2015), oceanographic
data are required to develop a management plan for coastal oil spill (Abascal et al.,
2010). Understanding wave energy is necessary for developing environmental
sensitivity index values and coastal classifications (Harvey et al., 1999). For example,

large waves can be reflected from some shores, keeping oil offshore.
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Figure 6 Significant wave heights and directions along the Mediterranean Sea.The
colour bar shows the level of the wave high. (CYCOFQS, 2017).

1.2.3.2 Currents

Mediterranean currents are generally on smaller scales and with less intensity than those
of the open ocean (Menna and Poulain, 2009). The Libyan marine basin contains a
major feature in the Gulf of Sidra (Figure 7A), which plays a significant role in
controlling the current and eddy circulation in the Libyan marine area (El-Geziry,
2010). Two types of current dominate the regional circulation. Water of Atlantic origin,
supplied through the Straits of Gibraltar, flows eastward flow along the Libyan and
Tunisian slopes and continues in a cyclonic circuit to Egypt (Figure 7B) (EI-Geziry and
Bryden, 2010). However, in the summer season, a current flows in the channel between
Sicily and Tunisia toward to the Libyan marine basin in two branches (Figure 7C, D).
One branch flows parallel with the Misratah coast to the Gulf of Sidra, the other forms
eddies over the Libyan sea. The local flow during summer season (Figure 7D) creates
eddies between Malta and the western Libyan coast near Misratah, oriented toward the
Gulf of Sidra.
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Figure 7(A) Gulf of Sidra location at Libyan coast, map (B) shows the main path of
surface circulation in the Mediterranean, The predicted currents are very small. The
maximum annual predicted depth-averaged current speed is only 0.01 m/s. (Global
ocean current models, 2015), maps (C) and (D) gives an idea about the path of
seasonal current surface in July and January 2015, (Poulain et al., 2012). The
Mediterranean current in winter season start off to the Southwest of Malta, from the
North to the South of the Gulf of Sidra and flow generally in a westerly direction. In
the summer season, however, the current direction continues in a generally
northwesterly direction toward the Gulf of Sidra with a small current circulation
reaching the Libyan coast. (The Operational Oceanography group-IAMC- 2015 ).
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1.2.3.3 Winds

Winds are key drivers of oil movement on the sea surface and tar ball deposition
(Warnock et al., 2015). Understanding the trajectory followed by spilt oil is important
for improving coastal oil spill emergency plans (Pashna et al., 2014). The general wind
rose of Misratah (Figure 8) is taken from the Climatology of Global Ocean Winds
(COGOW), based on ten years (January 1999 — December 2000) of QuikSCAT
observations (COGOW, 2016; Risien and Chelton, 2008). Winds originate mostly from
the west and northwest in the winter, while north and northeast winds occur in the
summer. From April to the end of summer, the Libyan coast is under the influence of
Ghibli winds, which are dry and hot (Mohammed and Milad, 2010).

The prevailing wind speed in the winter is between 9 and 16 knots. In the summer, the

average wind speeds are lower, between 6 and 7 knots.

(A) (B) N

Speed [kis] Colour
1.000
10.000
16.000
27.000
33.000
B4.000

Figure 8 Wind roses of Misratah coast showing wind speed and direction in the winter
(A) and the summer season (B). During the winter, winds are stronger, dominated by
mean daily speeds of 16 knots or more between south-south-west and north. Summer
directional wind distribution within the area of interest shows the majority of wind

from the north, northwest and east.
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1.3 Key concepts
1.3.1 Libyan oil industry

The oil industry provides an important foundation for the economy and development in
Libya, with increasing offshore and onshore oil exploration after 2005. Libya has the
largest amount of proven crude oil reserves in Africa (National Oil Corporation of
Libya, 2016). The area has become one of the most important oil producing regions in
the Mediterranean region; Libya became an oil exporting state in 1961 when it joined

the Organization of the Petroleum Exporting Countries (OPEC).

Although the average of oil production before 2011 was over 1.65 million b/d, Libya’s
oil and gas production and exports have been substantially affected by civil unrest over
the past few years (GeoExpro, 2016). Libyan crude oil production has decreased to 350
thousand b/d in 2016 due to the unstable political situation. Typically, 84% of the
Libyan crude oil is exported through the Mediterranean basin to the North
Mediterranean countries (Espon, 2013; UNEP, 2008) via pipelines and oil tankers to
European countries such as Italy (28%), Greece (5%), Spain (10%), France (15%) and
Germany (10%).

The major oil and gas producing areas and sites of oil terminals are distributed within
three sections of the Libyan coast; (1) on the Western coast near Tripoli 250 km West of
Misratah, (2) on the coast of the Gulf of Sidra, (3) on the Eastern part of the Libyan
coast close to Tobruk city in the Cyrenaica region (Figure 9A). According to the Braga
oil company database, the company holds oil stores near to Misratah coast and an oil
platform situated in the Gaser-ahmed marine area. The Misratah oil stores received
approximately 1,391,964 tons of heavy oil and gasoline per year via oil tanker, which
comes from different refineries in the Mediterranean countries (Brega Petroleum
Marketing Company, 2015). Figure 9B illustrates the oil tanker network between the
Misratah ports and oil refineries in the Mediterranean countries, and between the Libyan
oil exporting ports and the oil stores complex as well. These oil tanker routes in the
Misratah marine area are possible oil release sources related to oil transportation

operations, such as oil loading/ uploading.
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Figure 9 Map (A) discloses oil and gas production sites which are located by the side
of Libyan coast (National Oil Corporation of Libya, 2016), (B) unveils oil tanker
roads between Misratah port and refineries in the Mediterranean countries. The map B
which is created in ArcGIS was adopted from annual reports of the Misratah port in
2014.

14



Chapter 1: General introduction and background

1.3.2 Oil pollution sources

The effects of oil pollution on coastal environments can lead to negative environmental
impacts on habitats, species and coastal resources in the short and long term (Brenner,
2015) that depend on the amounts of the type of oil spill and the vulnerability of the

affected coastal resource (Samaras et al., 2014).

The Mediterranean coastal ecosystem has been considered highly sensitive to oil spill
(Daffonchio et al., 2013). The central Mediterranean Sea is recognized as the second-
most spill-affected area in the region between 2000 and 2009. The United Nations
Environment Programme reports state that approximately 55,000 m tonnes of crude oil
were spilled through the area near Malta, Tunisia, Italy and Libya (Figure 10)
(UNEP/MAP, 2012). The Libyan coastal area is at a high risk of oil contamination from
the tanker routes connecting the Southern and Northern basins of the Mediterranean
Sea. The number of ships and oil tankers landing in the Libyan ports was between 3,500
and 4,000 /year (Libya Shipping Agency, 2016). Furthermore, frequent oil spills and the
absence of Libyan oil pollution control efforts are associated with long-term
consequences, including harming the coastal species and habitats, as well as socio-

economic activities.

The largest oil spills in the study area have recently been associated with oil loading
accidents on the platforms. For instance in 2014, approximately 500 m*® were spread
onto the sea surface during oil loading operations. In addition, the deteriorating
condition of the pipeline that links oil platforms on the coast to storage inland also
increases the risk of oil pollution. In 2013, around 100 m® of heavy oil was spilt from an
oil pipeline in the Misratah port. In 2006, approximately 206 m? of heavy oil was spilled
in the Misratah port when an oil tanker collided with the landing stage.
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Figure 9 Oil spill in the Mediterranean for the period 2000-2009(REMPEC, 2017).

1.3.3 Oil spill impacts and pathways

Crude oil and oil products contain a wide range of compounds that can affect coastal
habitats and species (Grant and Briggs, 2002). In the case of slicks reaching a shore, the
immediate impacts can be from smothering, preventing access to oxygen for benthic
organisms or compromising feathers and fur in vertebrates. Toxic effects can occur in
the short or long term from internal exposure to oil through ingestion or inhalation and

through external exposure with absorption through the skin.

The toxic effects of oil on marine organisms are influenced by the concentrations of low
molecular weight aromatic components and the period of exposure to these components
(Clark, 2001). The low molecular weights make these compounds volatile and they
typically evaporate from spilled oil. Up to 40% of the Amoco Cadiz spill (240,000
tonnes) may have been lost this way (Kingston 2002). Other relatively toxic small
molecules are soluble in seawater (typically less than 1% of crude oil; Kingston 2002).
The remaining oil can become dispersed as small droplets, with some sinking of heavier
fractions (particularly if adsorbed to sediment particles). A small amount of oil is

oxidized by sunlight into related compounds. Under some rougher sea conditions, the
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oil droplets can be held in a viscous emulsion or mousse. Mousse formation can extend
the life of a slick, and the potential smothering effects if the oil emulsion reaches the
coast. The fate of oil spilled at sea is therefore a process that starts with spreading and
evaporation of volatile components, followed by losses to weathering: including
dissolution, emulsification, and sedimentation; all processes affected by the type of oil
and factors such as wave, current and wind energy (Shelton et al, 2002). The direct toxic
effects of crude oil in the open sea have generally been thought to be minimal, reflecting
the degree of dilution and the loss of toxic components during weathering on the sea
surface (Shelton, 1971, Kingston 2002). Oil spills can impact the subtidal benthos if

sufficient material sinks.

The dispersal and weathering of oil spills at sea contrasts with different persistence and
transformation profiles of spilt oil close to the shoreline (Yoshioka and Madelyn, 2002).
Less dilution occurs in shallow waters, the benthos may be more strongly impacted and
wave-induced break-up of spills may be reduced. Spills reaching the shore immediately
after discharge have a more toxic profile as volatile toxic substances such as aromatic
components may not have been lost to evaporation (Owens, 2002). An example of an
impact in waters of 17 m depth in the Bay of Morlaix (France) is given by Dauvin
(1998). Subtidal benthic communities took over 10 years to recover following
contamination associated with the 1978 Amoco Cadiz oil spill. In contrast,
morphological and cell damage to herring larvae (adults spawn eggs onto submerged
algae and seagrasses) was detected for one year only following the Exxon Valdez oil
spill (Hose et al., 1996).

1.3.4 Coastal management and the shoreline sensitivity index

Although the details of the approach may vary, most Mediterranean countries have
protected coastal areas and have determined vulnerable coastal resources. In contrast,
there has not been a national assessment of coastal sensitivity to oil spills in Libya
(National Oil Corporation of Libya, 2016). Libya has an obligation, as a one of the
signatories to the United Nations Convention on the Law of the Sea (appendix 6), to
protect its marine environment (United Nations Convention on the Law of the Sea,
2017). In addition, Libya is signatory to the Mediterranean countries convention on oil

spill preparedness, response and co-operation convention (The Regional Marine
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Pollution Emergency Response Centre for the Mediterranean Sea, REMPEC, 2017).
One of the requirements for REMPEC is to have a National Contingency Plan. As one
of the measures that should be taken to meet the obligations of these conventions, the
national plan should cover all coastal oil pollution, whether it is from ships, ports and
harbours, offshore operation, urban or oil handling platforms.

One of the early steps in forming a regional plan for coastal oil pollution is to make an
inventory of the types of coastline present. This goal can be achieved by categorizing
shores using the Environmental Sensitivity Index (ESI). An ESI map is primarily used
for coastal oil spill management (Gugliermetti et al., 2007). Coastal sensitivity index
maps are one of the most widespread tools for summarizing vulnerability to accidental
oil spills. The National Oceanic and Atmospheric Administration (NOAA) provides ESI
maps for coastal oil spill management, which is applied on the coastal regions in the
United States (NOAA-ESI map, 2016). The resulting US coastal sensitivity atlas was
used to identify environmental and morphological coastline priorities and provide
decision-makers with an overview with which to plan preventive action and emergency
responses in an oil spill event (Walther, 2014). A full ESI mapping describes shoreline
type and biological and human-use resources, allowing shoreline habitats to be ranked
according to the biological value and the shoreline’s ability to clean up naturally.
Biological resources include oil-sensitive animals and non-shoreline habitats (Scott et
al., 2013). Specific areas that incorporate added sensitivity and value to humans such as
tourist beaches and coastal aquifers are categorized as human-use resources (Gundlach
and Hayes 1978; Michel et al., 1978).

An ESI mapping can be integrated in a coastal zone management (CZM) approach. This
involves the management of sensitive areas and an oil spill contingency plan, providing
an effective process for decision makers to develop and protect coastal areas and
resources in cooperation with local communities and authorities (Knecht and Archer,
1993). Oil spill assessment and management systems were originally proposed to
support planning and emergencies (Frazdo Santos et al., 2013) but have been
successfully applied to several additional contexts, such as flood risk (Singkran and
Kandasamy, 2016), sea level rise (Addo, 2014) and climate change (Krishnamurthy et

al., 2014). In the context of the related management process of marine spatial planning
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(MSP), an ESI mapping can inform the zoning and planning of activities that form a

plan.

1.4 Overview of the research process

The originality of the work stems from the application of the Environmental Sensitivity
Index in an understudied region. Human factors such as the oil industry, oil tanker
transportation and urban sources of oil are considered. A combination of methods
(coastal and marine spatial planning, environmental sensitivity index and oil spill
simulation) and techniques (ArcGIS and GNOME software) are used to develop coastal

zone management for the Misratah coast.

This thesis has an overall methodology that structures the assessment of shoreline
sensitivity: integrating physical parameters, socio-economic activity and coastal
biological value characteristics to provide specific information for developing a coastal
zone mapping strategies for oil spill response (Figure 11). Alongside the sensitivity
assessments, which evaluate the status of different sections of shore, a hypothetical
classification can be made: one which integrates potential sources and transport routes
to evaluate the chance of oil reaching particular shores. This classification can be made

using modelling approaches, specifically the GNOME software developed by NOAA.
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Figure 10 Conceptual models of the sensitivity assessment and shoreline oil hazard
mapping framework.

1.4.1 Data collection

The data used to establish oil spill risk levels in this study were obtained from Libyan
government agencies such as the Department of Health, Safety & Environment of the
National Oil Corporation, Environmental General Authority, Marine Biology centre and
National Oil Corporation. These data included oil spill incident information, crude oil
production. Other required data, such as oil spill sources, were gathered from reports

from local authorities and a fieldwork survey, including information about the amount
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of oil released from the iron and steel industry, power generation stations, fishing ports
and from sewage pipes carrying the waste from garages and fuel stations to the Misratah
coast. The coastal habitats and species data were collected from available literature, and
annual scientific reports in the protection of the marine turtle program (PMTP) and the

United Nations Environment Programme (UNEP).

Data collected remotely were augmented by a fieldwork study of the coast from Dafnia
to the West of Buerat in the Southeast of the Gulf of Sidra. Photos were taken during
the survey of many polluted areas, documenting the presence of tar balls, which were
measured and recorded. Coastal economic and associated activities were observed and

recorded.

1.4.2 1dentifying, mapping and storage of the coastal resources feature in the

ArcGIS software

Coastal and marine spatial planning (CMSP) is a fundamental tool to help achieve
effective coastal zone management (Foley et al., 2010). This study applied the CMSP
method along the coast to define the coastal resource value and analyse oil spill risk
(Frazéo Santos et al., 2013; Ehler and Douvere, 2009). After collecting field data and
relevant historical maps and information (summarized in Table 1), oil spill simulation

software was run and the shoreline classified using data stored and queried in ArcGIS.

In this study, the definition of coastal resource vulnerability depends on gathering of
three kinds of information: abundance of species, and conservation status of
biodiversity, and oil spill probability according to their proximity to risk factors. The
most important environmental components within the boundaries of the case study area
are the wetland, the nesting areas for sea turtles (the wide sandy beaches) and feeding
places for migrant birds. The salt industry and coastal tourism are the most important
socio-economic activities along the coast. Finally, the selection of ecosystem
components presented in this thesis is based on their conservation importance as defined
by Libyan legislation and international agreements such as The African-Eurasian
Migratory Waterbird Agreement (AEWA), Protected Areas and Biological Diversity in

the Mediterranean (SPA/BD. Protocol), and Ramsar convention on wetlands.
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Table 1 Geographic information system database sources

GIS database Data type Resources

Coast type Fieldwork National Geophysical Data Centre.
Historical maps

Oil spill resource Maps Department of Health, Safety and
Reports Environment in  National Qil

Corporation.

Coastal habitats Maps Environmental General Authority.

Marine Biology Centre.

Bathymetry Satellite images United States Geological Survey
(USGU).
Oceanography data  Maps Libya National Meteorology Centre.
Environmental General Authority.
Oil infrastructure Maps Department of Health, Safety and
Reports Environment in  National  Qil

Corporation.

Production area Maps UN for the Environment.

Marine Biology Centre.

Environmental Maps Environmental General Authority.
coastal issues Reports Departments of the Environment

Public Authority in Municipalities.

Coastal aquifer Maps General Authority Water.
Reports
Coastal development Satellite images Biruni Remote Sensing Centre.

1.4.3 Oil spill simulation

The simulation model (GNOME) provides a useful estimate of the oil trajectory on the
sea surface; the application consists of modular programs and a geospatially mapped
environment through which oil movement is subject to the actions of winds, current,
tides, and diffusion (NOAA, 2002). The outputs of GNOME can be exported as

QuickTime movies or Geographic Information System (GIS)-compatible split files that
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can be loaded and compiled with ArcGIS. Oil dispersion under different conditions is
simulated using GNOME to produce hazard maps for the study area by integrating

previous information in GIS.

1.4.4 Coastal zone mapping strategies for an oil spill contingency plan

The mapping of environmental sensitivity index (Singkran, 2013., Frazdo Santos et al.,
2013 ., IMO, 2012) and oil hazard risk (Cekirge, 2015; Oliveira et al., 2013) gives a
basis for tactical and strategic plans to deal with oil in the environment. This goal is best
achieved if the location of sensitive resources and potential oil spill deposition area are
identified in advance so that protection priorities can be established and clean-up
strategies selected. By identifying the areas of high sensitivity and high risk, policies
can be prioritized and local resources focused for the maximum benefit in
environmental protection. These responses need an overview of local infrastructure,

reviewed in Chapter 5.

1.4.5 Research aims

In summary, the fundamental aim of this project is to develop a coastal zone mapping
strategy for an oil spill that is appropriate for Misratah. Specific research objectives
include: (1) the development of a theoretical framework appropriate to coastal zone
management, (2) identification of biological, economic and cultural resources and their
potential sensitivity to oil spill through a coastal and marine spatial planning approach,
(3) assessment of environmental sensitivity to oil spill along the Misratah shoreline, (4)
simulate oil spill to determine potential risk areas, (5) the development of a coastal zone

mapping strategy for oil responses.

Having given an overview of the research process in the first chapter, Chapter 2 collates
information about biological, economic and cultural resources and their potential
sensitivities to oil spills. Chapter 3 develops Environmental Sensitivity Index maps for
the Misratah shoreline. Oil spill movement in the Libyan Western marine area is
simulated in Chapter 4. Finally, Chapter 5 develops a coastal strategic plan for oil spills

on the Misratah coast.
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Chapter 2: Identification of biological, economic and cultural resources

2.1 Introduction

The study area includes large ports, a range of wetland habitats, nesting areas for sea
turtles (UNEP, 2010) and feeding places for migrant birds (Etayeb et al., 2007). The
region supports anthropogenic activities including fishing, tourism, harbours, mineral

exploitation, salt industry, cultural uses, and the oil and gas industry.

Coastal oil spills, from sources such as tanker collisions, oil loading operations, sewage
pipes and fishing activity usually harm coastal habitats and human use activity at two
interfaces: foreshore and on backshore, (LDK, 2013). Managing the risk from such
spills needs spatially resolved information. For the Misratah district, however, there are
(1) limited records on oil spill contamination events, oil production and oil tanker
transportation, (2) few studies about coastal resources and their existing condition, and

(3) a lack of coastal management infrastructure and coastal resources databases.

Given the gaps in data for assessing oil spill threats to habitats and human uses, the goal
of this chapter is twofold: firstly to collate information on coastal resources, including
information from a field survey and secondly to lay the groundwork for the coastal
sensitivity index and coastal zone management developed in later chapters. The study
aims to identify and define the potential negative economic and environmental effects of
oil spillage. This chapter focuses on a hierarchy of categories (Figure 12) to develop a
base map. The results of this process help planners to maintain amenity values (summer
resort beaches), and to preserve historical and archaeological sites within the coastal
area (Gilliland and Laffoley, 2008). This initial review of resources can help to identify
vulnerable coastal areas and provide specific details to planners to help them set up
protection priorities and clean-up strategies (Klemas, 2010; Vandermeulen and Ross,
1995).

This chapter identifies and maps information related to the vulnerability of coastal
resources with an emphasis on coastal oil spill risk along the shoreline of Misratah. A

four-step approach was followed:

1- Definition of coastal resources value.
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2- Identifying coastal resources’ importance to local communities.
3- Defining existing condition of coastal resources

4- Determining the connection between coastal and marine spatial planning and oil spill

risk analysis.
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Figure 11 Classification of coastal resource categories described for the Misratah coast.

2.2 Data collection

A coastal database was built to initiate the mapping process, collating data that can be
used in the later chapters. Data were obtained from Libyan government agencies such as

the Department of Health, Safety & Environment of the National Oil Corporation,
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Environmental General Authority, Marine Biology Centre and National Oil Corporation
(Table 1, Chapter 1). Information on coastal habitats and species was collated from the
available literature, and from annual scientific reports in the Protection of the Marine
Turtle Program (PMTP) and the United Nations Environment Programme (UNEP). A
fieldwork study was carried out in 2014 and 2015, for a total of forty days in both the
winter and the summer. The coast was surveyed from Dafnia to the West of Buerat in
the Southeast of the Gulf of Sidra. Photos were taken during the survey of any polluted
areas, documenting the presence of tar balls, which were measured and recorded.
Coastal economic and associated activities were visited and recorded. Tools used to
investigate tar ball distribution included GPS, an underwater camera and a square frame
of 0.5 x 0.5 m, which was the most frequently use size in Elghirani (1981) and Walda
(2002). The survey aimed to map polluted shoreline areas and to survey the beach

type/morphology.

The data collected during both fieldwork and satellite images were used to define
variations in the environmental parameters and the coastline topography of Misratah.
Ikonos imagery was used for initial identification and classification of the different
sectors of the study area. However, Google Earth was an essential tool for identifying
coastal resources and shoreline type. Afterwards, coastline features were drawn in
various colours, and saved as Google Earth (KML). The KML files were exported to
ArcMap as shapefiles (Mumby et al., 1995). The mapping tools in ArcGIS 10.2 were

used to create layers depicting the overlapping uses of the coastal and marine habitats.

2.3 Methodology and research process

Coastal and marine spatial planning can provide information about specific issues,
resources, or areas needing a quick emergency plan (Douvere et al., 2007). Well-
researched plans can be used to describe future desired conditions, and provide
information and guidance that supports regional action on coastal resources and
provides the flexibility to structure the elements of its plans over time in response to
what the coastal region wants to accomplish (Douvere, 2008). In this context, coastal
spatial planning and oil spill risk analysis are two distinct processes, needed to achieve

effective sustainable management of coastal and marine areas (Frazdo Santos et al.,
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2013). These processes play an important role in decision-making on coastal oil spill
risk events (Pourvakhshouri and Mansor, 2003). The basis for any coastal management
strategy is a synthesis of spatial data on the distribution and intensity of human

activities and the overlap of their impacts on the coastal ecosystem (Douvere, 2008).

The development of a database can be used to generate environmental sensitivity index
(ESI) maps for the Misratah coast. Coastal resources such as tourism, fisheries, and
cultural historical sites, which are often sensitive to oil spill, are represented on the ESI
map to help planners address the vulnerability of coastal resources to oil spill with more
understanding of coastal processes (Stelzenmller et al., 2013). Hence, the current
chapter leads to detailed maps of the oil spill risk potential and coastal resources
vulnerability that are crucial to support oil spill contingency plans and decision-making
(Abascal et al., 2010).

A coastal resources spatial plan is a fundamental tool to help achieve effective coastal
zone management (Foley et al., 2010). The process is essentially open-ended as new or
improved information can be fed back into the planning process with a specific
application, like an ESI map, being the outcome at any desired point in time (Figure
13). The process starts with the definition of coastal resource value and analysis of oil
spill risk, followed by definition and analysis of the condition of environmental and
socio-economic resources (Ehler and Douvere, 2009; Frazdo Santos et al., 2013). Based
on the previous information, scenarios are built to define the potential oil risk areas
according to the proximity of an oil spill to the resources.

27



Chapter 2: Identification of biological, economic and cultural resources

( Coastal and marine spatial l

L planing
Definition of coastal Location of ol spill
resources resources

'

Definition and analysis of
existing of coastal resources

J

Y

Potential oil risk to coastal 1

resources J

|

rL ESI mapping strategy

Figure 12 Schematic chart of the process to use scientific information related to ESI

methodology within an MSP framework, to identify the spatial pattern of coastal

sources and their existing condition.

2.4 Defining of coastal resource values

2.4.1 Human-use resources and their existing relationships to oil spill

contamination

The vulnerability of a coastal resource area can be defined with reference the capacity to
cope with the impacts of an oil spill (Castafiedo et al., 2008). Socio-economic variables

are significant factors in coastal vulnerability to oil spills as socio-economic changes
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occur more often and more rapidly than physical processes change (Szlafsztein and
Sterr 2007). Therefore, identifying and analysing human-use resources and their
existing condition can help planners to understand, manage, and reduce risk by
identifying likely spill scenarios and coastal areas at risk (Oliveira et al., 2013).
Moreover, this process can be used to engage a broad spectrum of stakeholders in

raising awareness and increasing resilience.

In mapping socio-economic features, the objective is not to identify all human use
activity, but to locate the activities that are mostly at risk to be damaged by an oil spill.
Fishing, beaches/coastal tourist areas, and the salt industry are at risk due to their
locations near potential oil spill sources along the shoreline. The socio-economic
activity included in recreational sites along the Misratah coast, e.g. public beaches and
summer resorts, and cultural resources, e.g. historical sites, can be impacted
economically in the event of an oil spill. Several industries on the Misratah coast are
dependent on clean seawater, e.g. water is used for cooling purposes in the iron and
steel industries and desalination plants. In these cases, the facilities and processes can be
negatively affected by oil ingress into water intakes, possibly leading to contamination
of piping systems, which in turn may require that a factory is shut down while cleaning

is carried out.

2.4.1.1 Salt industry

Pans are one of the features of salt marshes - Sabkha - (Barbieri et al., 2006) which can
be classified into two types: primary pans and channel pans. The former are
characterized as a depressed area in the surface of the saltmarsh, while the latter are
formed from creek channels (Holden and Council, 2008). The coastal topography in salt
marsh areas is formed and maintained through sediment transport processes, involving
material carried by rivers, wave, current, winds, and tides (Anthony et al., 2009). The
salt industry depends on salt flats, which become salt deposits following evaporation of
seawater (Eiser and Kjerfve, 1986). In Libya, most of the salt industry is around the
cities of Zwara, Azawia, and Misrata, as well as the Sirte coast and Benghazi region. In
particular, in 1985, the Gulf of Sidra area from Misratah in the West to Benghazi in the
East produced approximately 11,000 tons of salt annually (Lefond, 1969). The salt
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industry in the Misratah region is located along the Eastern coast, from Gaser-ahmed to
Buerat, covering 170 km (Figure 14.A). In this region there are two types of saltpans:
man-made saltpans (Figure 14.B) and natural pans (Figure 14.D). Some saltpans are
located on the foreshore, between 1 and 50 m from the water’s edge. Recently, the
region has been the biggest salt industry area in Libya, spread over a total area of
approx. 55 km? (Libya Star for Salt, 2017).

Coastal wetlands (Sabkha) are recorded as vulnerable to oil spill because the low wave
energy of a salt marsh does not physically remove oil effectively (Pezeshki et al., 1995;
Kankara and Subramanian, 2007). Therefore, accidental spillage of oil into the Gulf of
Sidra from oil tankers and drilling rigs could significantly impact the salt industry. The
risk of oil spill depends on the proximity of the salt industry to oil spill resources such
as oil loading platforms in the Gaser-ahmed area. A previous study, conducted in 2012
on coastal lagoons in the East of Libya, showed that a similar environment was already
polluted by oil (Alasady, 2012).
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Figure 13 (A) displays the location of salt industry, the map is created in the ArcMap
software on the basis of fieldwork data and spot 8 satellite imagery, (B) presents the
view of coastal man-made saltpans, (C) saltpan basin in dry season

2.4.1.2 Cultural and historical sites

The coastal area is of great importance to Libya, containing a number of resources that
provide economic, environment and aesthetic benefits. Resource conservation requires
long-term planning and management to ensure that value is sustained for the future
(Daniel Clausen, 2012). Analysis of the condition of cultural and historical sites allows
for identification of critical oil spill areas with regions of high archaeological and

religious value (Astiaso Garcia et al., 2013).
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No database or cultural heritage list is yet available for all local sites of interest.
Relevant data was gathered through a literature review of previous technical reports and
from interviews with local people during fieldwork surveys in which resource type and

geographic location were recorded.

Libya has a number of heritage sites of socio-economic and religious importance along
the Mediterranean coast, such as Cyrenaica, Leptis Magna, and Sabratha. The Leptis
Magna complex is one of the largest ancient Roman sites in Africa and is on the World
Heritage List, along with the old town of Ghadames and the rock-art sites of Tadart
Acacus in the Sahara in the south of Libya (D’Urso et al.,, 2015). Based on
archaeological reports, there are a number of cultural sites along the coast, especially on
the north coast, which are located close to the shoreline, such as mosques and shrines
(Darih) (Figure 15.B).

The sensitivity of the archaeological and religious sites discussed with the local people.
The most sensitive archaeological and religious sites are those that are located in the
intertidal zone, potentially exposed directly to inundation and spills (Hayes et al., 1992;
ORCA, 1997). In particular, sites (Figure 15.A) along the North coast are at risk, due to
direct or indirect contact with coastal development and oil pollution, because the North
coast is also where oil and gas activity takes place. For example, religious sites on the
Zurek coast are located close to the Zurek fishing activity area, which is a potential oil

spill sources.
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2.4.1.3 Tourist beaches

Summer resorts and open swimming beaches are important places for coastal tourism.
Beach tourism is one of the most important economic activities in Misratah and
constitutes a part of the Libyan gross domestic product (Onofri et al., 2013). In the
event of an oil spill, tourist resorts suffer income losses and property damages, and need
time to clean up. Protection strategies for the coast also have a cost (Novelli, 2011). The
Misratah coast includes rocky headlands and wide sandy beaches that attract tourists
from all over Libya; most of the coastal resorts are located on protected sandy beaches
along the north coast of Misratah, as well as private and public summer resorts
distributed on the north coast (Figure 16). Some of the most important locations are
Zurek beach, Aljazeera resorts, Altoba open beach, and Alhaded resort, as well as the

open sandy beach on the Eastern coast of Misratah.

The tourism industry is under oil pollution pressure due to the proximity of spill
sources. For example, Alaman resorts, which comprise 206 villas, attract approximately
10.000 tourists in the summer season (Bady, 2009). The Alaman resort was surveyed
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during fieldwork in 2014 and tar balls were observed on the sand and rocky shore,
possibly reflecting that the resort is situated 20 m from the Aljazeera port and thus, any

oil spilt in Aljazeera can easily reach the Alaman shore.

A further important coastal place for tourists is the Alhaded resort, part of the iron and
steel complex located in the Gaser-ahmed area. This area is recognized as highly
vulnerable to oil spill due to its location near the iron factory and oil loading platform.
Additionally, the resort is situated between the two biggest harbours of Misratah city,

both of which are potential oil spill sources.

The Altoba coastline is an open beach and one of the most frequently visited places by
local people. It might be affected by oil spills due the proximity (1 km) of sewage pipes.
Furthermore, there is fishing activity (anchorage) associated with the beaches. Jannat
beach has the same issues as Altoba beach, tourism may be harmed by oil spills coming
from the Jannat fishing activity and sewage pipes. Therefore, there are oil pollution
threats to tourist sites along the Misratah coast due to their co-location with oil spill
sources in Gaser-ahmed, Aljazeera, Jannat and Zurek. Some of the summer resorts have
been affected by the oil spill and suffer tar ball pollution, which was observed along all
coastal areas, but especially on tourist beaches on the north coast.
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Figure 15 (A) Distribution of tourist beaches (shown by pale blue polygons) and
summer resorts (dark blue points) along the north coast, (B) tourist beaches and
summer resort along the East coast of Misratah (polygons made in ArcGIS after

coastal fieldwork survey to develop geodatabase for the area).

2.4.1.4 Misratah iron and steel complex

The iron and steel complex is considered one of the largest industrial sites in Libya,
covering a coastal area of 12 km? along the Misratah Sabkha, in Gaser-ahmed on the
eastern Misratah coast. The iron industry, power plants, and desalination plants in the
complex are dependent on seawater for cooling purposes and also to produce the steam
to run the turbines. The iron factory facilities can be affected if oil reaches water

intakes, with consequences for piping systems and production processes.

The complex contains a power plant, a desalination plant, a central water station, a
oxygen and compressed air plant, a wastewater treatment plant, and a central electric
power receiving and distribution station with a total production of steel and iron
products of 1,700,000 tonnes per year (Libyan Iron and Steel Company, 2016). The
desalination plant was designed to produce 40,000 m*® water per day to supply the
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factories and facilities with industrial and drinking water, as well as to contribute to the
supply for Misratah city, which is otherwise dependent on groundwater sources,
including 90% coming through an artificial river from the Sahara desert (Elabbar and
Elmabrouk, 2005).

A particular risk at the desalination plant is that chlorine is added to pumped seawater to
protect from biofouling by marine organisms. If the seawater is polluted by oil, chlorine
reacts with organic molecules to form trihalomethanes (THM), which are environmental
pollutants and potentially carcinogenic. Adhesion of the oil to water tanks and pipes can
damage the plant as well (Al Malek and Mohamed, 2005).

2.4.1.5 Ports and fishing activity

Oil spills can cause serious risk to fishing activity; contamination can affect stocks and
disrupt business activities by fouling gear or impeding access to fishing sites. There are
some publications available from the Environmental General Authority on the Misratah
port situation and fishing activity, but fine scale spatial data are limited. This data was
aquired during fieldwork in 2013 and 2015 by communication with fishermen and
observations of polluted sites, supplemented by technical reports, and available online
data about the fisheries in the south Mediterranean region.

Libya has the longest coast of southern Mediterranean states, at approximately 1770
km. It has the second largest continental shelf in the Mediterranean, with more than 250
coastal and marine species recorded in shallow and deep-sea habitats (Fish Base, 2016).
Fishing is one of the main resources for the Libyan economy, after the oil and gas
industry (Manach et al., 2015). The available data gave domestic fisheries production in
Libya in 2004 as 40,827 tonnes, while fish exports in 2006 reached 275 tonnes. In the
most recent annual technical reports (The General Authority for Marine Wealth in
Libya, 2017) Misratah’s fisheries production in 2004 was 643 tonnes. The port at Gaser-
ahmed is one of the biggest landing sites in the study area. Table 2 illustrates that there
are more than 240 boats landed in the port and fishing production in 2004 was 380
tonnes. However, the fishing productions of Zurek and Aljazeera harbours in 2004 were
155 and 108 tonnes respectively. Both harbours are located in a more protected coastal

area, sheltered from wave energy on the western Misratah coast. The two harbours
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contain 34 and 33 fishing boats respectively (Food and Agriculture Organization of the
United Nations, 2016).

Although recent publications on the fishing industry are limited, previous studies and
fieldwork observations suggest that the production is decreasing due to stressors such as
oil pollution and overfishing (Almabrok, 2004). This section identifies fishing activity
and distribution of this activity along the coast (Figure 17) to determine risks to fishing
due potential oil spill sources. The industry itself is a pollution risk. The Misratah ports
are among the most poorly regulated sources of pollution: most Libyan ports are heavy
polluters because of weak infrastructure. There is no emergency plan for oil spill
accidents, no clean-up equipment, and structures such as used oil storage are absent,

leading to fishermen pouring used oil into the sea.

Oil pollution of the Gaser-ahmed coastal area comes mainly from two sources: oil
platforms and shipping (including fishing) activity. The port is the most vulnerable site
due to its location beside the industrial coastal area and oil platforms. In the Zurek and
Aljazeera harbours, the infrastructure and facilities are poor as well. The remaining
fishing activity is characterized as small and seasonal fishing located in small bays or
open beaches and representing 44 fishing boats distributed between seven anchorages
along the Misratah coast. There are no facilities around these places. The Alkouda and
Alroumia anchorages located at the end of the Eastern coast (Figure 17) are the least

vulnerable to oil damage due to their location away from other oil spill sources.
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Table 2 Distribution of fishing craft at landing sites in the study area, (Food and Agriculture
Organization of the United Nations, 2016)

Loading sites

Fishing boats

1 Zurek 24
2 Aljazeera 33
3 Altoba 4
4 Jannat 12
5 Gaser-ahmed 247
6 Roumioa 5
7 Mahaboly 10
8 Marzouga 3
9 Alkouda 4
Total 342
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Figure 16 Geographic locations of fishing activity along the Misratah coast.
Associated fleet sizes are shown in Table 2
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2.4.2 Wildlife resources and their existing relationships to oil spill contamination

The coastal and marine habitats in the Mediterranean are highly diverse; the Libyan
coastal and marine environment is recognized as one of the world’s 25 top biodiversity
hotspots with a large number of endemic species (UNEP/MAP, 2012). Unfortunately,
extensive coastal habitats and species data are unavailable. This section therefore

focuses on two important biological resources: migratory birds and sea turtles.

2.4.2.1 Sea turtle nesting area

A few studies have focused on the nesting activity of sea turtles on Libyan coast, in
addition to annual UNEP reports. The available literature shows (Figure 18.A) some
level of nesting activity, mainly concentrated in three coastal sub-regions: (1) the sandy
beaches of the Gulf of Sidra, (2) sandy beaches located to the south and the north-east
of Benghazi, and (3) on the east side of Libyan coast the area of Derna and Tobruk
(Hamza, 2010; UNEP, 2010). The west coast of Misratah, characterized by sandy
beaches with a wide intertidal zone, was recorded by UNEP as a sea turtle nesting area.
In addition, the Misratah saltmarshes are productive biological systems and are major
feeding and nesting grounds for sea turtle and migratory birds (Figure 18.B) (UNEP,
2011). Migratory sea turtles come out of the water onto sandy beaches to dig nests and
lay eggs within the period from the end of May to beginning of September (UNEP,
2010). In particular, the Eastern Mediterranean basin of Misratah is used by loggerhead
turtles for nesting (Saied et al., 2012). The loggerhead turtle (Caretta caretta) is the
most commonly encountered species on the coast (Clusa et al., 2013; Laurent et al.,
1999). Two other endangered turtles have also been recorded in the West Misratah
region: the leatherback (Dermochelys coriacea) and the green turtle (Chelonia mydas)
(Abdulla and Linden 2008). Satellite tracking of sea turtles in the Mediterranean shows
the majority of sea turtles tagged on the western coast of Misratah use feeding and
overwintering grounds around Greece, with some turtles found around Turkey and the
Eastern Mediterranean (Figure 18.C and D) (UNEP, 2011).

Although the western Mediterranean Basin is high in biodiversity, many of its species
and habitats are threatened by human activities. For example, the loggerhead turtle is

listed as an endangered species by the International Union for Conservation of Nature
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IUCN (Oztiirk, 2015). In addition, the nesting area has suffered from tar balls (UNEP,
2010). Oil spills will have a different impact on each habitat; for example, turtle nesting
areas are more exposed to oil, due their location within the intertidal zone. Oil pollution
risk for turtles and their nesting area is greatest during nesting season from May to
August. The oil industry and national oil tanker routes in the Gulf of Sidra pose an on-

going risk to the survival of Libyan sea turtle populations and their nesting habitat.
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Figure 17 (A) Current turtle nesting areas along the Sidra gulf (UNEP, 2011), (B)
nesting area polygon along the sandy beach of the eastern coastline of Misratah,
data adopted from Saied et al. (2012), (C) post-nesting migrations of adult female
turtles (UNEP, 2011), (D) nesting areas along the Mediterranean coastline (UNEP,
2011).
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2.4.2.2 Migratory birds

Mediterranean wetland ecosystems are considered important for water birds, with
important areas in Turkey, Italy, Greece, France, Tunisia, Egypt, and Libya (Merken et
al., 2015). The Libyan wetlands are resting areas for the passage of migrant birds. In a
study conducted by the EGA in 2004, water birds were counted at 83 Libyan wetland
sites during the winter season (Figure 19.A). A particularly favour region, the east coast
of Misratah, is dominated by a very wild, sandy coastline with a few rocky shores,
bordered by saltmarsh (Sabkha) (Laurent et al., 1999). In 2011, the Libyan migratory
birds observation team recorded 35,890 individuals belonging to 88 species (Bourass et
al., 2013). Several species of birds have also been recorded on the western Misratah

coast, visiting this area as nesting and feeding sites during spring (Etayeb et al., 2007).

The coast that migratory birds frequent from September to February stretches from
Gaser-ahmed to Buerat, consisting of sand beaches covering approximately 170 km
(Figure 19.B) of the eastern coast of Misratah. The coast has important feeding areas for

the birds especially on wetland banks and in shallow coastal water (WWF, 2005).
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Figure 18 (A) Distribution map of seabird on Libyan coast (Smart et al., 2006),(B)
migrant birds feeding and resting area ( CSM, 2015), the shapefile of resting area of
the migrant birds was generated in the ArcMap as polygon accruing the survey of

migratory birds and fieldwork collected data.

42



Chapter 2: Identification of biological, economic and cultural resources

The impact of oil spills on the migrant birds is dependent on the spatial distribution of
both the birds and oil resources (Begg et al., 2013). Furthermore, identifying potential
seabird sites and feeding areas can provide information to planners on how to avoid oil
risk to coastal habitats. It is also important to take account of temporal variability due to
seasonal migrations of seabirds (Labelle et al., 1982). For instance, a site may be highly

vulnerable for only a limited period each year, i.e. September to February.

Although migratory bird sites are not close to oil and gas activity, oil spill simulation
maps developed later in this thesis show that there is a potential for oil slicks on the
Misratah sea surface to reach the migratory bird areas, due to winds and current action.
Oil spill can create stress on coastal and marine environments where birds nest and
roost (Islam and Tanaka, 2004). Qil spill impacts are likely to be on birds when they are
present at nesting colonies or feeding in nearshore waters (Depellegrin et al., 2010).
Thus, migratory birds can be be affected by oil spills, particularly while diving
searching for food (Weslawski et al., 1997).
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2.4.3 Environmental components and their existing relationships to oil spill

contamination
2.4.3.1 Coastal springs

Misratah city is one of the several areas in Libya that faces severe water shortages
(Observatory, 2008; Ziadat, et al., 2011). The majority of freshwater comes through a
number of huge pipes that transfer water across the desert from the south to the north
(UNESCO, 1991). Therefore, this study also identified coastal water value and
examined oil spill likelihood and impact on coastal freshwater to create a practical
database for shoreline springs to inform the oil spill management policies of the Libyan
government. In general, groundwater occurs within six main basins in Libya. These
basins consist of several groundwater aquifers with different surface water levels. The

Misratah area is located in the Ghadames basin (Libyan water Authority, 2006).

As of the current date, there seem to be no available data on flow from coastal aquifers
and springs on the Libyan coast, except a few technical reports on groundwater in the
Sahara desert. The previous studies covering coastal fresh water springs are limited as

well, as these sites not well known yet by the local environmental authority.

A shoreline survey, conducted during the summer because the coastal springs are
completely covered by sea water in the winter, found shoreline springs spread along the
North coast from Dafnia to Gaser-ahmed (Figure 20.A). Springs were located in the

intertidal area, as little as 1 m from waterline (Figure 20.B and E).

To determine the location of the coastal springs in field surveys, interviews were
conducted with local people and the quality of groundwater was assessed by electrical
conductivity (EC) meter and PH/ C meter (Table 3; Figure 20.C and D). Groundwater
springs are vulnerable to the effects of oil pollution and they are an important resource
for local communities, including springs located near potential oil spill sources in the

Zurek and Aljazeera areas.
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Table 3 Physical features of coastal spring sites

Wall NO Location Temperature  Depth Distance from
water edge
1 Gaser- 8,27 3,25ms/cm 21 3 m 10 M/ in
ahmed intertidal zone
2 Gaser-ahmed 8,27  3,28ms/cm 21 2 m 20 M in
intertidal zone
3 Sour-Saud 8,27 2,80ms/cm 21 2 m 5 Min
intertidal zone
4 Jannat 8,27 2,60ms/cm 21 2 m 10 Min
intertidal zone
5 Marbat 8,27 2,89ms/cm 21 3 m 5Min
intertidal zone
6 Aljazeera 8,27 2,70ms/cm 21 50 im/ in
cm intertidal zone
7 Aboroyeh 8,27 3,28ms/cm 21 20 Im/in
cm intertidal zone
8 Zurek 8,27  3,00ms/cm 21 20 im/in
cm intertidal zone
9 Dafnia 1 8,27 2,70ms/cm 21 30 im/in
cm intertidal zone
10 Dafnia 2 8,27 2,70ms/cm 21 50 Im/in
cm intertidal zone
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Figure 19 (A) Coastal freshwater spring distribution on the north coast, (B) shows egress of

groundwater during the measurement, (C) recording characteristics of the coastal aquifer in

summer, (D) measuring the dimension of the well hole, (E) coastal spring located in the

intertidal area which is completely covered by seawater and sand, (F) types of equipment

used in the field to determine the physicochemical parameters of the coastal spring water,(1)
electrical conductivity (EC), (2) PH/ C meter.
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2.4.3.2 Saltmarsh (Sabkha)

Sabkha (Subkha), the coastal saltmarsh ecosystem of Libya, is small and limited in
overall area (Figure 21.A), but constitutes an important environment, providing coastal
habitats for a diverse range of plant and animal species. For example, saltmarshes are
feeding areas for seabirds and migrant birds. This saltmarsh is considered as one of the
most important coastal resources in the area, and is recognized as a protected area in the
RAMSAR protocol. The Sabkha represents the lowest topographic depression in
Misratah region and contains two features, salt flats and vegetation areas (Figure 21.B
and C) (El-Hinnawy and Cheshitev, 1975). The Sabkha is flooded in the wet season by
seawater seepage or seawater flood (Basyoni and Mousa, 2009). In the Sabkha area
there are two different zones; low topography, like a small lake, is generally located
near the coastline and is covered by the sea in winter, relatively higher elevation areas
of Sabkha are characterized by patches of vegetation at the border of the Sabkha (Figure
21.D).

The Eastern coast of the Misratah region includes broad areas of supratidal salt flats,
termed ‘dry basins’ in the summer, but becoming wet in the winter (Stivaletta et al.,
2009). These areas occur behind wide sandy beaches and coastal dunes in relatively low
topographic areas (Galil and El-fergany, 2011). The Misratah Sabkha is situated in a
coastal Sabkha plain over an approximately 1500 km? stretch along the Gulf of Sidra on
the western coast of Misratah extending from north to south: 170 km from Gaser-ahmed
to Buerat.

The Sabkha ecosystem has ecological value because it hosts a number of migrant birds
and sea turtles during seasonal migrations and nesting. This sensitive area is exposed to
coastal disturbances and oil spill pollution due to its location and environmental
situation. The Sabkha coast is located in a semi-closed sea (Gulf of Sidra) and sea
energy is low compared to the open sea on the north coast of Misratah in the
Mediterranean Sea. The Sabkha coast suffers from tar ball pollution as material tends to

accumulate rather than be dispersed.
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Figure 20 (A) Distribution of Misratah wetland. The map is derived from spot 8
imagery, (B) sabkha vegetation, (C) saline pan, (D) sabkha during a flooding phase in
winter reason.
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2.5 Conclusion

Coastal management and conservation of the habitats and resources on the Misratah
coast require synthesis of spatial data on the distribution and intensity of human
activities and the overlap of consequent impacts on the coastal ecosystem. The main
purpose of identifying the features of the Misratah coast is in preparing a framework for
coastal zone management of areas sensitive to oil spills. The coastal features were
mapped in GIS to generate one map for each variable and features were represented as

polygons and points to show the spatial distribution of biological resources.

Because little research has been conducted on mapping and coastal resource values,
with limited data and publications for the Misratah region, this study uses available
coastal and marine information to create a database for coastal sensitivity index maps
along the coast, acting as a reference for how to protect and manage coastal resources in
the Misratah coast and the rest of Libya. Moreover, this work highlights the value of
natural coastal resources such as the salt industry and coastal groundwater quality to the

Misratah population and its economy.

The Misratah coast has multiple uses including fishing, tourism, harbours, mineral
exploitation, the salt industry, and cultural uses, each of which has a different economic
importance. The coast contains two distinct shore regions; the north coast is defined by
sandy beaches with narrow rocky shores and most of the human activities take place on
the north coast, including fishing, coastal tourism, industry, ports, oil platforms, oil
storage, and coastal development. In contrast, the Eastern coast is mainly composed of
wetland coasts.

The Misratah coast has suffered from two types of oil spill: (1) onshore oil spill coming
from urban areas and flowing to the coast, (2) oil spills coming from the offshore oil
industry and tanker traffic. The Sabkha ecosystems are under pressure due to increasing
human activities such as urban development, tourism-related activities, and a different
pollution type from iron and steel industry located in the Gaser-ahmed Sabkha, as well
as an illegal landfill. This chapter identifies specific economic and ecological resources

at risk from oil spill. The potential sources of oil in the marine environment are also
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shown to be diverse, with major spill risks existing alongside persistent oil pollution

from coastal towns and ports.
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Chapter 3: Assessment of coastal environmental sensitivity to oil spill

3.1 Introduction

The density of marine traffic, especially oil tankers, in close proximity to the coast, in
addition to offshore petroleum exploration and production platforms, make the Libyan
coast a high-risk area for oil spills. About 20% of global oil transportation passes
through Libyan waters (Abdulla and Linden, 2008). Libya has ten offshore oil fields and
two oil platforms in the West, along with seven oil platforms spread along the coast
(National Qil Corporation of Libya, 2016). Additionally, minor oil spills from sources
such as fishing ports and factories are a further source of coastal pollution. Oil spills can
cause substantial damage to the Libyan coast and marine ecosystems, causing
biodiversity loss and economic impacts on fishing and the tourist industry (Elfallah and
Boargob, 2005).

The purpose of this chapter is to assess the oil spill risk faced by the Misratah coast and
to present information on shorelines using environmental sensitivity index (ESI) maps
(Petersen et al., 2002). Mapping of ESI values is a fundamental step in supporting
coastal zone management, identifying segments of shore by their capacity to recover
after an oil contamination event. An ESI atlas summarizes shoreline sensitivity and

supports coordination and planning of responses to oil spills (Al Shami et al., 2017).

Perhaps reflecting the diverse coastlines and climate of the United States of America
where ESI maps were developed, the methodology has proved applicable worldwide.
Many previous studies have used the ESI for oil spill sensitivity maps. Sometimes a
regional approach is suggested as local shore types do not map exactly or explicitly to
the existing ESI categories (Aps et al., 2016; Oliveira et al., 2014). A diversity of shore
types has been categorized for regions relevant to the likely conditions of the Libyan
coastline. Adler and Inbar (2007) concluded that the Israeli coastline was generally of
moderate sensitivity to oil spills due to the morphology and exposure of the
predominantly beach-dominated shoreline. Al-Hargan (1997) created a coastal

information system for the Qatar coast using GIS and remote sensing. Large sections of
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the Qatar coast were identified as salt flats (Sabkha) backed by marshes; these areas
have a relatively high environmental sensitivity index values as oil can have large and
long lasting impacts. The sensitivity of salt marshes (up to 14 m inland from the
shoreline) was clearly identified from advanced visible infrared imaging spectrometer
(AVIRIS) data gathered over the coast of Louisiana following the Deepwater Horizon
spill (Khanna et al., 2013).

Direct evidence of oil pollution on the Libyan coast has mostly been inferred using
studies of tar balls, the distribution of which can be quite variable in space and time. Al-
Ghirani (1981) found a total weight of tar balls on the Misratah shore of around 646 g
m2. Walda (2002) recorded an average 24 g m™ of tar balls in the same region, whereas
Maitieg (2004) suggested that the highest average tar ball concentration was 134.29 g
m-2 along the North coast of Misratah. In a seasonal study of water samples from coastal
lagoons on the eastern coast of Libya Al-Asadi (2012) found the highest levels of oil
pollution in summer, with values exceeding 10 pg L? total petroleum hydrocarbon,

indicating significant oil pollution.

Beyond reports of environmental contamination, there are few studies on the risks and
sensitivity of the Libyan coast. This reflects a wider discrepancy between the extent and
detail of northern and southern Mediterranean research that has been highlighted
previously (e.g., Daffonchio et al., 2013). Some preliminary results on the satellite-
derived distribution of slicks along the Libyan coast have been reported by Eljabri and
Gallagher (2012). A detailed study of shoreline sensitivity is, however, lacking. The
current chapter therefore describes the coastline around the significant industrial port of
Misratah, Libya.

3.2 Methodology

Field data collections were carried out on Misratah shores in 2014/2015. Handheld GPS
devices and digital cameras were used during the survey to record and document details
of shores. The whole study area was surveyed over a period of twenty days, from the
high cliffs at Dafnia on the Northern coast to the sandy beaches of Buerat, to the

Southeast in the Gulf of Sidra. The data collected from each surveyed sector included
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the existing environmental settings and characteristics such as shore type, available
species, presence of tar balls or oil pollution, other pollution sources and socio-
economic activities. Ikonos imagery was used for initial identification and classification
of the different sectors of the study area. Google Earth was also used for identifying
coastal resources and shoreline type. Coastline features were marked up and saved as
KML files in Google Earth before import into ArcMap (Mumby et al., 1995). Coastal
resources are ranked and colour-coded with the standard ESI palette, based on

sensitivity to oiling (Udoh and Ekanem, 2011).

The study area covers 248 km and includes various coastal types, such as coastal salt
marsh, rocky shores and sandy beaches. Additionally, the impact of oceanographic
energy to oil spill movement is different in each part of the world. The ESI
classification of the shoreline was based on four main categories of environmental
characteristics: (1) the degree of shoreline exposure to wave and tidal energy, (2)
permeability and shoreline oil capacity, (3) shoreline slope (Aps et al., 2016) , and (4)
the level of biological diversity and productivity of the affected shore (Mahapatra and
Ramakrishnan, 2015; ORCA, 1997). Rankings of shoreline environmental sensitivity to
oil spill are assigned on a scale (1-9). Shorelines that are put into highest ranks on this
scale are most sensitive to oil spill considering the overall combination of
environmental characteristics (Aps et al., 2016). For example, ESI 1 refers to shorelines
with the lowest susceptibility to damage by oil spill because oil cannot penetrate
bedrock (as found on exposed rocky shores), while ESI 9 refers to shorelines that are
most likely to be affected by oil, such as salt marshes or sea turtle nesting habitats
(Gundlach and Hayes 1978).

3.3 Results and discussion

The Misratah shoreline sensitivity to oil was determined according to the NOAA ESI
categories (2002). However, the concept of mapping coastal environments and ranking
them on a scale of relative sensitivity originated with Michel et al. (1978). Each ESI
ranking is represented by a different colour on the created ESI map; in many sectors the
shoreline may have two different classifications. These multiple classifications are

represented on the maps by double lines. For example, in the Dafnia section, the
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shoreline is represented with two coloured lines to represent the exposed tidal flats and
exposed rocky shores in the same coastal area. The ESI is considered a quick reference
for oil spill responders and coastal zone managers and can be used to identify sensitive

coastal sectors before any spill occurrence (Tri et al., 2015).

The shoreline sensitivity ranking in Table 4 goes from ESI 1, representing least
sensitive to oil, to ESI 9 which represents the most sensitive areas, reflecting influences
of relative exposure to wave and tidal energy, shoreline slope and substrate type
(Sowmya and Jayappa, 2016). The shoreline sensitivity map (Figure 22 A, B) classifies
the study area to eleven rankings on the ESI scale (Figure 23). The resulting ESI
approach highlights the occurrence of vegetated low banks, ranked as the most sensitive
shoreline to oil spill, while the exposed rocky shores ESI1 have the lowest sensitivity to
oil spill. The ESI ranking enables responders to prioritise the shorelines in terms of
protection. The ESI types were classified in the study area as follows:
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Figure 21 ESI shoreline classification maps for Misratah shoreline, Map (A) shows the north
and (B) the eastern coast. Habitats with red colour ESI 9 (vegetated bank shores) were the most
sensitive habitats for oil pollution, whereas habitats with green colour ESI 1 (for exposed rocky
and exposed man-made structure shores) were the least sensitive habitats. An expanded

explanation of ESI codes by sector is given in Table 4.
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ESI 9 Vegetated low bank: this shoreline type is only along the Eastern coast,
covering 128.13 km of study area. The shoreline is considered very highly sensitive
due to biodiversity value, reflecting the saltmarshes and coarse sandy shore that
contain sea turtle nesting areas and sites for migratory birds. In the event of oil near to
the shoreline, this could deposit along the high tide line into the saltmarsh. The oil is
likely to persist as it can soak into the habitat and wave energy for dispersing slicks is
low due to the relatively sheltered nature of the coastline. The ESI 9 category was used
rather than ESI 10a (salt marshes) as the use of 10a seems to better describe areas
where the marsh directly enters the sea rather than the more complex setting of sandy

banks backed by marshes seen on the eastern coast.

ESI 7 Exposed tidal flats: are present on the northern coast in an area where wave
activity is relatively high and cover 15.51 km of the shoreline. The intertidal flats
appear rich in invertebrate species, and can emerge in summer time when wave energy
is low and sea levels are generally lower. Qil deposited on this area and on this type of

beach might remain for a long period, particularly in summer months.

ESI 6 B Riprap beaches: this shoreline has the shortest extent, covering 400 m.
Riprap is a man-made wall made of large boulders or concrete blocks with a moderate
to high abundance of species such as green and brown algae, oysters, barnacles,
limpets and other marine snails. This shoreline category has medium-high sensitivity.
Riprap is used as a coastal defence so it is often subject to high wave and tide energy.
In an oil spill, oil might penetrate deeply between the boulders. Biological resources
could be damaged by oil spill and the probability and frequency for hazard by oil spill
is high because most riprap beaches were built near ports and sites such as harbours

and anchorages. Most of these types of shores are located on the northern coast.

ESI 5 B Boulder shores: this is an uncommon beach type covering 10.29 km, found
both on the eastern coast, and on the northern coast at Dafnia. The shore type is formed
from a range of small and large boulders. Oil can penetrate deeply between rocks,

potentially remaining for some time.
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ESI 5 A Irregular protrusions of rocks through sand: This is a rare type in the
region, representing less than 1 km of the Misratah shore, most of which is 670 m of
irregular protrusions of rocks in the Zurek coastal area. The sensitivity of this type of

beaches was based on the potential for medium to high oil penetration.

ESI 5 Mixed sand and gravel beaches: This type of beach is not common in Misratah
coast, covering 5.45 km of the shoreline. Fauna and flora abundances are low due to
sediment mobility. Oil spills onto this type of beach sediments might be end up deeper
than 50 cm, making these beaches difficult to clean (Hayes, Michel, and Noe, 1991).

ESI 4A coarse sand: this classification is found on the Eastern coast of Misratah, and
covers 4.81 km of the shoreline. Waves and current are not strong in the Gulf of Sidra.
Oil persistence may be high and coastal habitats and species such as nesting turtles

could be at risk from oil spills.

ESI 3 Fine to medium sandy beaches: this category represents the second most
common shore type in the Misratah region, found on 31.55 km of the shoreline. The
major feature of this shore type is that it is only semi-permeable to oil and, therefore,
oil persistence can be short-term before removal by wave action or clean-up activity on
the beaches. The abundance of organisms in these habitats is relatively low. However,
organisms such as crabs, amphipods and near shore shellfish could be affected by

oiling.

ESI 2 Exposed wave cut platform: A wave-cut platform or wave-cut benches are the
narrow flat area often found at the base of the sea cliff. This shoreline type is found
along 5.31 km of the shoreline. Oil might remain on flats in a sheltered area and an oil

spill would damage the habitats on the rocky shores.

ESI 1A Exposed manmade structure: On smooth artificial sea walls the species
abundance and diversity is low. This shoreline type is located around factories and
ports and some coastal tourist areas, representing 19.72 km of the shoreline. Typically

sea walls are a coastal defence and are vertical or near-vertical. These features mean
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that oil is unlikely to persist and may even be directed offshore as waves are reflected

from the sea wall.

ESI 1 Exposed rocky shores: the major area for this type of shore is located near
Dafnia, Marbat and Sour-Saud on the northern coast, covering 27.18 km. This
shoreline is exposed to open sea and these shores are steep and exposed to high wave
energy. They contain few species. This shore can be self-cleaning with wave reflection

keeping most of the oil offshore (Hanna, 1995).
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Table 4 Environmental sensitivity index (ESI) descriptions for each category found on the Misratah

coast, including sectors where each shore type is found and total length for each shore type.

ESI Colour Shore type Main feature Sector location Length
level code Km
Gaser-ahmed, Jannat, 27.18
Exposed to open sea  Marbat, Dafnia, Zurek
ESI1 - Exposed rocky and impermeable to  Aboroyeh and
shore oil Aljazeera shores
Exposed man Exposed to large Gaser-ahmed, Zurek 19.72
ESI 1A - made structure wave at open sea and Dafnia shores
sector
Exposed wave cut  Exposed wave energy Dafnia and Sour-Saud
ES2 platform in and impermeable to  shores 5.31
bedrock oil
Fine to medium 31.55
ESI 3 sandy beaches Low to medium Dafnia, Zurek,
with mostly penetration Aljazeera
moderate sloping Alarar and Marbat
shores
Shorelines with Medium penetration
ESI 4A - coarse sand and to oil spill and Sour-Saud and 4.81
mostly sloping located at semi- Aboroyeh shores
closed beaches
Mixed sand and 5.45
ESI5 gravel beaches Medium to high Zurek and Jannat
(cliff shore) permeability to oil shores
spill
Irregular Medium to high Zurek shore 0.67
ESI 5A - protrusions of permeability to oil
rocks through spill
sand
10.29
ESI 5B - Boulder shore Deep penetration of ~ Gaser-ahmed, Zurek
oil and
Albonta shores
0.40
ESI 6B - Riprap beach Deep penetration of ~ Aljazeera shore
oil
15.51
ESI7 - Exposed tidal flat High biological Dafnia, Zurek and
productivity Aljazeera shores
Buerat, Alromia,
ESI9 - Vegetated low High biological Marzouga and Alkouda  128.13
bank productivity shores on the Eastern

coast
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ESI 1 - Exposed rocky shores ESI 1A- Exposed man made structure

ESI 2 — Exposed wave cut platform ESI 3 - Sandy beaches

ESI 4A - Shorelines with coarse sand and mostly sloping ESI 5 — Mixed sandy and gravel beaches
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ESI 5A — Irregular protrusions of rocks ESI 5B - Boulder shore

. ESI 7 — Exposed tidal flat
ESI 6B Riprap beach

ESI 9 - Vegetated low bank

Figure 22 Examples of different Misrata shoreline types by Environmental Sensitivity Index (ESI) category. (1) ESI 1 at
Dafnia with vertical rocks exposed to the open sea. This type of shore is impermeable to oil and has relatively high natural
clean-up ability. (2) ESI 1A artificial shorelines. (3) ESI 2A shoreline in the Dafnia and Sour-Saud shores. (3) ESI 3 medium
fine sandy shores found in Dafnia, Zurek, Aljazeera and Marbat in the north, and Alarar shores in the eastern coast. (4) ESI 4A
shoreline in Sour-Saud and Aboroyeh shores of the north coast. (5-7) shorelines distributed along the north coast. (8) ESI 5
shoreline at Zurek in the north and Gaser-ahmed and Albonta shores in the East. (9, 10) ESI 6B and ESI 7 gives an idea about
high sensitive shoreline to oil spill which are located on the north coast. (11) ESI 9 shorelines of vegetated low banks along

the eastern coast (see Figure 22 for distributions).
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3.4 Conclusion

An oil spill sensitivity assessment was carried out on the Misratah shoreline.
Identification and analysis of potential risks and damaged habitats on the coast were
classified using the ESI approach. The study includes field mapping, GIS mapping and
analysis of the vulnerability of the shoreline type in various geomorphic types. Data
were collected during fieldwork, from unpublished study reports from oil companies
working in Libya, and by using satellite images to derive information about the
environmental settings of the study area, especially the intertidal sections and coastal
communities. This study presents the first oil sensitivity map for the Misratah region

and an initial assessment of around 14% of the Libyan coast.

The evaluation of oil spill risk was based on the identification of vulnerable coastal
environments. This forms the most important part of a Misratah contingency plan, in
order to respond quickly to an oil spill occurring in the area. The shoreline sensitivity

index is the basis for prioritising oil spill containment and clean up.

In order to provide a tool serving as a quick reference for oil spill responders, the ESI
ranks shoreline into eleven classes in relation to sensitivity, natural persistence of oil
and ease of clean-up. The study found that the Eastern coast of Misratah is more
sensitive to oil spill when compared to the Northern. On a scale from 1-9 in terms of
sensitivity to oil spill, the low vegetated sections (ESI 9) are the most sensitive to oil
spill. Exposed rocky shores and exposed man-made structures (ESI 1 and ESI 1 A) are
the least sensitive to oil spills.
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Chapter 4: Spatial and temporal variations of oil spill paths in the Libyan Western

marine area: using GNOME simulations to determine coastal areas at risk

4.1 Introduction

Oil production is one of the main industries in Libya and requires massive
infrastructure, including offshore drilling and exploration and oil export platforms
located in coastal areas, with the biggest oil and gas storages on the western coast of
Libya. (Brega Petroleum Marketing Company, 2013). Over 90% of crude oil loaded in
the Mediterranean comes through North African ports in Libya, Algeria, Tunisia and
Egypt (UNEP, 2008). 80% of Libyan crude oil is exported via oil tankers and pipelines
in the Mediterranean Sea, in connection with pipeline terminals, refineries and offshore
and coastal platforms along the Libyan coast. For example, the number of oil tankers
directly crossing the Misratah marine area for oil loading in August 2013 was more than
14 ships, containing 11 million m® of oil (National Qil Corporation, 2013; Abomadina,
2002). This level of activity means that there is a threat to marine and coastal

environments from spillages.

The potential for spills directly from the oil industry is augmented in urban areas by
other sources associated with the industry and transportation. Unfortunately, the data
necessary to monitor and evaluate the main tanker routes, oil storages and oil loading
actions are very limited and not easily available. Oil spilt from tanker traffic, offshore
oil industry and onshore sources are likely to increase due to the poor infrastructure on
the Libyan coast (National Oil Corporation of Libya, 2016). There is, therefore, an
urgent need to understand the likely destination of oil spills at different times and places

along the coastline.

Although winds speed/direction, surface current, and wave energy are important factors,
the type and amount of spilled oil, shoreline shape and coastal topography also
influence movements of an oil slick (Olita et al.,, 2012). Few studies have been
conducted using coastal oil spill simulations in Libya. This study is the first work
investigating oil spill movement in the western coast of Libya, including the Misratah

marine environment.
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A more broad-scale study was carried out in the Southern Mediterranean Sea by the
World Bank using the OILTRAJ model, developed by Det Norsek Veritas As (DNV).
The model used by DNV in 2000 is one of several models used to simulate oil spills in
the sea. Additionally, the MEDSLIK oil spill software is widely used and was applied
by Aldo Drago (2008) around Malta, (The MEDSLIK Oil Spill Model for the Maltese
Islands, 2015).

GNOME (General NOAA Operational Modelling Environment) computes the trajectory
of oil spill for coastal and marine oil spill planning and remediation purposes. GNOME
is an operational modelling environment that has been widely applied to simulate oil
spill movement, e.g. the application was applied by Farzingohar et al. (2010) in the
Persian Gulf around the Rajaee port to determine potential risk areas, and more recently
in Gulf of Mexico (Mariano et al., 2011). GNOME has been used worldwide (Prabhu
and Kankara, 2014; Romero et al., 2013; Deng et al., 2013; Cheng et al., 2011; Klemas,
2010; Vacchi et al 2013; Bejarano and Mearns, 2015; Farzingohar et al., 2011).

The advantages of GNOME are that it is freely available and supported by NOAA, a
large agency, which supplies the winds and current data. While MEDSLIK and
GNOME are freely available, some commercial alternatives exist. For example, the
OILMAP software is used by the RPS ASA group. The software includes simple
graphical procedures for entering both winds and hydrodynamic data and specifying a
spill scenario (OILMAP, 2015).

In summary, the aim of this chapter is to create seasonal oil spill trajectory maps for the
Misratah coast, including time-of-movement maps, i.e. the minimum time the oil would
take to reach the coastal area. This kind of scenario building can help local authorities
set agency plans for oil spill. Data on potential sources of spill were collected from
different sources including local authorities, observation, and existing literature. The
study area is reviewed in chapters one, two and three, and represents a 248 km section
of sandy and cliff coastline with wide and narrow shores, and 50% of the coast covered
with wetlands (Alkoja, 2002).
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4.1.1 History of oil spill accidents

Although Libya is a part of United Nations Environment and the Mediterranean Sea
protocols and plans, information on oil spills is limited and unpublished. More detailed
information on possible pollution sources was collected through the fieldwork and
through Libyan authorities’ reports (Environmental General Authority, 2013), described
in earlier chapters, and according to recent studies and environmental technical reports
from the Environmental General Authority and the Department of Health, Safety &
Environment in the National Oil Corporation. The Misratah coast is considered at a high
oil spill risk due to increased offshore oil industry and maritime activity, including oil
tanker traffic in the coastal area, oil loading/uploading in seaports and coastal
development (Figure 25). The most immediate risk comes from accidents occurring
during loading/unloading oil in the Misratah harbour (Figure 24).

(A)

Figure 23 Cases of coastal oil spill in 2013 and 2014. (A) oil tracks at Misratah coast after oil spill
accident near the shoreline, (B) the spreading of oil slick on the rocky shore after being pushed by wave
and wind energy, (C) accumulation of oil in the Misratah harbour which is coming from the leaking of oil

pipeline to the shore, (D) oiled sandy beach in Misratah coast in 2015, Libya.
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4.1.2 Frequency and probability of oil spill occurrence

Providing occurrence data and cumulative frequency distributions for coastal and
offshore oil spill is useful for developing potential oil risk area maps and assessing oil
spill in the coastal area. The oil spill probability from the socio-economic activity in the
Misratah coast is high, because of poor infrastructure and maintenance of the ports and
oil industry facilities. This study investigates major and minor oil spill sources on the

Western Libyan coast.

The minor spill sources were determined from actual spill releases because of the
frequency of occurrence from different elements in the coastal area, such as the iron
industry complex, fishing/ports activity and tanker traffic. However, the most common
oil events in Misratah were from operational accidents during oil loading on the

platform or oil tanker accidents.

TAAS

Figure 24 The central Mediterranean Sea and Misratah coast presented on high oil tanker route,
Red colour indicates high oil tanker transportation near Misratah region (Libya Shipping
Agency, 2016).
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4.1.2.1 Minor spill sources

Oil pollution sites for simulations were selected to represent coastal activity and
offshore oil exploration, as this work investigates the potential damage and risk to
coasts from surface spill due to 17 oil spill sources (Figure 26). According to fieldwork
data and local government reports gathered from the Misratah authorities, there are 33
car wash stations in the Misratah city releasing expired oil into the public sewage
system, which flows out to the coast without recycling. The expected number of the oil
spill from the urban area — non-stop spillage - was calculated according to the local
environmental reports from the Environmental General Authority and fieldwork data.
The flow through each pipeline is 267 L day™. Other oil spill resources come from
fishing ports; for example, the Zurek port is releasing 100 L month™, the Gaser-ahmed
port 500 L month™, and the Aljazeera port 69 month™. The rest of the oil spill comes

from the iron factory (Coastal Environmental Protection Department, 2007).

4.1.2.2 Major spill sources

The major oil releases are based on oil production on the Western coast of Libya. QOil
refining, oil export ports, offshore oil platforms and oil loading/unloading are
distributed along the western coast of Libya. The Alsalam and Alborry offshore oilfields
are located on the west side of Libya, near to the Tunisian border, oil refinery and oil
export ports are located 100 km far from the west of Tripoli on the coastal area, and the
Koums oil platform is located in the coastal area 100 km far from the west of Misratah.
However, the four oil spill resources on the Eastern Libyan coast were excluded as
prevailing winds and current make them unlikely to affect the study area. Proposed oil
spill sources were simulated in the GNOME software because the impact of oil spill in a
different area of the Libyan marine area might also affect the Misratah coast (Figure
26).
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Figure 25 Qil spill locations along the (A) Libyan coastline, (B) major oil release and
(C) minor oil release locations. Site names and release rates modelled are given in table
5.

4.2 Methods and materials

4.2.1 GNOME model

The GNOME software was originally developed to be applied to make forecasts for
USA coastal sites, but recently the software has been extended to work in different
regions supported by an environmental data access server (Beegle-Krause, 2003),
enabling the study of past and current oil spills (Simecek-Beatty and Lehr 2007). The
GNOME software can provide information about the likelihood that a spill will contact

the coastline.

For Misratah, a relatively high risk of an oil spill at the coast is expected due to
industrial activities and the discharge into the sea through the sewage system (Abuissa
et al., 2005). Spill simulations were performed with environmental data from two

periods: 15 January to 16 February 2015 to represent the winter season and from 15 July
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to 15 August 2015 to represent the summer conditions. The coastline map was
generated in the NOAA software and modified to the Libyan coast and marine

environment based in the processes in Figure 27.

The GNOME online oceanography data server (GOODS) provides access to a weather
database; surface current data in the summer and the winter season were extracted from
GOODS for simulations (see below). In addition, GOODS includes a map generator
tool that can be used to make a GNOME base map (Samuels et al., 2013). Winds data
available from GOODS are from the National Data Buoy Centre (NDBC), where the
user can choose the relevant station. Unfortunately the nearest NDBC meteorology
station to Libya is in France. Therefore the winds data were derived from the

Climatology of Global Ocean Winds (COGOW) online winds resources.

Oil is modelled in GNOME as a series of several hundred ‘splots’, essentially
Lagrangian drifting ‘parcels’ of oil. Smaller numbers of splots make the model faster,
but using too few means that the results are not statistically representative. 1000 splots
Is a typical number for simulations. GNOME simulates the path of each splot of oil on
the surface, subject to currents, winds and diffusion. All three processes are interpolated
and applied at any point in the model to generate a displacement distance and direction
for oil. Wind is applied using a scaling to account for the drag on floating oil. Diffusion
is a stochastic process linked to small scale hydrodynamics and waves. GNOME models
this as a random walk based on a diffusion coefficient of 100,000 cm?s™. As is the case
for many of the GNOME parameters, this is a heuristic, based on reasonable

expectations and experience with applying the model.

Oil is subject to weathering in GNOME. This is modelled as a loss of different light,
medium and heavy fractions dependent on their volatility. Under this simplification,
each oil fraction has a different half-life. Lighter components typically have a half-life
of less than a day. The heavy component of diesel will be reduced by about 88% in 30
days. In contrast the heavy component of crude oil has a half-life of 10° hours, so will
be little degraded in 30 days (NOAA 2012). If all the oil evaporates from a splot,

69


https://www.google.ie/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0ahUKEwijzsf-srrSAhWMCsAKHcNRDKYQFggeMAA&url=http%3A%2F%2Fcioss.coas.oregonstate.edu%2Fcogow%2F&usg=AFQjCNFyGM4510R_Xh0GeJihtEdRGNP0_w&sig2=BSYuWW5QLP4ZFRnCdBQNlg

Chapter 4: Spatial and temporal variations of oil spill paths in the Libyan Western marine area:
using GNOME simulations to determine coastal areas at risk

simulations for that patch stop and the oil is considered fully dispersed and no longer a

visible pollutant.

Maps produced by GNOME software were exported to ArcMap (ArcGIS 10.2 ESRI)
and saved as layers (NOAA, 2002). To project oil spill maps by the software, four
elements were developed:
e Location file: the Libyan coast is not covered by NOAA, so a new location file
was generated for the coast.
e Winds speed and direction was created from online available winds data and the
average of winds speed and direction in both seasons.
e Current data: the GOODS server offers current data for the Mediterranean Sea
from global and regional ocean current models (NOAA, 2002).

e The oil release rate and duration for a worst-case scenario.

The model simulations provide estimated oil trajectories on the sea surface, based on
the actions of winds, current, tides, and diffusion (NOAA, 2002). Output from GNOME
can be exported as QuickTime movies or Geographic Information System (GIS)-

compatible Split files that can be loaded and compiled with ArcGIS.

Oil dispersion was simulated using GNOME to produce hazard maps for the study area.
Oil spill trajectories were run for the Misratah coast and marine environment at 10
locations in the coastal area that were considered minor oil sources and one major
potential source in the offshore area. The model was run for 30 days, taking into
consideration the absence of contingency plans to oil spill accidents and to determine
the final deposition area in the study area (Deng et al., 2013). In order to include the
worst-case scenario for the spread of oil and related environmental impacts, the study
area extended as far as 300 km away from the spill spot in the Libyan coast to include
the marine area around the major offshore oil platforms of Alsalam and Alborry (Bouri).

Additionally, a hypothetical offshore oil spill from a platform on the Koums coast (100

km faraway from Misratah city), and other sources in the west end of the Libyan coast
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were examined in GNOME software to investigate if remote spills can reach the

Misratah coast according to winds and current in either season.

4.2.1.1 Uncertainty

Climatological average winds and simulated can often only approximate the factors
affecting the movement of oil. Even if data were available from the point of an oil spill,
this would only be an estimate of the conditions patches of oil experience as a slick
spreads. This uncertainty of ocean current and winds speed/direction may also be
influenced by the complicity of shoreline and bottom bathymetry. Therefore, the
uncertainty of the Misrata oil spill model parameters was considered to be 10%, as
recommended in the guidelines of the GNOME software. This is based on experience of
the accuracy of predictions and leads to a ‘minimum regret’ solution that is intended to
identify all areas that may potentially receive oil. Simulations show the uncertainty in
the maps using a red colour, which provides an estimation of where oil could possibly

spread (Sebastido and Soares, 2007).

The characteristics of spilt oil are also uncertain. Some spills may be crude oil, but other
processing levels of oil may be being transported and small scale pollution may also be
varied. As minor oil spills may be released semi-continuously, a relatively long
simulation time may be appropriate. Following the minimum regret approach, oil was
simulated using the parameters for crude oil with a 30 day simulation period. This was
thought to give a good approximation of where diverse types of oil may end up, while
minimizing the risk that particularly vulnerable areas would not be identified.
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Figure 26 Flowchart for the numerical simulation of oil slick movement. The model ran
for 30 days. Each of the represented parameters is explained in detail in the text. The
amount of minor and major oil release data used for oil spread modelling is presented in
Table 5. Potential oil spill locations, offshore and onshore, are along the study area.
Files required to run GNOME in its standard configuration were generated from NOAA
hosted sources, with the exception of wind speeds and directions in summer and winter
from the Climatology of Global Ocean Winds (COGOW, 2006). The surface current
data were obtained from NCOM (Navy Coastal Ocean Model), made available by
NOAA.
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4.2.1.2 Ocean current

For oil spill simulations in GNOME, winds and ocean current are needed (NOAA,
2002). Current is the key factor for redistributing spilled oil (Deng et al., 2013;
Carracedo et al., 2006). The surface current data were obtained from NCOM (Navy
Coastal Ocean Model) (Beegle-Krause, 2003). Spill simulations ran from January 15 to
February 15in 2015 and from July 15 to August 15 in 2015.

The required currents are generated by the global HYbrid Coordinate Ocean Model
(HYCOM) site is based the National Ocean Partnership Program (NOPP), as part of the
U. S. Global Ocean Data Assimilation Experiment (GODAE) ( Hycom, 2017). The
system provides a real-time current and tide information in 3-day, daily forecast at
approximately 9-km (1/12-degree) resolution (Deng et al., 2013). The ocean model
vertical coordinate is isopycnal (layers of constant density) in the open stratified ocean;
(1) z-level and (2) terrain-following in shallow coastal regions, and z-level in the
surface mixed layer.

The domain of the circulation model was set from longitude 17.284E - 11.604W and
latitude 30.553 S - 34.796N, covering Misratah sea and part of the Western coast of
Libya, with 1-meter depth layers (Hycom, 2017).

The Misratah offshore currents coast are weak, reflecting the low speeds in the
Mediterranean; the coastal current along the Libyan coast is even weaker (Robinson and
Leslie, 2001). Therefore, the current has a larger influence on oil movement at sea as
compared to the coastal area, which is characterized by maximum speed of 15 cm s
(Poulain et al., 2012). Figure 28 shows that the Mediterranean current in winter season
flows generally in a westerly direction, from near the southwest of Malta, and from the
north to the south of the Gulf of Sidra. In the summer season, however, the current
direction generally continues north-westerly direction toward the Gulf of Sidra but near

shore eddies restrict the movement toward the Libyan coast (Gerin et al., 2009).
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Figure 27 Mediterranean current surface direction in (A) July (B) January 2015.
Scale bar 50 km (NOAA- STAR, 2015).
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Table 5 Major and minor oil release location data used for oil spread modelling

Major oil spillage

1 Alsalam oil platform Offshore*87 km 33°49'56.93"N 11°56'30.30""E 4,769,619
2 Alborry oil platform Offshore *125 km 33°55'59.14"N 12°54'14.52"E 5,928,636
3 Misratah oil loading On Coast 32°22'17.56"N 15°12'47.78"E 31,797,459
platform
4 Zawiya oil export port On Coast 32°47'35.46"N 12°40'49.33""E 19,078,475
5 Mellitah Refinery On Coast 32°51'46.79""N 12°14'31.36"E 4,928,606
6 Misratah oil field Offshore*96 km 33°8'43.64"N  15°23'6.94"E 2,543,797
7 Koums oil loading platform  On coast 32°37'47.25"N  14°20'1.20"E 7,949,365

Minor oil spillage

1 Gaser Ahmed port On Coast 32°20'0.44"N  15°15'1.72"E 17
2 Gaser Ahmed 1 On Coast 32°20'13.52"'"N 15°14'28.15"E 10
3 Gaser Ahmed 2 On Coast 32°20'40.23"N 15°13'53.11"E 10
4 Gaser Ahmed 3 On Coast 32°20'43.67"N 15°13'48.86"E 10
5 Gaser Ahmed 4 On Coast 32°20'56.31"N 15°13'37.46"E 10
6 Sour Saud (sewage pipe) On Coast 32°23'26.57"N 15°10'49.50"E 267
7 Jannat (sewage pipe) On Coast 32°24'44.79"N 15° 4'56.84"E 267
8 Aljazeera (sewage pipe) On Coast 32°24'45.02"N 15° 2'45.83"E 267
9 Aljazeera port On Coast 32°25'8.00"N 15°0'18.11"E 2

10 Zurek port On Coast 32°26'20.62"N 14°54'6.63"E 7

Summer conditions: Sea 28 °C, air 32 °C, winds speed 10 knots, winds direction N to
NE, 15 July to 15August 2015. Winter conditions: Sea 17 °C, air 32 °C, winds speed 20
knots, winds direction E to EN, 15 January to 15 February 2015. Major oil release rate in
(1, 2 and 6 sites) based on oil production, (3, 4, 5 and 7 sites) based on oil
loading/uploading. Minor oil release rate based on (1, 9 and 10 sites) in Misratah ports,
(6, 7 and 8 sites) based on oil spill come through sewage pipes, (2, 3 and 4) based on
dally release come from iron and steel factory.
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4.2.1.3 Winds

Wind speed and direction is considered as a major influence on oil spill movement,
controlling slick behaviour and distribution (Kim et al, 2014).The Northern winds in the
study area induce the movement of the oil slick directly to the Misratah coast in both
seasons. The winds data for the stochastic models has been sourced from the
climatology of global ocean winds and covers the vicinity (Figure 29) of the Misratah
coastal area for a period of 10 years from 1999 to 2001 (COGOW, 2016). For the
purpose of these models, data from the middle of January to the middle of February
(appendix 4) will be used to represent typical case winter wind conditions (equivalent to
10 m weather station records) and data from the middle of July to the middle of August

(appendix 4) were used to represent typical case summer winds conditions.

Figure 29 shows that winds tended to be from the north all year, tending to northwest in
January and February and Northeast from March to October, except for the months of
November and December, where the winds blow mainly from the west. During the
summer time winds are light, blowing toward the southeast with speeds less than 11

knots. In wintertime the winds come from east and northeast with speeds of 17 knots.

However, while in August the winds come from the north-northeast with speed of 9 to
15 knots. In general, the highest daily average winds speeds occurred during the winter
months and were up to 18 knots. In contrast, from June to August the winds speeds

were around 6 knots.
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Figure 28 (A) Monthly distribution of winds speed and direction in February in the
Misratah area, (B) monthly distribution of winds speed and direction in August in the
Misratah area (Wind Finder, 2015).
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4.3 Results and discussion

4.3.1 Modelling oil spill pollution

Oil spill trajectories were simulated to identify the potential locations of beached oil to
reduce and prevent their impacts. Oil spill simulations were carried out considering the
seasonal variability of winds, wave and surface water current. Misratah winds events
were characterized by average speed values of approximately 6 knots and by maximum
values of more than 17 knots, for the summer and the winter. The oil movement
scenarios were generated for February and August to represent the summer and winter

Seasons.

4.3.1.1 Oil spill trajectory on the Misratah coast

Oil trajectory analyses have been used to investigate the risk from offshore and coastal
oil spills along the Western coast of Libya. Scenario-A, a major spill at the Misratah
loading platform in winter months, was run with West and West-Northwest winds
directions with winds speed between 12 and 16 knots. The simulation results show that
the spill could reach the wetland coast only under high-speed westerly winds; the
prevailing winds direction moves spill off the Misratah coast, approximately 80 km to
the East. The oil spill affected the South side of the Gulf of Sidra and that the spill
reached the coast (Figure. 30B). The summer oil simulation was run at 7 knots winds
speed and a northerly winds direction, reaching the Misratah coast between North-
Northeast to North-Northwest, then in the next 3 days winds speed was increased to 9
knots. The oil trajectory slowly moved in parallel to the wetland coast to the Southeast
(Figure 30A). After 15 days, the winds came from the North and then the oil slick was
deposited on the wetland coast. Furthermore, the oil might affect the coastal segment
around oil spill sources. The major oil spill simulations compared winter and summer
using the same dataset (winds, current and hypothetical oil value). The results show that
the Misratah coastline is more vulnerable to oil spill movement in the summer than in

the winter.
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Figure 29 GNOME outputs a hypothetical oil spill on the Misratah coast, (A) during the
summer and (B) the winter in 2015. Major oil spill, model number (3) as shown in
(Table 5), scale bar represents 50 km and winds speeds are in knots. Black points
present "best guess”, red point represent the uncertainty due to wind and current

variability.
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In contrast to a major spill in Misratah, Figure 31 shows the predictions for small oil
spill locations are distributed on the north coast. Ten minor oil spill sources on the
Misratah coast were investigated in both the dry and wet seasons, where the winds
comes from the North and North East, computed from 15 July to 16 August (Figure
31A). This indicates that winds during the first half of the oil simulation were more
from the North and North-Northwest, while from 15 January to 16 February, winds
were more Westerly. Comparing between the oil slick in 2 days in both seasons, oil spill
distributes on the coastal area due to the North winds direction (Figure 31A, B). In the
same period, however, the slick moves to the Southeast, according to general winds
direction at this area. After 30 days of GNOME simulation, most of the east coast of
wetland was affected by oil, as was the Gaser-ahmed area on the north coast. The
important point about oil simulation in 30 days (Figure 31 A, B) is that the pollutant
area in the summer season is much smaller than is the case in the winter simulation.
Furthermore, the oil pollution is almost totally confined within the onshore area around

the oil spill origins.

Day 2 Day 5 Day 10 Day 30

Day 2 Day 5 Day 10 Day 30

Figure 30 GNOME outputs for oil spill at Misratah coast, (A) during the summer and
(B) the winter in 2015. Minor oil model numbers (1 t010) as shown in (table 5), scale
bar represents 50 km and winds speeds are in knots. Black points present "best guess”,

red points present uncertainty.
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For a simulated spill in the Misratah offshore oil field (96 km from land), the winds
blew from the north and northeast in the summer and from the west and northwest in the
winter, with the higher average winds speed of 8 knots in summer and 17 knots in
winter. Because of the local environment factors in the Gulf of Sidra, oil could travel all
the way to the Misratah shoreline. After 30 days of simulation, the oil slick moved 300
km from its origin. During the simulation period most of the likely oil patch locations
were confined to the sea in front of the study area and towards the Gulf of Sidra to the
East. Figure 32 A and B shows that in both seasons, a similar shape of slick spreading in
the Libyan marine environment, due to winds and current conditions. The results of the
simulation show that the oil slicks move away from coast in the two scenarios.
However, for the 30-day simulation in the summer season, there is a probability that the
slick might spread on the coastline under the prevailing winds direction.

n -~y
Day 2||___ Day 5|[___ Day 10|[__ Day 30
B N
NNW NNE
Ny NE
WHW, NE — . i
w E
WsW EsE
sw SE
SSW—Lsse Day 2| Day 5||— Day 10

Figure 31 GNOME outputs for the hypothetical oil spill at Misratah offshore water (A)
during the summer and (B) the winter in 2015. Major oil spill, model number (6) as
shown in (table 5), scale bar represents 50 km and winds speeds are in knots. At day 30
of the winter scenario oil spill the slick is carried out of Misratah due environmental and

oceanographic factors. Black points present "best guess™, red points present uncertainty.
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The oil slick could potentially 5 days to reach and cover the saltmarsh in the Eastern
Misratah coast. However, in the wintertime, the slick is carried out of Misratah over 30

days due to the prevailing environmental and oceanographic factors.

4.3.1.2 Oil spill trajectory on the Koums coast

Oil storage facilities on the Mediterranean coast, located 100 km West of Misratah, are
an important oil terminal for Libya and a possible source of pollution. The hypothetical
oil spill simulation of such an event illustrates that the oil spill moves to the East,
toward the Misratah marine environment. Figure 33A and B show the oil slick moving
to the East near the coast with a spread along the Koums and Zliten coasts. Furthermore,
the oil slick reached the Misratah coast in 10 days, and subsequently, the south coast of

the Gulf of Sidra might be affected by oil pollution within 30 days in the winter.
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Figure 32 GNOME outputs for the hypothetical oil spill at Koums coast, (A) during the
summer and (B) the winter in 2015.Major oil spill, model number (7) as shown in (table
5). The scale bar represents 50 km and winds speeds are in knots. Black points present

"best guess”, red points indicate uncertainty.
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4.3.1.3 Oil spill trajectory on the Zwara coast

The offshore and onshore hypothetical oil spill originated at Mellitah and Zawiya on the
Western Libyan coast. The oil simulation ran for 30 days in the summer and winter; the
model ran from 15 January to 16 February for the Zwara simulation stage. The winds
during the winter period are mainly north-westerly (Figure 34). The oil generally moved
in the same direction as the winds, moreover the modelling results show the oil slick
spreading to the Tripoli coast after 5 days. After 30 days, an oil slick in the winter time
may affect the Misratah coast. This oil spill source would probably not pollute the
nearshore waters of Gulf of Sidra, as (figure 34) illustrates, the pollutants remain in the

coastal area after 30 days, generally confined to the Tripoli and Zliten coasts west of the

study area.
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Figure 33 GNOME outputs for the hypothetical oil spill at Tripoli coast, (A) during the
summer and (B) the winter in 2015. Major oil spill, model number (3 and 4) as shown in
(table 5), scale bar represents 50 km and winds speeds are in knots. Black points present

"best guess”, red points represent uncertainty.
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To understand if a hypothetical oil spill from 300 km west of Misratah may reach the
study area, the oil spill trajectory in offshore water was run for two sources: (1) the
Alsalam and (2) Alborry oil platforms. In the summer simulation, the spill generally
moved to the southeast, approximately towards the west Libyan coast. After 10 days,
the slick spread on the Tripoli coast due to changeable winds direction. In addition, in a
scenario where the winds are from the North and the Northeast for the 30 days of
simulation, the result is an elongated pollution region, threatening an extensive coastal
region on the West coast of Libya, covering more than 200 km by the end of the 30 day
simulation (Figure 35A). However, the effect of winter winds on oil spill direction was
that after 2 days the slick moved to the east toward the Misratah coastal marine area and
after 10 days, the oil track changed towards the Koums coast. Figure 35 B shows that
the slick might deposit on the north cost of Misratah.
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Figure 34 GNOME outputs for the hypothetical oil spill at Tripoli offshore water coast
(A) during the summer and (B) the winter in 2015. Major oil spill, model numbers (1
and 2) as shown in (table 5), scale bar represents 50 km and winds speeds are in knots.

Black points present "best guess” oil locations, red points indicate uncertainty.
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As it has been noted previously, the winds in the region come from different directions
with variable speeds, but the prevailing winds vary according to the season, with the
winds in the winter coming from the North and East and from the North and West in the
summer. Simulations were run to model a series of oil spill accidents in the Western
Mediterranean Sea, with a total of 41 oil spill simulations, computed for 6 different
locations in the Misratah coast and the West coast of Libya. Simulation output suggests
that oil slicks on the Misratah coast will reach the Northern and the Eastern coast of
Misratah in two to ten days in summer conditions. Finally, oil slick trajectories are
controlled by general winds and current eddies and therefore, oil slicks coming from oil
spill in the Koums or Zwara areas might reach the coast in 30 days in the winter season.
Based on these results, the general pattern across the simulations is the progressive
movement of oil towards the South and South-East in both summer and winter

conditions.

4.3.2 Shoreline hazard mapping

This study presents scenarios for several theoretical oil spills occurring in western
Libyan waters, where the majority of the Libyan oil and gas industry is located. The
following petroleum areas were considered in the study: Misratah, Koums, and Tripoli.
The probabilistic oil spill simulations were carried out for 30 days in the GNOME
(General NOAA Operational Modelling Environment) model, fed by synoptic wind data
and current data. Simulations indicate the areas at potential risk areas from oil spills.
The shoreline hazard index can help the operator to estimate the location of oil spill and
to quantify it. Moreover, a planner can predict where a hazard may occur and how much
time an oil slick may take to reach the coast (Bejarano and Mearns, 2015). Therefore,
this information allows decision makers to develop a plan for response options that
minimizes damages to coastal habitats (Assilzadeh and Gao, 2008).

Figure 36 shows the probabilistic oil hazard areas along the western coast of Libya. The
summer hazard indexes are shown in boxes (A) of all figures, whereas the winter
probabilistic hazard oil maps are shown in the boxes (B). Each map in two figures
displays shoreline hazard probability contours which were computed from 17 potential
oil spill resources. The oil hazard map (figure 36) demarcates the coastal areas under the
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risk of oil pollution where socio-economic activity may be affected, including coastal

habitats and species.

The monthly maps of the hazard index distribution for the Misratah and surrounding
shorelines are show a quite homogeneous distribution, with the north coast of Misrata
most exposed to oil spills in the summer and the winter.. Conversely, the eastern coast
appears less vulnerable to such risks.

Oil spill modelling results (Figure. 36 A, B) show a potential oil slick deposition area
resulting from oil spillage in the Koums oil platform situated 100 km far on the west
side of the study area; the north coast of Misratah might be affected in both seasons. In
the summer, potential oil spills could spread over about 50 km along the area between
Koums and Zliten, reaching approximately 50 km from the Dafnia to Gaser-ahmed area.
However, during the winter periods, the shoreline area between Buerat and Sirte may be
reached by the oil slick, whereas in the area between Gaser-ahmed and Buerat, oil is
rare. Comparisons of hazard shoreline area which are affected by oil slick occurred from
offshore of industry 96 km off Misratah coast. The probabilities of the appearance of the
slick along the 50km of the north coast area and 20 km at the Gaser-ahmed segment of
the eastern coast are high (Figure. 36 C). However, the appearance probability of oil
slick on the eastern coast obviously decreases in the summer time (Figure. 36 D). Oil
slicks in either season may reach the Sirte shoreline area on the east side of the study

area.

According to hypothetical spills from the four potential spill sites (two offshore and two
coastal area), the likelihood of pollution effects on different target zones in each season,
summer and winter, could be illustrated. The impact probability of oil slick occurs in
Zwara area 320km west Misratah to reach the study area coast in the summer time is
low, oil appears within the area between Tripoli and Zuwarah in 120 km (Figure 36 G,
H, ). However, oil could reach the north coast of Misratah in the winter season (Figure
36 J).
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Figure 35 Oil accumulation areas and uncertainty boundary created in GNOME Analyst, (A)
presents probabilistic hazard oil spill distribution from hypothetical accidents occurring at the
Koums coast in the summer and (B) the winter. Shoreline hazard areas from theoretical accidents
occurring at the Misratah coast in the summer can be viewed in (C) and in the winter (D). From
hypothetical accidents occurring at the Misratah offshore oil field in the summer seen in (E) and
the winter (F). Probability hazard distribution from hypothetical accidents occurring at the
Zuwarah coast in the summer is observed in (G) and (H) the winter time (). Probabilistic hazard
oil spill distribution from theoretical accidents occurring at Tripoli offshore oil field in the
summer is shown in (1) and (J) the winter season. Red colour presents less probable hazard area

than the black colour (best guess outcome).
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4.3.3 Tar ball geographic distribution in field observations and simulations

Tar balls may form during the weathering of an oil slick on the sea surface (Chandru et
al., 2008). Wind and wave energy at the sea surface influence the size of tar balls
(Bacosa et al., 2016). They result from different petroleum sources, but mostly from
tanker washing, oil platform accidents and oil and gas industry along the coast
(Shirneshan et al., 2016).

The marine area between Libya and Sicily - off the Gulf of Sidra - was recorded by the
United Nations for Environment study as having the largest concentration of tar balls in
the Mediterranean Sea (Golik, 1988). Tar balls recorded in the study area seem to
originate from offshore sources such as operational accidents during oil loading and
from the discharge of tank washings and ballast water in oil tankers. The coastal current
energy and direction in the Mediterranean Sea can transport tar balls hundreds of
kilometres (Kaladharan, et al, 2004) to the Libyan coast, where the dominant direction
of Mediterranean current is north to South, while at the Gulf of Sidra current flows in a
generally Westerly direction. In the summer, the current direction is generally North-
westerly, toward the Gulf of Sidra with a small current recirculation reaching the Libyan

coast.

The significance of measuring the position of tar balls is that: (1) Tar balls have direct
negative impacts on the shoreline area and associated habitats. (2) The patterns of tar
ball distribution can be an indicator of the extent of exposure of coastal habitats to oil
pollution. (3) Tar balls give clear evidence for planners communicate and develop
coastal protection strategies and (4) Investigation of tar ball distributions at beaches can
help validate oil spill simulation results.

This study uses various methods to locate tar balls in affected areas and measure how
far they are from the waterline, including GPS and an underwater camera. A total of 41

coastal locations with tar balls and tar residues were measured over the survey period.

The details of the fieldwork observations are presented in Appendix 3 Table 9, where

the location of the tar balls is reported along the shoreline area. The table shows that
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most of the tar ball pollution is spread along the North coast, with fewer tar balls
reaching the Eastern coast, especially on rocky shore areas. Tar balls are commonly
found around oil spill sources such as the Gaser-ahmed area. Survey observations
included tar ball locations between 1 m to 20 m from the seawater line. For example, tar
balls were observed 20 m from the sea at the Dafnia beaches. However, at the Mahaboly
beach on the Eastern coast, tar balls occurred only 1m from the sea. Such variation in
shore position can be due to the influences of wave energy and shoreline topography on

oil deposition.

The tar ball distribution map (Figure 37A) shows that most of the oil spill locations
mapped during the field survey were spread along the North coast at 29 locations in a
50 km stretch from Dafnia to Gaser-ahmed, concentrated on the rocky shores near oil
spill resources such as harbours and oil platforms. In addition, small bays and semi-
closed beaches at the shoreline were common areas for oil accumulation, as described in
more detail in Chapter One and Two, whereas for the Eastern shore, tar ball pollution
was not observed for most of the shoreline area (Figure 37B). Deposition of oil residues
was seen in only 11 locations, concentrated in two shoreline segments around the

Gaser-ahmed and the Mahaboly beaches.
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The maps of oil spill movement and potential oil slick deposit areas show that they are
closely aligned with the observed tar ball locations (Figures 30-35). The simulation
results emphasize that slicks hit the North shore area. The oil spill simulation and
observation maps confirm that the Gaser-ahmed shoreline is a potential high oil
deposition area; this is due to the proximity of the beaches to oil industry sites and oil
tanker lanes in the sea. However, some variability between simulation and observation
maps is likely. In any particular spill, the landing point and time of a spill will reflect
physical and chemical weathering processes, details of transport and the timing of the

oil spill.

Finally, the investigation aimed to confirm indices of coastal vulnerability to an oil spill
by combining information about tar ball polluted areas and the results of oil spill
modelling. The oil slick movement and the oil deposition area in the simulation align
with the results of the coastal tar ball observations and their geographic distribution
along the shoreline. Thus, this study provided an opportunity to understand the
capabilities of the GNOME model and the utility of this model for predicting possible
spill scenarios and to inform oil response strategies along Libyan coastal and marine

areas.
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4.4 Conclusion

Oil spill accidents at the coast may be increasing and a large number of oil tankers move
across the Libyan marine environment (Ciappa and Costabile, 2014; Katsanevakis et al.,
2014). Associated oil spill impacts depend on the rate of the spill, the type of spill, the
location of the spill, and the influence of wave and current energy on oil movement on
the sea surface. This chapter developed scenarios from two types of oil spill: onshore oil
spill coming from urban areas and industrial activity on the Misratah coast, and offshore
oil spill from the oil industry and tanker traffic.

Modelling is an essential component of coastal risk assessments as it can help guide and
scale the mobilization of resources, prioritise coastal and marine protection and
mitigation plans, and inform management decisions. Likely oil spill sources were
combined with meteorological and oceanographic data to model a series of oil spill

accidents in the western coast of Libya.

This work provides seasonal oil spill movement maps for the Western coast of Libya
and the Misratah coast. These maps show that oil slick movement on the coast is
controlled by prevailing winds and current eddies in the Gulf of Sidra. Therefore, an oil
slick might reach the shoreline area in two to thirty days in the summer and winter.
Moreover, the model results show that the north coast is the most likely oil deposit area

on the Misratah coast.

In particular, oil slicks are expected on the rocky shore around Gaser-ahmed area; the
rest of the Eastern coast is at a lower potential oil spill risk. Gaser-ahmed is not the only
area at risk, as the Mahaboly coastal zone at the Eastern end of the shoreline is
threatened by oil slicks. The map of field observations of tar balls corresponds with the
oil spill modelling result, as tar ball pollution was observed along the North coast of
Misratah. However, tar balls were recorded on the Eastern shore of Misratah on the
Gaser-ahmed and Mahaboly beaches. Finally, coastal oil spill pollution may also
originate from the offshore area from different sources including operation accidents in

oil platforms, the discharge of tank washings and ballast water in oil tankers.
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Chapter 5: Coastal zone mapping strategies for oil spill response

5.1 Introduction

Coastal system management and oil spill pollution are the focus of many national and
international projects. Developing scientific and technological tools for oil spill
management is essential for making decisions quickly and responding effectively when
a spill occurs (Pourvakhshouri and Mansor, 2003). By studying the locations of
potential oil sources and sensitivity of the coast to oil pollution, it is possible to create

strategies for oil spill response in a study area (Gupta et al., 2002).

This study reviews the progress in Libya’s management of oil spill from coastal socio-
economic activity and the offshore oil industry, and discusses the status quo and
problems regarding marine oil spill management for Misratah. This information is
mapped for the coastal zone to develop strategies for oil spill response. A coastal
mapping atlas can be used to highlight areas sensitive to oil spills and to highlight
potential oil spill sources. These maps can be used to prioritize management and
mitigation, identify coastal vulnerability and promote sustainable coastal zone
management. Moreover, the priorities of this strategy are to develop operational maps
on different geographic scales to provide detail that includes sensitive area boundaries,
oil spill location, and coastal resources under oil spill risk. The strategic maps provide
information about the various types of coastal areas that may be affected by a spill, such
as sand beaches, rocky shore and wetland, so a planner can request the clean-up
equipment that best suits the environment.

5.1.1 Definition of existing situation

Coastal oil spill management, providing advisory services to planners and authorities
and preparing an effective response plan, has become mandatory both for environmental
protection and to fulfil international commitments (Lee and Jung, 2013,). Most
Mediterranean countries, including Spain, Italy Greece and Malta applied a coastal
sensitivity mapping method to protect coastal areas (Liu, 2010; Castanedo et al., 2009).
However, oil spill contingency plans have not been attempted yet in Libya. The Libyan
Environment General Authority (EGA) is currently drafting a national oil spill strategy
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plan (SeaAlarm, 2006, Environment general authority, 2017). Therefore, there has been
no coordinated response to oil accidents in ports or on oil platforms (SeaAlarm, 2006).
Moreover, poor coastal infrastructure and a lack of management facilities might lead to
increases in oil spill impact on coastal resources and habitats and make the oil spill

more complicated and harder to remove.

The central Mediterranean is an area of high oil traffic (Janeiro et al., 2014) due to oil
tanker traffic between export ports in North Africa and import ports in Southern Europe.
For example, in 2010, Libyan crude oil production was 1.8 m b/day; in the region the
major export is Libyan oil: 376.000 b/d to Italy, 205,000 b/d to France and 136.00 to
Spain, with the rest going to other European countries via the Mediterranean Sea
(OPEC, 2013).

The results of the fieldwork study presented in earlier chapters show that oil spills come
from different sources such as industrial discharge, oil tanker incidents, and domestic
sewage and seaport activities. For example, in 2014, 1000 m® of heavy oil were spilt
when an accident happened through failures in oil loading and uploading operations.
Similarly, in 2006 a large spill was recorded from the CAPTAIN TAKIS ship, which
was loaded approximately 29,220 m® of oil, totalling spill of over 206 m?3 (Coastal
Environmental Protection Department, 2007). In 2013, 200 m® of oil infiltrated the sand
and rocks of the shoreline when an oil spill happened in the linked oil pipes between oil

platforms and oil storages in Gaser-ahmed (Safety and Environmental Unit, 2014).

Although the current work concentrates on oil spill issues, the Misratah coast suffers
from other coastal issues such as waste pollution, cooling water pollution, coastal
development and sewage pollution, which makes the coastal situation more
complicated. The coast needs more integrated approaches to managing coastal resources
such as wetlands, sea turtle nesting areas and coastal aquifers. An oil spill strategy was
applied on the Misratah coast in an attempt to address the following points:

e The Misratah coastline faces serious problems of habitat destruction by tar balls,

oil spill and resource depletion (Patruno, 2004),
e There has been a lack of information and baseline data, uncoordinated laws, and

a lack of coordination between administrative bodies.
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e The coastline has international importance, particularly migratory turtles and
water birds on the eastern coast.

5.1.1.1 Potential oil spill sources

5.1.1.1.1 Oil loading / uploading platform

An oil platform sponsored by the Braga Petroleum Company, the company established
to deal with marketing and distributing petroleum products in Misratah, has the second
largest oil storage capacity in Libya, at 1x10° m® (Abomadina, 2002). Additionally,
every 30 days, approximately 20 oil tankers carrying around 4 million m? of crude and
heavy oil enter the Misratah oil platform area from different ports on the Mediterranean
coast. Most of reported oil spilt from the Misratah platforms was due to operational
failures and human error. The institutions responsible for oil spill and involved in any
response strategy are as follows:

- Oil Braga office

- Environmental General Authority

- Libyan Ports Company

- Coast guard

5.1.1.1.2 Fishing and port activity

According to fishing activity in the Misratah coast, there are 13 landing sites recorded
along the study area containing more than 300 boats; half of the boats were found in the
Gaser-ahamed port, which is located near the Misratah wetland. Although Libya is a
signatory of most of the environmental laws and oil spill protocols for the
Mediterranean Sea countries and the United Nations, most of the Misratah ports
suffered oil pollution due to the lack of oil spill monitoring in Libyan ports and poor
infrastructure. For example, there are no recycled oil storages for used oil, thus the used
oil may be released illegally at the coast and into the marine environment. The involved
responsible institutions in the Misratah oil spill response strategy are as follows:
- Environmental General Authority.

- Coast guard.
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5.1.1.1.3 Oil tankers

The average of oil production before 2011 was over 1.65 million b/d, with five
refineries and a total capacity of 378 thousand b/d spread along the Libyan coast.
Typically 84% of the Libyan crude oil exports through the Mediterranean basin are to
the Northern Mediterranean countries (Espon, 2013, UNEP, 2008) via pipelines and oil
tankers to Europe, including Italy 28%, Greece 5%, Spain 10%, France 15% and
Germany 10% (National Oil Corporation of Libya, 2016). However, the oil products
transported by Libyan oil tankers come from different refineries in the Mediterranean
countries. The recorded history of oil spill in Misratah is very limited. According to
field work surveys and technical reports, in the past 10 years, just one oil spill event was
reported by a local authority in Misratah, when an accident happened in the Misratah
port. The involved responsible institutions in the Misratah oil spill response strategy
were as follows:

- Oil Braga Company.

- Environmental General Authority.

- Coast guard.

5.1.1.1.4 Minor spill at Misratah coast

The Misratah city infrastructure was developed in 1979 for a population of 100,000; by
2015 the population of the city had grown to 400,000 people (Bureau of Statistics and
Census Libya, 2016), but the infrastructure capacity remained the same, leading to
many issues. The sewage station capacity was only designed for a 100,000 and therefore
linked channels between the city and the coast were built to discharge sewage and
garbage waste to the sea. This pollution is considered a frequent oil spill resource on the
Misratah coast (figure 38). Iron factories and power plants are other oil sources on the
Misratah coast (figure 38 D). Because the factory has no strategic plan for oil accidents
during operations, they release the oil/mud or oiled water out to sea. Discharging
untreated sewage and used oils might lead to significant environmental consequences to
coastal habitats and potential impacts on the socio-economic activity along the coast,

e.g. the fishing industry, summer resorts, the salt industry and to public health due to
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pollution mediated pathogens. The involved responsible institutions in the Misratah oil
spill response strategy are as follows:

- Water and sewerage office

- Iron and steel industry complex (Iron factory, power plant )

- Environmental General Authority

- Libyan Ports Company

Figure 37 Minor oil spill at Misratah coast, (A, and B) provide an account of used oil
coming through sewage pipes, approaching sea water as shown in (C). Figure (D)
present picture of oil blow out from power generation plant to the beach without
recycling.
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5.1.2 Prospective user groups of the operational maps

To meet the challenges of oil spill management, the Libyan government has issued a
series of laws and regulations related to the impact of oil pollution on the coastal and
marine environment; Libya has also signed international protocols with Mediterranean
Sea countries (Appendix 6). The current study is considered as the first to generate an
ESI atlas for the Misratah coast, an approach which can be applied to the entire Libyan
coast. The aims are to assist oil spill response teams with controlling coastal pollution
and to suggest effective methods to protect coastal habitats along the study area
coastline. Overall the approach develops a strategy to describe the actions of an oil

management team.

The framework (Figure 39) was designed to meet the requirement of a spill response,
with an operator and organizations. The strategy suggests a process for the oil spill
management team to prepare the necessary equipment to deal with oil events. After an
oil spill event is reported to the Environmental General Authority (EGA), the
organization responsible for environmental issues in Libya, the oil spill response team
should take action to control the oil spill accident and suggest the effective tool to
prevent an oil slick from reaching sensitive areas and coastal resources. The operational
maps can be a guideline to help the oil spill response team make a preparedness plan for
oil spill mitigation and coastal protection. The ESI atlas can help the team access oil
spill location and identify and evaluate the costal resources around the spill. The maps
also provide detailed information about coastal sensitivity, coastal resource location and
coastal topography. All of these features allow planners to take action to reduce oil spill
risk to the coastal area, (Vinogradov, 2013). An ESI atlas provides specific details on
how to measure coastal elements at risk in the future (Udoh and Ekanem, 2011). Spill
scenarios can help responders to decide which type of oil spill clean-up equipment is
best, e.g. boom size (Tri et al., 2015). The operational maps can be used in different oil
spill categories, for example, for small spill in harbours or major accidents such as
collisions over the sea, the maps can provide information about oil spill behaviour under
the location conditions and determine the potential oil spill deposition area. In addition,
the index provides current information clearly and concisely to the people who are

already involved in the oil spill strategy (Division, 2008) and to local stakeholders with
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an interest in sensitivity maps and oil spill deposition maps, such as the Libyan Ports
Company, General authority of fisheries, conservation authorities, and coastal tourism

organizations.

Environmental General Authority

1
I , 1

Libyan Port Company

Coast Guard +4——p| Oil Brega Company |€——>»

| |
| ||

Oil spill Response Team

=

Oil spill Reduction Coastal Protection

~ 7

Oil spill Response Equipment

Figure 38 Incident management team structure for oil spill response.

5.2 Model description and methodology

5.2.1 Identification of shoreline risk area during an oil spill

The structure of an oil spill management plan (figure 40) is based on a classification of
coastal sensitivity (Singkran, 2013; Frazdo Santos et al., 2013; IMO, 2012) and an oil

spill simulation database (Azevedo et al., 2017). The framework was developed to

99



Chapter 5: Coastal zone mapping strategies for oil spill response

supply a tool for developing an objective strategy for oil spill response. The essential
objective of this oil spill planning is to reduce the environmental consequences of the
spill. This goal is best achieved if the location of sensitive resources and potential oil
spill deposition area is identified in advance, streamlining the establishment of
protection priorities and clean-up strategy selection.

The environmental sensitivity index (ESI) is widely used for oil spill response in coastal
areas. The coastal sensitivity mapping strategy has been prepared for different coastal
region across the world. For example, the United States developed 61 atlases covering
all the US coastal areas (NOAA, 2017), Canada (Wynja et al., 2015) and on the Gulf of

Mexico.

The ESI atlas of Misratah generated from Chapter 3 contains information on sensitive
coastal resources to develop strategies for oil spill response, including identification of
clean-up equipment needs (Sexton and Murday, 1993; Sealey, 2014). The coastal oil
spill strategy proposed is based on two main components: the coastal sensitivity index
and the oil spill trajectory database (Chapter 4) (see also Oliveira et al., 2013; Cekirge,
2015). For the planning purposes of this chapter, segments of coastline were identified
as belonging to one of four coastal sensitivity index levels: very high sensitivity (ESI 9),
high sensitivity (ESI 6B to ESI 7), medium sensitivity (ESI 3 to ESI 5B) and low
sensitivity (ESI 1 to ESI 2). Each map covers a large area and the large scale of the
maps show the most important coastal resources. The ESI index shows all of the coastal
features in a different colour; this symbology makes the maps a more effective tool for
cartographic communication (Jensen et al., 1990). The shoreline hazard (risk) is
evaluated based on an analysis of oil spill simulations, accounting for climatological
and oceanographic conditions in the study region and expert judgments on the most
likely locations for an oil spill. The combination of sensitivity with oil spill risk forms a
hazard assessment: an essential step in oil pollution preparedness and response by
assisting responders in preparing the equipment required to reduce potential oil spill risk
on a coastal area (Wynja et al., 2015). To make the hazard mapping clearer, oil risk
index categories were reduced to three groups: high oil risk, medium oil risk, and low

oil risk,
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Figure 39 Planning process of the Misratah oil spill strategy, including shoreline hazard

index and scheme of the sensitivity index.

5.2.2 Uses of geographic information systems

The Geographic Information System (GIS) is an essential tool for spatial studies, used
in emergency planning and decision making during coastal pollution incidents (Nelson
et al., 2015). Data needed by the planners, including geographical, shoreline value,
clean-up equipment, and oil spill locations, can be acquired and organized in advance
through GIS, as can oceanographic information, e.g. winds, wave; current (lvanov and
Zatyagalova, 2008).

With fieldwork observations and an environmental sensitivity index map (ESI),
planners can use GIS tools to highlight polluted coastal areas by using attribute table
data in ArcMap to create a specific, large scale map that can help the response team

during oil spill mitigation (Gorokhovich et al., 2014). GIS tools can also estimate total
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area covered by an oil spill and estimate the different impact levels of oil pollution from
its colour, combined with the preparation of the overall spill area. The ESI information
and data can be easily updated and the GIS software can create maps at any scale
(Pourvakhshouri and Mansor, 2003). Thus, the strategy designed in this study uses GIS
to help the local authority and planners deal with oil spill (Liu et al., 2013) on the
Misratah coast. The main purpose of using ArcMap is to store the environmental data
and the history of oil spill accidents in Misratah to assist planners with setting a strategy
for local accidents. In addition, sharing data with others or uploading data online allows
local people and communities to access coastal information (Martin et al., 2004) to

increase the environmental awareness about costal ecosystem.

5.3 Results and discussion

5.3.1 Operational maps for oil spill response

The oil spill response plan concentrates on the protection of coastal environments and
economically sensitive shorelines. The shoreline response strategy is linked to coastal
habitat and resource type and risk from oil spill (Fattal et al., 2010). The operational
maps were developed to assist the map user in understanding the environmental
situation near an oil spill location, and to investigate coastal resources vulnerable to oil
spill movement under local weather conditions. Therefore, the detailed maps in
(Appendix 1) were developed to focus on coastal sensitivity to oil spill on the Misratah
coast, to present a specific site’s protection status and coastal characterization, with all
logistical information. The information presented on operational maps is as follows:

- Detailed information to assist planners in an oil spill event, for example access

points to spill sites and clean up equipment location.
- Geo-referenced information, including GPS coordinates of the coastal features.
- Baseline information for easily locating the coastal resources and potential oil

spill resources without prior knowledge.

5.3.1.1 Coastal sensitivity index area

The ESI maps were developed to describe and document shoreline conditions. These

serve as part of the shoreline assessment process in oil spill events, contributing to the
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development of the response. The coastal habitats and resources covered in the
sensitivity maps, such as coastal groundwater, salt marsh, sea turtle nesting area,
migrant birds’ feeding sites and socio-economic activity sites as shown in the ESI atlas
(Appendix 1). In this study, the ESI map was used to provide a contingency plan for
local oil spill, in order to provide planners with all the information needed about all
coastal segments to develop response strategies for sensitive coasts and the type of
equipment to use (Guidi et al., 2015). Thus, these maps help to identify the highest oil
risk locations in the coastal area (Oyedepo, 2011). In addition, the sensitivity index
maps can be a support tool for developing new policy for coastal oil contamination and

can be used to calculate contaminated areas.

As can be seen in the ESI map, the most highly sensitive shoreline is located on the
Eastern coast of Misratah, containing wetlands, feeding places for migrant birds and
nesting areas for sea turtles (WWF, 2005). Although there is no offshore or onshore oil
activity on the Eastern coast, that area is at risk from oil slick movement due to wind
and current directions in the Gulf of Sidra, and maritime transportation between the

Misratah oil platforms and oil refineries on the Eastern site of the Libyan coast.

5.3.1.1.1 Very high sensitivity coast (ESI 9)

Very high sensitivity index segments of shore are of several types, including different
biological resources and socio-economic activities (Table 6). The highest areas of
shoreline sensitivity on the Misratah coast are classified as ESI 9, which includes the
most productive section of the coastal area. The high sensitivity to oil spill is due to
generally low wave energy and local persistence of oil. The ESI 9 shoreline type
predominates on the Eastern coast (Appendix 1, Figures 38-43). The coastal area has
high biodiversity because it contains the most environmentally important features in the
Libyan coast: wetlands, turtle nesting areas and migratory bird nesting sites.
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Table 6 Key to the very high sensitivity shoreline segments of the Misratah coast

Category
number

Shoreline
segment

Biological index

Socio-
economic
index

Coast
descriptio
n

Wetland ( Sabkha) Salt industry
ESI 9 (figure 38) Buerat Sea turtle nesting Swimming Vegetated
area sites low Banks
Migratory birds
feeding area
ESI 9 (figure 39) Alkouda Wetland ( Sabkha) Salt industry Vegetated
Sea turtle nesting Swimming low Banks
area sites
Migratory birds Fishing sites
feeding area
Wetland ( Sabkha) Salt industry Vegetated
ESI 9 (figure40) Almajaran Sea turtle nesting Swimming low Banks
area sites
Migratory birds
feeding area
Wetland ( Sabkha)
ESI 9 (figure 41) Marzouga Sea turtle nesting Salt industry Vegetated
area Swimming low Banks
Migratory birds sites
feeding area
Wetland ( Sabkha)
ESI 9 (figure 42) Mahaboly Sea turtle nesting Salt industry Vegetated
area Swimming low Banks
Migratory birds sites
feeding area Fishing sites
Wetland ( Sabkha)
ESI 9 (figure 43) Alroumia Sea turtle nesting Salt industry Vegetated
area Swimming low Banks
Migratory birds sites
feeding area Fishing sites

5.3.1.1.2 High sensitivity coast (ESI 6B to ESI 7)

The high sensitivity segments in this category (Table 7) are ESI 7, consisting of exposed
tidal flats on the Northern coast, and thought to be rich in species. Oil deposited on
these flats may remain for long period, according to the observations from fieldwork.
These areas are under oil pollution risk due to their proximity to the potential oil spill
resources; oil spill might reach the human-use areas on the Aljazeera and Zurek
beaches. The riprap beaches (ESI 6 B) are man-made walls and have a moderate to high
abundance of species; this shoreline segment has medium-high sensitivity because it is
usually subject to high wave and tide energy. Oil could penetrate deeply between the
boulders and biological resources would be damaged by the spill. The probability and
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frequency of a hazard due to an oil spill is high, because most riprap beaches were built
near ports and coastal socio-economic sites. Most of these types of shore are also

located on the Northern coast. Moreover, this area contains vulnerable resources, such

as summer resorts and historical and cultural sites at Zurek, Dafnia and Aljazeera.

Table 7 Key to the representation of high sensitivity segments of the Misratah coast

ESI 6B (figure 33) Aljazeera Shoreline species Gaser-ahmed harbour  Riprap beaches
Summer resort
Fishing sites
ESI 7 (figure 34) Dafnia Intertidal species Swimming sites Exposed tidal
Coastal spring flats
ESI 7 (figure 35) Zurek Intertidal species Swimming s_ltes Exposed tidal
Coastal spring flats
Zurek harbour
ESI 7 (figure 36) Aljazeera Intertidal species Zurek harbour Exposed tidal
Swimming sites flats
Summer resort
ESI 7 (figure 37) Aljazeera Intertidal species Swimming sites Exposed tidal
Coastal spring flats
Fishing sites

5.3.1.1.3 Medium sensitivity coast (ESI 3 to ESI 5B)

The maps developed contain three basic types of information: shoreline type, biological
resources and human-use resources and include high resolution environmental
sensitivity data, such as shoreline sensitivity, coastal resources / habitats. The shoreline
sensitivity index in (figures 15 - 32), consists of five levels, each having varying levels
of sensitivity to oil spill and distinct recommendations for emergency response and
clean up. The medium sensitivity classes assigned to the rankings ESI3 to ESI 5B
(Table 8) extend along the Misratah coast from Dafnia to Gaser-ahmed. The boulder
shore, ESI 5B, is not a common beach type in the study area, described as consisting of
boulder sizes from small to large, and is located on the Northern Dafnia shore. Oil could
penetrate deeply between rocks. ESI 5A describes irregular protrusions of rocks through
sand, extending on the North coast of the Zurek area. The mixed sand and gravel

beaches ESI 5 are not common in Misratah and have medium to high permeability to oil
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and usually low biological productivity. The coarse sand ESI 4A is found in wide
intertidal zones, common on the Eastern coast of Misratah, where wave and current are
not as strong. Oil persistence may be high and coastal biodiversity such as migratory
turtles and feeding sea birds could be under oil spill risk. The ESI 3 shoreline sensitivity
level represents fine to medium sandy beaches, not particularly common on the
Misratah coast. Such shoreline areas are semi-permeable to oil; therefore oil persistence
could be short-term before being removed by wave action and human activity on the

beaches.
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Table 8 Key to the representation of medium sensitivity segments of the Misratah coast

Category NO Shoreline Socio-economic index

Biological index

Coast description

segment

Sea turtle nesting area Swimming sites
ESI 3 (figure 15) Marzuka Migratory birds feeding area Fishing sites Fine to medium
Salt industry sandy beaches
ESI 3 (figure 16) Mahaboly Sea turtle nesting area Swimming sites Fine to medium
Migratory birds feeding area Salt industry sandy beaches
Swimming sites
ESI 3 (figure 17) Marbat Shoreline species Fishing sites Fine to medium
Coastal spring sandy beaches
ESI 3 (figure 18) Aljazeera Shoreline species Summer resorts Fine to medium
Coastal spring sandy beaches
Swimming sites y
Fishing sites
ESI 3 (figure 19) Aljazeera Shoreline species Summer resorts Fine to medium
sandy beaches
ESI 3 (figure 20) Zurek Shoreline species Coastal spring Fine to medium
Swimming sites
sandy beaches
ESI 3 (figure 21) Dafnia Shoreline species Swimming sites Fine to medium
sandy beaches
ESI 3 (figure 22) Dafnia Shoreline species Swimming sites Fine to medium
sandy beaches
ESI 3 (figure 23) Dafnia Shoreline species Swimming sites Fine to medium
sandy beaches
ESI 4A (figure 24) Shoreline species Swimming sites Coarse sand
Historical site
Abofatma .
Coastal spring
ESI 4A (figure 25) Sour-Saud Shoreline species Swimming sites Coarse sand
Coastal spring
ESI 5 (figure 26) Yedder beach Shoreline species Swimming sites Mixed sand and
Coastal spring gravel beaches
ESI 5 (figure 27) Sour-Saud Shoreline species Swimming sites Mixed sand and
gravel beaches
ESI 5A (figure 28) Zurek Shoreline species Fishing sites Irregular
protrusions of
rocks through sand
ESI 5B (figure 29) Alromia Migratory birds feeding area Swimming sites Boulder shores
ESI 5B (figure 30) Gaser-ahmed coastal species and habitats Power plant Boulder shores
ESI 5B (figure 31) Zurek Shoreline species Swimming sites Boulder shores
ESI 5B (figure 32) Gaser-ahmed Shoreline species Swimming sites Boulder shores
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5.3.1.1.4 Low sensitivity coast (ESI 1 to ESI 2)

The low sensitivity shorelines level (Table 9) is partitioned into 15 coastal stretches;
predominantly along the Northern coast with a strip on the Eastern coast. These
shoreline areas are characterized as cliff-exposed shoreline area. These areas are
classified as ESI 1 and ESI 2 (Appendix 1, figure 1-14), which consist of exposed rocky
shores, exposed man-made structures and exposed wave cut platforms alternating with

the rocky headland.

ESI 2 represents exposed wave cut platforms; a wave-cut platform or wave-cut bench is
the narrow flat area often found at the base of the sea cliff. In the event of an oil spill,
oil can remain on the flats and take a long time to remove in sheltered areas. Thus,
rocky species and habitats might be damaged. ESI 1A are exposed, man-made structures
where species abundance and diversity is low. These areas are located around factories
and ports and are exposed to high ocean energy, which pushes oil offshore as waves are
reflected from sloping or vertical faces. Finally, the steep and exposed shores that are
common on the North Misratah shoreline are represented as ESI 1. This category of
shore is exposed to high wave energy and contains few species. These shores can be
self-cleaning, again with wave reflection keeping oil offshore.

In summary, the ESI atlas contains human use data (e.g. public beaches, cultural sites
and industrial and fishing ports) and these details can show planners how resources
might be economically impacted. This means that the maps can help develop protection
plans, mitigate coastal environmental damage, and allow authorities to plan around

locations of high-value coastal animal populations (Jensen et al., 1998).
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Table 9 Key to the representation of low sensitivity segments at Misratah coast

Category number

ESI 1 (figure 1)

Shoreline

segment

Gaser-
ahmed

Biological index

Rocky shores habitats
Migratory birds feeding area

Socio-economic
index

Salt industry
Swimming sites

Fishing sites

Coast
description

Exposed rocky
shores

ESI 1 (figure 2)

Yedder
beach

Rocky shores species and
habitats

Swimming sites
Coastal spring

Exposed rocky
shores

ESI 1 (figure 3)

Marbat

Rocky shores species and
habitats

Swimming sites

Exposed rocky
shores

ESI 1 (figure 4)

Aboruaia

Rocky shores species and
habitats

Swimming sites

Exposed rocky
shores

ESI 1 (figure 5)

Abofatma
beach

Rocky shores species and
habitats

Swimming sites

Exposed rocky
shores

ESI 1 (figure 6)

Zurek

Rocky shores species and
habitats

Swimming sites

Exposed rocky
shores

ESI 1 (figure 7)

Zurek

Rocky shores species and
habitats

Swimming sites

Exposed rocky
shores

ESI 1 (figure 8)

Dafnia

Rocky shores species and
habitats

Fishing sites
Swimming sites

Exposed rocky
shores

ESI 1A (figure 9)

Gaser ahmed

Man-mad structure species
and habitats

Gaser-ahmed
Harbour

Exposed man-
made structure

ESI 1A (figure 10)

Gaser ahmed

Man-mad structure species
and habitats

Power plant

Exposed man-
made
structure:

ESI 1A (figure 11)

Zurek

Man-mad structure species
and habitats

Fishing sites

Exposed man-
made structure

ESI 1A (figure 12)

Zurek

Man-mad structure species
and habitats

Fishing sites

Exposed man-
made structure

ESI 2 (figure 13)

Sour-Saud

Intertidal species and
habitats

Swimming sites

Exposed wave
cut platform

ESI 2 (figure 14)

Dafnia

Intertidal species and
habitats

Swimming sites

Exposed wave

cut platform
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5.3.1.2 Shoreline hazard index

Although the ESI atlas can inform oil spill response plans on the likelihood and amount
of oil pollution in prioritized environmentally sensitive areas, the oil spill simulation
database is the key to successful early warning and oil spill emergency response
(Azevedo et al., 2014). This study used oil spill movement information (Chapter 4) to
develop an oil risk index for an integrated oil spill contingency plan for the Misratah

coast.

The oil risk map (figure 41) demarcates the coastal areas under the risk of oil pollution
and where socio-economic activity may be affected, including coastal habitats and
species. The shoreline oil risk index in the study area is partitioned into three coastal
stretches: low, medium and high oil risk. The segments are based on simulations of oil
spill (Chapter 4) and on field observations of oil and likely spill sources. The high risk
area is concentrated within the Northern and Eastern shoreline from Gaser-ahmed to
Aljazeera, while the medium oil risk is spread in the North shoreline from Aljazeera to
Dafnia, and from Gaser-ahmed to Buerat shore on the Eastern coast. The lowest risk

segment on the Misratah shoreline is on the Eastern coast from Gaser-ahmed to Buerat.

The output of oil spill trajectory mapping in Misratah as presented in Chapter 4 is a
strategic tool that helps managers estimate the location of spilt oil and to quantify it.
Moreover, a planner can predict where a hazard may occur and how much time an oil
slick may take to reach the coast (Bejarano and Mearns, 2015). Therefore, this
information allows decision makers to develop a plan for response options that

minimize damages to coastal habitats (Assilzadeh and Gao, 2008).
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Figure 40 Potential oil spill deposition map based on the GNOME outputs for oil spills

at Misratah coast in the summer and winter seasons.

5.3.2 Quantitative oil risk management system for the Misratah shoreline

In order to develop guidelines for an oil spill event, assessments for shoreline segments
were established according to their sensitivity level and oil spill risk (Azevedo et al.,
2017). An analysis of the coastal segments was carried out, covering 43 sections along
248 km of rocky shores and sandy beaches; 10 shoreline segments defined by ESI index
were spread along the Eastern coast, while 33 sections extended along the Northern
coast of Misratah. According to the ESI data (appendix 2, tables land 2), there are
several types of shoreline classes, covering the whole range of the sensitivity index

values.

The lowest sensitivity shoreline type includes 14 shoreline segments (Appendix 1
Figures 1-14), classified as ESI1 - ESI 2. The medium sensitivity locations correspond
to sandy beaches, classified from ESI 3 — ESI 5B, including 17 shoreline sections

distributed along the coast (Appendix 1 Figures 15-32), while the five high sensitivity
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areas were located on the Northern coast (Appendix 1 Figures 33-37). The very high
sensitive areas, ESI 9, were located on the Eastern coast in 6 shoreline segments

(Appendix 1 Figures 38-43), representing vegetated low bank on the wetland coast.

In terms of shoreline oil spill risk index, each segment was classified according to oil
spill deposition maps in the oil spill simulation, which was divided in three level risks:
(1) high, (2) medium and (3) low oil risk (Figure 40). In general, the majority of the
Misratah shoreline faces medium oil spill risk along the North and Eastern coast
(Appendix 1 Figures 2, 4-8, 11, 12, 14, 20-24, 28, 31, 34, 35, 40), whereas 13 shoreline
segments of the Misratah shoreline are under high oil risk, within the area from Gaser-
ahmed to the Aljazeera shore (Appendix 1 Figures 1, 3, 9, 10, 13, 17, 18, 19, 26, 27, 33,
36, 37).

The results of a cross-tabulation of risk and sensitivity data illustrate that there are two
very high sensitivity shoreline segments (Appendix 1 Figures 40, 38) located in medium
oil spill risk areas, with a length of 61 km on the Eastern coast, with very high
sensitivity areas absent from high oil risk areas. These very high sensitivity areas at
medium risk are clear targets for prioritization in any management plan for oil spill on
the coast. 67 km of the very high sensitivity shoreline is under low oil spill risk
(Appendix 1 Figures 39, 41-43). The high sensitivity ESI categories included 1 km of
the shoreline in the high oil risk area along the North coast in the Aljazeera area
(Appendix1 Figures 33, 36).

The exposed tidal flats cover approximately 15 km in the medium oil risk area on the
Northern coast of Misratah. The study found medium sensitivity areas under medium oil
pollution risk present in 17 km of shoreline on the Northern and Eastern coast
(Appendix 1 Figures 17-24, 27, 27, 31). The rest of the medium sensitivity shoreline
appears in the low oil risk area and covers 25 km of shoreline (Appendix1 Figures 15,
16, 29).

The geographical scope of the low sensitivity shoreline is between the North and East
coast with total length of around 52 km. However, 40 km of the low sensitivity area
(Appendix 1 Figures 1-3, 9, 10, and 13) falls in the shores considered at a high-risk
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according to the oil spill simulation maps, while 11 km of the shoreline is under
medium oil spill risk (Appendix 1 Figures 4,5, 7, 8, 11, 12, 14).

Table 10 Shoreline sensitivity classification under coastal oil risk. Number of coastal
segments (Tables 1-4 and figures in appendix) in each category, along with the

estimated total length of coastline segments.

Oil risk High risk Medium risk Low risk Total
ESI level (km)
Very high sensitivity 0 2 4 128
ESI9 (61.27km) (66.86 km)
High sensitivity 2 3 0 16.32
ESI6B to 7 (1.09km) (14.42 km)
Medium sensitivity 5 10 3 52.76
ESI 3 to 5B (10km) (17.2 km) (25.47 km)
Low sensitivity 7 8 0 52.3
ESI1to?2 (40.39km) (11.64 km)

The results of the oil risk assessment provide information about the various types of
coastal areas that may be affected by a spill, such as sandy beaches, rocky coasts and
wetlands, which can help planners to request the clean-up equipment best suited to a
habitat. Therefore, these results can be used for oil spill emergency planning and in
support of long-term spatial planning decisions for coastal protection by understanding
the geographical distribution of oil risk and vulnerability. For example, the results can
be provided as a tool for planners to identify resources at risk, with priority areas, and
develop an appropriate response to oil clean-up to protect more sensitive areas in a short

time frame.

Based on the distribution of potential oil spill resources and the deposition area of an oil
spill, four regional oil spill emergency equipment stockpiles can be proposed for set up
to support a timely, measured and effective oil spill response. The amount and type of
emergency equipment available in each location are based on the potential risk, oil spill

size, and coastal resources value and shoreline sensitivity level. For example, regions
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with major oil activity such as Gaser-ahmed should have larger stockpiles and special

equipment.

The geographical locations of emergency equipment is proposed in order to control and
prevent spills from spreading to sensitive areas are shown in Figure 42. Two geographic
locations on the North coast for equipment stockpiles are in the Gaser-ahmed and Zurek
areas, where the majority of socio-economic resources such as tourist beaches, historical
and religious sites are located. The oil response equipment including oil spill control
tools and spill monitoring equipment should reflect the potential oil spill sources located
on the North coast, especially in the Gaser-ahmed area where the majority of recorded
oil spill resources are located. These emergency tools can help deal with small-scale
accidents occurring in ports, harbours, and oil platforms. In addition, oil containment
booms and skimmers are effective tools that can remove an oil slick from the sea
surface before it reaches sensitive areas along a coastline and these tools should be
placed in two sites on the Eastern coast because this area is recorded as having a high
sensitivity to oil spill and is rated at high risk due to oil spill movement and

environmental importance as habitats (wetland) for migratory sea turtles and sea birds.

(2]
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Figure 41 Suggested equipment stockpile locations for managing coastal oil pollution

on the Misratah coast.
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5.4 Conclusion

Coastal oil pollution is one of the main issues affecting marine coastal environments in
Libya. This study developed a mapping strategy for oil spill response, an effective tool
for dealing with different coastal sensitivity areas in an oil spill event. The coastal
management strategy aims to develop a plan to control the complex interaction between
coastal resources and oil contaminants (Liu and Wirtz, 2010). To this end, the guide
maps use a needs-based coastal zone mapping strategy for oil spill response to assist
planners in understanding the specific requirements of each sensitive area along the
coast. The developed strategic maps are considered a response tool during an oil event,
providing responders with all required environmental, human-user location and
operational information to plan and implement response and protection operations. In
addition, the atlas includes additional information such as clean-up technical guidelines

and restoration recommendations.

A regional oil risk management system was developed; shoreline segment risk was
assessed, based on a shoreline oil risk map and ESI index. Covering 248 km of
coastline, the operational maps were obtained from analysis of the ESI index database,
generated in the third chapter. The ESI atlas provides large scale, detailed maps that
include coastal resources, human use, coastal types and biological resources. The oil
risk index was generated from analysis of the oil spill movement scenario database.
These databases were compiled and stored using Geographic Information System (GIS),

from which hard copy maps are created at different scales depending on their purpose.

The coastal mapping strategy presented herein can provide enhanced information for
distinct end-users such as port authorities, oil platform operators and recreational
organizations about the coastal condition and resource quality of the coast in the

occurrence of an oil disaster.
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General conclusions

Oil spills in the Mediterranean Sea are a major and continuous threat to the sensitive
coastal zones of the region, especially the coastal zone of Libya, as it harbours many oil
platforms and offshore and onshore oil activities. The Libyan coastal and marine area is
exposed to a high risk of oil pollution from global oil tankers’ routes connecting the
Libyan oil exporting ports and the Western basins of the Mediterranean Sea. Frequent
oil spills are carried through sewage pipes from urban areas, factories and harbours. The
lack of a reliable historical oil spill record, the weak monitoring and response to oil spill
make the Libyan coastal resources vulnerable. Therefore, the development of coastal

zone management is a necessity to protect shores from oil spills.

During the last five years, one of the Libyan commission’s priorities for coastal
protection from oil spill in the Environmental General Authority and the Department of
Health, Safety & Environment of the National Oil Corporation has been the adoption of
a common approach to coastal and marine spatial planning along the Libyan coast.
Protection and planning in the coastal zone is a significant strategy for Libya, due to the
length of coast, the high rate of oil export, and spills’ potential negative impacts on
coastal and marine habitats. The research developed in this thesis extended the existing
knowledge base by focussing on the Misratah coast. Multiple methods were used to

generate a coastal sensitivity atlas bases on the ESI framework.

The second phase of the thesis was to develop a coastal sensitivity index based on a
compiled assessment of various processes: physical setting, socio-economic activities,
ecological parameters, and types of environmental stress, including oil. The study found
that the eastern coast is, in general, more sensitive to oil spill than the northern coast.
On a scale from 1-9 in terms of sensitivity to oil spill, the vegetated low banks, ESI 9,
covering 128.13 km of the shoreline, were the most sensitive habitat in the and are only
found on the Eastern shoreline. The exposed rocky shores ESI 1, covering 27.18 km

along the North coast, were the least sensitive shorelines.

The third goal of the work was to identify coastal oil spill sources and create seasonal
maps for oil spill movement to understand oil behaviour on the sea surface and to

determine areas at risk. Two scenarios for the summer and the winter season were run,
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along the Western coast of Libya. The study considered oil pollution from different
sources: major oil sources come from offshore oil industries and loading/uploading oil
platforms, while the minor oil resources come from urban sewage pipes, fishing ports
and the iron and steel industry in the Gaser-ahmed area. However, the study also found
that oil slick movement on the coast is controlled by prevailing winds and current
eddies in the Gulf of Sidra. Therefore, an oil slick might reach the shoreline in two to
thirty days in the summer and the winter. Moreover, the model results show that the
North coast of Misratah is at a higher risk of oil pollution, while the Eastern coast is at a
lower potential risk due to the influence of winds and current energy in the Gulf of
Sidra.

A spatial coastal mapping strategy based on the coastal sensitivity index and oil spill
simulation data was developed, containing information about the physical character,
socio-economic activity and biological resources of the shoreline. The priorities of this
strategy included operational maps on different geographic scales to provide a detailed
map that includes the sensitive area boundaries, oil spill location, and coastal resources
under oil spill risk. The ESI atlas is an essential step in oil pollution preparedness and
response, as it can assist responders during an oil incident, and help a planner request
the clean-up equipment that best suits the environment. These maps can be used to
prioritise management and mitigation, identify coastal vulnerability and promote
sustainable coastal zone management. They can assist the user to understand the
environmental situation near an oil spill location and to investigate coastal resources

vulnerable to oil spill movement under local weather conditions.

The result of coastal oil spill management shows that the majority of the Misratah
shoreline faces medium oil spill risk, spread along the Northern and Eastern coast,
whereas 14 shoreline segments of the Misratah area are under high oil risk, distributed
along the area from Gaser-ahmed to Aljazeera in the North and East coast of Misratah.
In particular, the findings of the cross-tabulation of the ESI index and oil risk index
illustrate that 60 km of the very high sensitivity shoreline are under medium oil risk,
while 67 km of the same category of shoreline is under low risk. The high sensitivity
categories were found in 15 km in the medium oil risk area on the Northern coast. The

study found that most of the medium sensitivity area is under medium oil pollution risk,
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with 17 km shoreline on the Northern and Eastern coast and 40km of the low sensitive

area spread within the high-risk area.

Recommendations

To decrease oil spill accidents and their impact on sensitive coastal areas a number of
suggestions can be made:

(1) The Libyan environmental ministry should update environmental protection laws for
illegal oil discharge into the coastal and marine area and set up new policy for oil
release through sewage pipes

(2) Regional planning of oil industry sites, power plants, fishing ports, export ports and
iron factories in the coastal area to avoid oil spill during operational processes

(3) Monitor the oil pollution near the oil tanker waiting areas and improve the
emergency response

(4) Enhance cooperation and information exchange between Misratah authorities related
to coastal oil spill with oil and gas companies in Libya, such as Eni oil in and British
Petroleum (BP)

(5) Build oil storage for used oil in Misratah commerce and fishing ports

(6) Reduce the oil transportation in the Gulf of Sidra region to decrease oil spill impact
on the nearby coastal wetlands, especially sea turtle nesting areas and the resting sites of
migratory birds.

Evaluation of findings and future work

The research in this thesis focused on coastal oil spill management on the Misratah
coast; the research question investigated oil spill impact on socio-economic activity and
physical and biological parameters. The impacts of oil on the rest of the Libyan coast
have not been estimated yet, the same issues apply regarding a lack of data about
potential oil spill resources, sensitive areas and the environmental situation of protected

areas such as wetlands.

The work in this thesis can be developed into communication tools and shorter reports

to inform the relevant authorities and populations about oil spills and potential impacts
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in the region. As yet, it is difficult to evaluate the oil spill risk mapping in chapter 4.
Plausible scenarios are described, but only the congruence with tar ball distribution is
evidence that oil is not generally reaching the east coast of the region. If a spill were to
be accurately reported and monitored, it would be possible to compare GNOME output
using the level of parameterization in this thesis to see how the model performs. This
would also need high resolution satellite imagery. Results from Xu et al. (2013) indicate
that, if the initial conditions are well enough known, GNOME simulations have good
agreement with the observed oil trajectories. Strategies and predictions could also be
stratified by the type of oil spilt and more detailed studies of weathering. At the
moment, the work essentially covers a ‘worst case’ approach consistent with the
minimum regret approach. It seems more likely that lighter oils and weathering will

mean that the 30-day trajectories are not reached in all cases.

There are clear knowledge gaps in the mapping and status assessment for biodiversity in
the region. Even the information on turtles and birds is only sufficient to establish that
important features exist: The population trends are not clearly established and it would
be difficult to identify the region-specific impacts given the migratory nature of the
species involved and the other environments and habitat effects that the species may be
exposed to. Benthic habitats are not well described for the region. It may be possible to
use some predictive habitat mapping to suggest distribution of species of importance.
This could identify key sites for detailed survey or protection (Reiss et al. 2015).
Alternatively, satellite images and appropriate algorithms may be used to identify

intertidal and shallow water habitats of interest.

An important structure-providing habitat may be seagrasses. Seagrass beds (found
between 1 and 60 m depth) with Posidonia, Cymodocea spp. and Zostera spp are key
habitats in subtidal ecosystems in the Mediterranean. This habitat represents a very
important marine community protecting seabed sediments and coastal areas from
erosion and providing a complex habitat for a wide variety of marine invertebrates and
fish. Seagrass beds may also function as important nursery areas for some commercial
fish species and have several roles within an ecosystem, including production of organic

matter at the base of the food-chain, as a nursery area for numerous species of fish,

119



Evaluation of findings and future work

breeding grounds, spawning grounds and resting areas (Environmental General
Authority, 2004). The combination of and offshore oil industry, the absence of oil spill
monitoring and a lack of information on seagrass beds collectively threatens these
habitats. More research is needed on the impacts, resilience and recovery rates of
seagrass beds to oil pollution. Recovery of seagrass beds is not well understood, with
inconsistencies between studies (Fonseca et al., 2017). Species associated with
seagrasses may be vulnerable to oil pollution because of the risk of either direct

smothering or the toxic effects of the water-soluble fraction of oil.

Alongside the knowledge gaps on the distribution of biodiversity, little is known of the
lethal and sub-lethal effects of the chronic oil pollution in the area. Given the fishing of
marine resources for human consumption, an urgent priority should be monitoring of
contaminants in commercially-fished populations, alongside ecotoxicological estimates
of any possible effects on fish reproduction and population viability. Studies of fish
available in Kuwait found polycyclic aromatic hydrocarbons characteristic of
hydrocarbon contamination in both locally sourced fish and fish imported from Egypt
(Alomirah et al. 2009). The levels in the Kuwait study were, however, still below

reference limits for consumption established in the European Union.

There is clearly a lack of data on direct environmental and economic effects of oil spill
on the coastal resources. This goes beyond the ecosystem services associated with
fishing. The potential ecosystem services associated with seagrass beds are mentioned
above. Tourism is detailed in Chapter 2. It is possible to estimate the value that tourists
place on a clean environment both in terms of the number of visitors, but also with
questionnaire approaches, which can highlight any value placed on environmental
quality. Willingness to pay and related approaches can be used to estimate the value that
visitors place on beaches. For example, a study in Abu Dhabi looked at issues from
harmful algal blooms, including the level of compensation tourists would accept if a
beach was closed (Blignaut et al., 2016). If a comprehensive inventory of ecosystem
services were to be derived for the region, this would be a valuable tool in
communicating the losses from spilt oil and in focussing planning and management

decisions.
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There is clearly some fortune in the history of development in the region: the most
sensitive and biologically important habitats on the eastern coast are not those at most
risk. If there were a formal Marine Spatial Planning (MSP) process, this may have been
one outcome. As it stands, the work in the thesis sits well within the framework of
integrated coastal zone management (ICZM), defined by the EU (2000) as:

‘a dynamic, multidisciplinary and iterative process to promote sustainable management
of coastal zones. It covers the full cycle of information collection, planning (in its
broadest sense), decision making, management and monitoring of implementation.
ICZM uses the informed participation and cooperation of all stakeholders to assess the
societal goals in a given coastal area, and to take actions towards meeting these
objectives.’

Clearly there is some overlap between ICZM and MSP. However, most definitions of
MSP emphasize the allocation of space as a key element (e.g., Ehler and Douvere 2009:
‘MSP is a public process of analysing and allocating the spatial and temporal
distribution of human activities in marine areas’). The activities of interest are
effectively allocated space by default in the Misratah region. What is required now is
communication with stakeholders and building political will to manage the situation. If
there were to be new activities in the region, this may be somewhere where MSP could

play a greater role.

This thesis addresses problems including a lack of data on spills, biodiversity, impacts
and socio-economic activity that are not limited to Libya. Certain features, like the
intertidal springs may not have been widely considered in similar studies. However, the
approach of a review of prior data and a field trip, followed by classification of shores is
robust and a relatively low-resource way of drawing up an initial map and set of
priorities. As a decision support tool, the mapping and prioritization are easy to
communicate. A potential weakness of the approach is that the mapping and
prioritization involves a number of individual expert judgements. Conclusions may
therefore differ between investigators. The influence of subjectivity could be
investigated using a sample of independent investigators or by using workshops to

combine and contrast different views of the coastal oil spill risks.
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Appendices
Appendix 1 Misratah coastal sensitivity index maps

1 - Low Misratah coastal sensitivity index (Gaser-ahmed)
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Appendix 1 Misratah coastal sensitivity index maps

2- Low Misratah coastal sensitivity index (Yedder beach)
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Appendix 1 Misratah coastal sensitivity index maps

3 - Low Misratah coastal sensitivity index (Marbat)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

4 - Low Misratah coastal sensitivity index (Aboruaia)
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15°2'30"E 15°3'0"E 15°3'30"E

32°24'30"N 32°25'0"N

32°24'0"N

610

[ | Meters

146



Appendix 1 Misratah coastal sensitivity index maps

5 - Low Misratah coastal sensitivity index (Abofatma beach)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

6 - Low Misratah coastal sensitivity index (Zurek)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

7 - Low Misratah coastal sensitivity index (Zurek)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

8 - Low Misratah coastal sensitivity index (Dafnia)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

9 - Low Misratah coastal sensitivity index (Gaser-ahmed)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

10 - Low Misratah coastal sensitivity index (Gaser-ahmed)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

11 - Low Misratah coastal sensitivity index (Zurek)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

12 - Low Misratah coastal sensitivity index (Zurek)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

13- Low Misratah coastal sensitivity index (Sour-Saud)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

14 - Low Misratah coastal sensitivity index (Dafnia)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

16 — Medium Misratah coastal sensitivity index (Mahaboly)
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Appendix 1 Misratah coastal sensitivity index maps

17 — Medium Misratah coastal sensitivity index (Marbat)
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Appendix 1 Misratah coastal sensitivity index maps

18 — Medium Misratah coastal sensitivity index (Aljazeera)
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Appendix 1 Misratah coastal sensitivity index maps

19 — Medium Misratah coastal sensitivity index (Aljazeera)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

20 — Medium Misratah coastal sensitivity index (Zurek)
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Appendix 1 Misratah coastal sensitivity index maps

21 — Medium Misratah coastal sensitivity index (Dafnia)
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Appendix 1 Misratah coastal sensitivity index maps

22 — Medium Misratah coastal sensitivity index (Dafnia)
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Appendix 1 Misratah coastal sensitivity index maps

23 — Medium Misratah coastal sensitivity index (Dafnia)
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Appendix 1 Misratah coastal sensitivity index maps

24 — Medium Misratah coastal sensitivity index (Abofatma)
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Appendix 1 Misratah coastal sensitivity index maps

25 — Medium Misratah coastal sensitivity index (Sour-Saud)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

26 — Medium Misratah coastal sensitivity index (Yedder beach)
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Appendix 1 Misratah coastal sensitivity index maps

27 — Medium Misratah coastal sensitivity index (Sour-Saud)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

28 — Medium Misratah coastal sensitivity index (Zurek)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

29— Medium Misratah coastal sensitivity index (Alromia)
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Appendix 1 Misratah coastal sensitivity index maps

30 — Medium Misratah coastal sensitivity index (Gaser-ahmed)
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Appendix 1 Misratah coastal sensitivity index maps

31 — Medium Misratah coastal sensitivity index (Zurek)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

32 — Medium Misratah coastal sensitivity index (Gaser-ahmed)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

33 — High Misratah coastal sensitivity index (Aljazeera)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

34 — High Misratah coastal sensitivity index (Dafnia)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

35 — High Misratah coastal sensitivity index (Zurek)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

36— High Misratah coastal sensitivity index (Aljazeera)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

37 — High Misratah coastal sensitivity index (Aljazeera)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

38 — Very high Misratah coastal sensitivity index (Buerat)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

39 — Very high Misratah coastal sensitivity index (Alkouda)
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Appendix 1 Misratah coastal sensitivity index maps

40 — Very high Misratah coastal sensitivity index (Almajaran)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

41 — Very high Misratah coastal sensitivity index (Marzouga)
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Appendix 1 Misratah coastal sensitivity index maps

42— Very high Misratah coastal sensitivity index (Mahaboly)

Enviromental Sensitivty Index Map
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Appendix 1 Misratah coastal sensitivity index maps

43— Very high Misratah coastal sensitivity index (Alroumia)
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Appendix 1 Misratah coastal sensitivity index maps

Colour code of the Environmental Sensitivity Index with symbols for the mapping
of sensitive socio-economic and biological resources
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Appendix 2 ESI Index and oil risk index summary of shoreline

Appendix 2 ESI Index and oil risk index summary of shoreline

Table 1 Summary of shoreline of Misratah coast by ESI level and oil risk values (North

shoreline).
Habitats ESI Length  Location Oil risk
category /km level
1 Exposed rocky shore ESI1 4.79 Yedder High risk
beach
2 Exposed rocky shore ESI1 1.87 Aboruaia  High risk
3 Exposed rocky shore ESI1 1.92 Abofatma  High risk
beach
4 Exposed rocky shore ESI1 2.19 Zurek Medium
risk
5 Exposed rocky shore ESI1 1.02 Zurek Medium
risk
6 Exposed rocky shore ESI1 1.28 Dafnia Medium
risk
7 Exposed rocky shore ESI1 3.75 Dafnia Medium
risk
8 Exposed man made ESI 1A 9.20 Gaser- High risk
structure ahmed
9 Exposed man made ESI 1A 8.28 Gaser- High risk
structure ahmed
10 Exposed man made ESI 1A 0.45 Zurek Medium
structure risk
11 Exposed man made ESI 1A 1.79 Sour-Saud  High risk
structure
12 Exposed wave cut ESI 2 4.54 Sour Saud  High risk
platform in bedrock
13 Exposed wave cut ESI2 4.79 Dafnia Medium
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Appendix 2 ESI Index and oil risk index summary of shoreline

platform in bedrock risk
14 Fine to medium sandy ESI3 0.32 Marzuka  High risk
beaches with mostly
moderate sloping
15 Fine to medium sandy ESI3 3.99 Mahaboly Medium
beaches with mostly risk
moderate sloping
16 Fine to medium sandy ESI3 1.27 Aljazeera Medium
beaches with mostly risk
moderate sloping
17 Fine to medium sandy ESI3 2.45 Zurek Medium
beaches with mostly risk
moderate sloping
18 Fine to medium sandy ESI3 2.13 Dafnia Medium
beaches with mostly risk
moderate sloping
19 Fine to medium sandy ESI3 0.43 Zurek Medium
beaches with mostly risk
moderate sloping
20 Fine to medium sandy ESI3 0.30 Dafnia Medium
beaches with mostly risk
moderate sloping
21 Shorelines with coarse ESI4A 3.60 Zurek Medium
sand and mostly sloping risk
22 Shorelines with coarse ESI 4A 1.21 Sour Saud  High risk
sand and mostly sloping
23 Mixed sand and gravel ESI5 3.73 Jannat High risk
beaches(cliff shore)
24 Mixed sand and gravel ESI5 1.72 Zurek Medium
beaches(cliff shore) risk
25 Irregular protrusions of ESI5A 0.67 Zurek Medium
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Appendix 2 ESI Index and oil risk index summary of shoreline

rocks through sand risk
26 Boulder shore ESI 5B 1.68 Gaser- High risk
ahmed
27 Boulder shore ESI 5B 0.64 Zurek Medium
risk
28 Boulder shore ESI 5B 3.16 Gaser- High risk
ahmed
29 Riprap beach ESI 6B 0.40 Aljazeera  High risk
30 Exposed tidal flat ESI7 5.98 Dafnia Medium
risk
31 Exposed tidal flat ESI7 3.67 Zurek Medium
risk
32 Exposed tidal flat ESI7 0.69 Aljazeera  High risk
33 Exposed tidal flat ESI7 4.77 Dafnia Medium
risk
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Appendix 2 ESI Index and oil risk index summary of shoreline

Table 2 Summary of shoreline of Misratah coast by ESI level and oil risk values (East shoreline)

Habitats ESI category Length  Location  Oil risk
/km level
ahmed risk

2 Fine to medium sandy ESI3 14.22 Dafnia Medium
beaches with risk

mostly moderate sloping
3 Fine to medium sandy ESI3 6.44 Dafnia Medium

beaches with risk

mostly moderate sloping

4 Boulder shore ESI 5B 4.81 Albonta  Low risk

5 Vegetated low bank ESI9 33.35 Buerat Medium
risk

6 Vegetated low bank ESI9 6.91 Alromia  Low risk

7 Vegetated low bank ESI9 27.92 Buerat Medium
risk

8 Vegetated low bank ESI9 16.68 Marzouga Low risk

9 Vegetated low bank ESI9 19.75 Alkouda  Low risk

10 Vegetated low bank ESI9 23.52 Alkouda  Low risk
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Appendix 3 Input field data to ArcMap as points in excel file

Appendix 3 Input field data to ArcMap as points in excel file

Table 1 Cooling water location

Colling water Longitude Luddite
H1 15°13'59.76 32°20'37.40
H2 15°15'10.60 32°19'48.32
H3 15°13'54.06 32°20'42.01
H4 15°14'43.64 32°20'0.79
Table 2 Sewage pipes location
Number Longitude Luddite
P1 15° 2'45.16 32°24'40.89
P2 15° 4'59.64 32°24'36.22
P3 15°10'51.27 32°23'16.79
P4 15°13'47.00 32°20'47.96
Table 3 Iron factory location
Number Longitude Luddite
R1 15°13'36.97 32°20'34.97
Table 4 Sea ports location
Number Longitude Luddite
o1 15°12'59.97"E 32°21'33.78
02 15°14'19.76 32°20'27.33
Table 5 Oil storages and export location
Number Longitude Luddite
o1 15°12'44.61 32°22'8.45
Table 6 Power plant location

Number Longitude Luddite

Gl 15°14'40.68 32°19'59.56

Table 7 Fishing ports location

Number Longitude Luddite
F1 15°21'18.70 32°0'23.30
F2 15°12'54.93 32°22'23.92
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Appendix 3 Input field data to ArcMap as points in excel file

F3 15°2'20.39 32°24'42.56
F4 15° 0'19.87 32°25'3.81
F5 14°54'6.58 32°26'15.51
Table 8 Tourist area location
Number Longitude Luddite
T1 14°55'5.70 32°26'4.39
T2 15° 0'10.07 32°24'55.74
T3 15° 0'53.46 32°24'54.20
T4 15°1'3.01 32°24'52.32
T5 15°1'6.72 32°24'50.74
T6 15°1'19.60 32°24'A5.77
T7 15°1'33.91 32°24'42 51
T8 15° 1'51.29 32°24'39.90
T9 15° 6'56.59 32°24'17.62
T10 15°14'29.54 32°20'9.39
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Appendix 3 Input field data to ArcMap as points in excel file

Table 9 Tar ball geographic distribution

Desistance
from the sea
line/M

Coastal area Coastal feature

Shoreline type

Geographic location

1 Dafnia 14°44'12.09"E 32°26'34.90""N Open sea Exposed rocky shore
2 Dafnia 14°46'46.38"'E 32°26'13.69"'N Open sea 15 Rocky shore

3 Dafnia 14°47'9.09"E 32°26'12.75"N Open sea 10 Rocky shore

4 Ras Alhensher 14°47'29.77"E 32°26'13.57"N Semi-closed beach 20 Sandy beach

5 Dafnia 14°48'48.51"E 32°26'17.34"N Open sea 5 Rocky shore

6 Dafnia 14°49'12.67"E 32°26'15.05"'N Open sea 20 Mixed sandy and rocky shore
7 Borwaia 14°50'34.98"E 32°26'14.29"N Semi-closed beach 17 Sandy beach

8 Zurek 14°50'57.70"E 32°26'20.89""N Small bay 15 Sandy beach

9 Zurek 14°51'12.56"'E 32°26'23.38"'N Semi-closed beach 3 Sandy beach

10 Zurek 14°52'36.51"E 32°26'23.59"N Semi-closed beach 5 Rocky shore

11 Zurek 14°52'58.42"E 32°26'23.13"N Open sea 7 Sandy beach

12 Zurek 14°53'13.86"E 32°26'22.53"N Rocky platform 10 Sandy beach

13 Zurek 14°53'30.33"E 32°26'22.71"N Wave cut platform 12 Grovel beach

14 Abo fatma 14°54'7.64"E 32°26'17.45"N Open sea 5 Rocky shore

15 Abo fatma 14°54'35.28"E 32°26'14.90"N Headland 8 Sandy beach

16 Sawawa 14°55'48.86"E 32°25'56.62"N Open sea 3 Sandy beach

17 Sawawa 14°56'50.19"E 32°25'43.00"N Open sea 6 Sandy beach

18 Edzira 15°0'16.79"E 32°25'4.54"N Semi-closed beach 1 Man-made wall
19 Edzira 15°2'20.51"E 32°24'42.87"N Semi-closed beach 1 Man-made wall
20 Altoba 15°2'35.24"E 32°24'42.40"N Open sea 6 Wave cut platform
21 Altoba 15° 2'58.68"E 32°24'40.44"N Open sea 7 Sandy beach

22 Aljazeera 15°521.47"E 32°24'40.66""N Open sea 2 Sandy beach

23 Jannat 15°1027.12"E 32°23'20.51"N Headland 17 Rocky shore

24 Zaroog 15°11'37.40"E 32°23'0.31"'N Open sea 7 Sandy beach

25 Almelayta 15°12'2.99"E 32°22'52.93"N Open sea 17 Sandy beach

26 Almelayta 15°12'21.94"E 32°22'44.82"'N Open sea 15 Sandy beach

27 Gaser-ahmed 15°12'40.13"E 32°22'33.36"N Open sea 20 Grovel beach

28 Gaser-ahmed 15°13'0.00"E 32°22'22.51"N Semi-closed beach 12 Grovel beach

29 Gaser-ahmed 15°13'3.55"E 32°22'19.01"N Harbour 1 Man-made structure
30 Gaser-ahmed ( Eastern coast) 15°13'25.65"E 32°21'10.85""N Harbour 10 Rocky shore

31 Gaser-ahmed ( Eastern coast) 15°13'39.83"E 32°20'58.13"N Semi-closed beach 2 Rocky shore

32 Gaser-ahmed ( Eastern coast) 15°13'50.87""E 32°20'44.91"N Semi-closed beach 1 Rocky shore

33 Gaser-ahmed ( Eastern coast) 15°14'22.01"E 32°20'33.91"N Semi-closed beach 2 Man-made structure
34 Gaser-ahmed ( Eastern coast) 15°14'41.54"E 32°20'5.16"'N Harbour 7 Rocky shore

35 Gaser-ahmed ( Eastern coast) 15°15'56.94"E 32°19'17.09"N Semi-closed beach 5 Rocky shore

36 Gaser-ahmed ( Eastern coast) 15°17'52.77"E 32°16'3.64""N Open sea 8 Wave cut platform
37 Alromia ( Eastern coast) 15°21'24.64"E 32° 6'46.74""'N Headland 2 Wave cut platform
38 Mahaboly ( Eastern coast) 15°21'28.13"E 32°7'9.02"N Headland 3 Wave cut platform
39 Mahaboly ( Eastern coast) 15°21'33.66"E 32°7'57.91"N Headland 2 Wave cut platform
40 Mahaboly ( Eastern coast) 15°21'34.07"E 32°8'39.35"N Headland 1 Wave cut platform
41 Mabhaboly ( Eastern coast) 15°21'34.69"E 32°9'10.85"N Anchorage 1 Man-made structure
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Appendix 4 Winds speed and direction data in GNOME simulations

Appendix 4 Winds speed and direction data in GNOME simulations

Table 1 Koums winds coast (winter): at latitude and longitude location 32°37'47.25"N 14°20'1.20"E

day month direction Direction/degree Speed/knots
16th January WNW 300 12
17th January WNW 295 12
18th January WNW 290 12
19th January w 273 13
20th January N 354 14
21st January NW 312 15
22nd January NW 310 16
23rd January WNW 303 16
24th January w 269 16
25th January w 271 15
26th January w 275 13
27th January WNW 296 13
28th January NW 322 13
29th January NwW 307 13
30th January NW 314 13
31st January NW 323 13
1st February NW 303 13
2nd February NW 316 14
3rd February NW 308 14
4th February NwW 315 13
5th February NW 316 11
6th February WNW 297 11
7th February NW 313 12
8th February NW 310 13
9th February NW 325 14
10th February NW 310 15
11th February NW 306 17
12th February NW 306 16
13th February NW 317 15
14th February NW 309 13
15th February NW 312 12
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Appendix 4 Winds speed and direction data in GNOME simulations

Table 2 Koums winds coast (summer) at latitude and longitude location 32°37'47.25"N 14°20'1.20"E

Day month direction Direction/degree Speed/knots
16" July NNE 27 8
7" July NE 36 9
187 July NE 39 8
19t July NNE 23 8
207 July N 355 8
21t July N 352 8
22nd July NNW 347 7
231 July N 349 8
24t July N 5 7
25t July N 8 8
26t July NNE 11 9
27t July NNE 11 9
280 July N 352 9
29t July NNW 343 8
30t July NNW 345 9
31 July N 350 9
13t August N 355 9
2nd August N 3 8
3rd August NNE 18 7
4t August NNE 32 8
5t August NE 34 8
6t August NNE 19 9
7th August N 6 9
gth August N 2 8
gth August NNE 11 7
10" August NNE 24 7
11t August NNE 26 7
12t August NNE 21 9
13t August NE 34 8
14t August NNE 30 8
15t August NNE 22 8
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Appendix 4 Winds speed and direction data in GNOME simulations

Table 3 Tripoli winds on coast (winter) at latitude and longitude location 32°47'35.46 "N 12°40'49.33 "E

Day month direction Direction/degree Speed/knots
16th January WNW 303 11
17th January NW 306 12
18th January w 269 11
19th January WNW 287 12
20th January NW 311 13
21st January NW 313 14
22nd January NW 310 15
23rd January WNW 283 15
24th January W 274 15
25th January W 274 15
26th January WNW 301 14
27th January WNW 285 13
28th January WNW 303 13
29th January NW 309 13
30th January NwW 313 12
31st January NwW 314 12
1st February NwW 308 12
2nd February NW 316 14
3rd February NwW 307 13
4th February NwW 311 12
5th February NwW 319 11
6th February WNW 286 11
7th February WNW 290 12
8th February NwW 324 13
9th February NNW 327 14
10th February NW 307 15
11th February NW 314 15
12th February NwW 317 14
13th February NwW 322 13
14th February NW 313 12
15th February NwW 309 12
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Appendix 4 Winds speed and direction data in GNOME simulations

Table 4 Tripoli winds on coast (summer) at latitude and longitude location 32°47'35.46 "N 2° 40'49.33 "E

data Month direction Direction/degree Speed/knots
16th July NE 43 10
17th July NE 39 10
18th July NE 44 9
19th July NE 38 10
20th July NNE 16 10
21st July N 7 9
22nd July N 7 8
23rd July NNE 26 7
24th July NNE 32 6
25th July NNE 27 7
26th July NNE 27 8
27th July NNE 18 8
28th July NNE 21 8
29th July NNE 23 8
30th July NNE 20 8
31st July NNE 22 9
1st August NNE 18 9
2nd August NNE 28 8
3rd August NE 38 8
4th August NE 45 9
5th August NE 40 9
6th August NNE 30 9
7th August NNE 18 9
8th August NNE 29 8
9th August NE 38 8
10th August NE 42 8
11th August NE 40 8
12th August NNE 30 8
13th August NE 41 9
14th August NE 45 9
15th August NE 46 9
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Appendix 4 Winds speed and direction data in GNOME simulations

Table 5 Tripoli winds offshore (summer) at latitude and longitude location 33°49'56.93"N 11°56'30.30"E

day Month Direction Direction/degree Speed/knots
16th July NE 37 8
17th July NNE 29 8
18th July N 4 7
19th July N 355 8
20th July N 358 9
21st July N 350 9
22nd July NNW 338 7
23rd July N 351 6
24th July NNW 333 6
25th July N 350 7
26th July N 3 9
27th July N 4 9
28th July NNW 347 8
29th July N 355 8
30th July N 3 8
31st July N 1 8
st August N 359 8
2nd August NNW 346 7
3rd August NNE 14 6
4th August NE 39 7
5th August NNE 20 8
6th August N 4 9
7th August N 350 9
8th August NNW 339 7
9th August NNW 347 7
10th August NNE 23 7
11th August N 2 8
12th August N 3 8
13th August NNE 14 7
14th August NNE 19 7
15th August NNE 24 8

198




Appendix 4 Winds speed and direction data in GNOME simulations

Table 6 Tripoli winds offshore (winter) at latitude and longitude location 33°49'56.93"N 1°56'30.30"E

Day Month direction Direction/degree Speed/knots
16th January WNW 303 11
17th January NwW 306 12
18th January w 269 11
19th January WNW 287 12
20th January NwW 311 13
21st January NwW 313 14
22nd January NW 310 15
23rd January WNW 283 15
24th January W 274 15
25th January W 274 15
26th January WNW 301 14
27th January WNW 285 13
28th January WNW 303 13
29th January NW 309 13
30th January NwW 313 12
31st January NwW 314 12
1st February NwW 308 12
2nd February NW 316 14
3rd February NwW 307 13
4th February NwW 311 12
5th February NwW 319 11
6th February WNW 286 11
7th February WNW 290 12
8th February NwW 324 13
9th February NNW 327 14
10th February NW 307 15
11th February NW 314 15
12th February NwW 317 14
13th February NwW 322 13
14th February NW 313 12
15th February NwW 309 12
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Appendix 4 Winds speed and direction data in GNOME simulations

Table 7 Misratah winds offshore (summer) at latitude and longitude location 33° 8'43.64 "N 1 °23'6.94 "E

Day month direction Direction/degree Speed/knots
16th July NNW 316 7
17th July NW 338 8
18th July NNW 337 8
19th July NNW 341 8
20th July NNW 336 8
21st July NNW 334 8
22nd July NNW 329 8
23rd July NNW 325 7
24th July NwW 343 7
25th July NNW 334 8
26th July NNW 331 8
27th July NNW 332 8
28th July NNW 323 8
29th July NwW 317 8
30th July NwW 325 8
31st July NwW 334 8
st August NNW 341 8
2nd August NNW 344 7
3rd August NNW 324 6
4th August NwW 315 6
5th August NW 312 7
6th August NW 334 8
7th August NNW 332 8
8th August NNW 324 7
9th August NW 314 7
10th August NW 310 7
11th August NW 321 8
12th August NW 330 7
13th August NNW 343 7
14th August NNW 351 7
15th August N 351 7
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Appendix 4 Winds speed and direction data in GNOME simulations

Table 8 Misratah winds offshore (winter) at latitude and longitude location 33° 8'43.64 "N 15 © 23'6.94 "E

Data month direction Direction/degree Speed/knots
16th January NW 313 12
17th January NW 307 12
18th January WNW 292 12
19th January w 268 13
20th January NW 322 14
21st January NW 312 14
22nd January WNW 301 15
23rd January WNW 283 16
24th January W 277 16
25th January W 278 15
26th January WNW 283 14
27th January NW 310 13
28th January NW 319 13
29th January NW 306 14
30th January NW 307 14
31st January NW 318 14
1st February WNW 294 15
2nd February WNW 297 15
3rd February NW 316 15
4th February NW 319 13
5th February NW 320 12
6th February NW 319 12
7th February W 279 13
8th February WNW 283 14
9th February NNW 335 15
10th February NW 311 16
11th February NW 318 17
12th February NW 308 16
13th February NW 321 15
14th February NW 310 14
15th February NW 315 14
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Appendix 4 Winds speed and direction data in GNOME simulations

Table 9 Misratah winds on coast (summer) at latitude and longitude location 32°22'17.56"N
15°12'47.78"E

direction Direction/degree Speed/knots
16th July NNE 19 7
17th July NE 34 8
18th July N 358 7
19th July N 355 7
20th July NNW 344 8
21st July NNW 344 8
22nd July NNW 340 8
23rd July NNW 341 8
24th July NNW 344 7
25th July N 349 8
26th July N 4 8
27th July NNE 11 9
28th July N 3 8
29th July NNW 337 8
30th July NNW 332 8
3lst July NNW 340 8
1st Aguste NNW 345 9
2nd Aguste NNwW 347 8
3rd Aguste N 1 7
4th Aguste NNE 22 7
5th Aguste NNE 11 6
6th Aguste NNW 344 8
7th Aguste NNwW 344 9
8th Aguste N 353 8
9th Aguste NNE 13 8
10th Aguste NNE 32 7
11th Aguste NNE 17 8
12th Aguste N 8 8
13th Aguste N 5 7
14th Aguste NNE 19 8
15th Aguste NNE 12 7
16th Aguste NNwW 344 8

202



Appendix 4 Winds speed and direction data in GNOME simulations

Table 10 Misratah winds on coast (winter) at latitude and longitude location 32°22'17.56"N

15°12'47.78"E
data Month direction Direction/degree Speed/knots
16th January WNW 302 12
17th January WNW 290 12
18th January NNW 340 12
19th January WNW 292 13
20th January N 355 14
21st January NNW 343 14
22nd January WNW 285 15
23rd January NW 308 15
24th January NW 305 15
25th January WNW 300 14
26th January w 277 13
27th January WNW 286 13
28th January NW 304 13
29th January WNW 299 13
30th January NW 314 13
31st January NNW 343 13
1st February NW 310 13
2nd February WNW 283 15
3rd February NW 314 14
4th February NW 318 13
5th February NW 320 11
6th February NW 310 10
Tth February NNW 329 12
8th February N 5 13
9th February NNW 328 15
10th February NwW 312 16
11th February NW 312 16
12th February NW 307 16
13th February WNW 297 12
14th February NW 305 13
15th February NNW 347 13
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Appendix 5 Depth of Misratah coast

Table 1 maximum and minimum deep degree 20 m off shoreline along the coast

Coastal segment names Distance from shore death Costal description

shoreline

Dafnia High gradient
Jazeera al -hamam 20M 15M High gradient
Zurek 20M 12M Medium gradient
Abo Fatima 20M 8M Medium gradient
Aboruaia 20M 6M Medium gradient
Aman beach 20M 6M Medium gradient
Aljazeera beach 20M 5M Medium gradient
Altoba 20M 4M Medium gradient
Marbat 20M 4M Medium gradient
Resort industries 20M 10M High gradient
Soar Saud 20M 5M High gradient
Gaser-ahmed 20M 20M High gradient
Albonta 20M 8 M High gradient
Alroumia 20M 5M Medium gradient
Aerar 20M 3M Low gradient
Mahaboly 20M 2M Low gradient
Marzouga 20M 2M Low gradient
Almalafa 20M 15M Low gradient
Buerat 20M 2M Low gradient
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Environmental Laws and Regulations is a part of managing the coastal and marine
environment,
Libya already has quite a number of laws that deal with oil activities and the
environment generally. Libya has also signed international protocols with
Mediterranean Sea countries
- International Environmental agreement
- National Environmental agreement
1- International Conventions
e International Convention for the Prevention of Pollution from Ships (MARPOL
73/78)
o International Convention on Oil Pollution Preparedness, Response and Co-
operation
» CLC 1969 (amended with 1992 protocol)
« The United Nations Convention on the Law of the Sea (1982)
» Convention on Preservation of Fauna and Flora in their Natural State (London,
1933)
e African Convention on the Conservation of Nature and Natural Resources
( Algeria, 1968)
e Convention on Wetlands (Ramsar, 1971).
» Convention for the Protection of the Mediterranean Sea against Pollution
(Barcelona, 1976)
« Convention on the Conservation of Migratory Species of Wild Animals (Bonn,
1979)
« United Nations Convention on the Law of the Sea (UNCLOS) (Montego,
1982).
e Convention on Biological Diversity (Rio, 1992).
» Cartagena Protocol on Biosafety to the convention on biological diversity
(Montreal, 2000).
2- National Legislation :
Law for Protecting and Improvement of the Environment No. 15 1371 (2003) sets the

framework for environmental protection and sets out methods for pollution

205



Appendix 6 Legislative and regulatory framework

measurement and plans and programs for pollution elimination. The Law specifies the

duties of the public towards preserving the environment in the following relevant fields:

Informing the competent body pollution has occurred
Cooperation with international bodies for the removal of pollution
Protection of Atmosphere

Protection of Seas and Marine Wealth

Protection of Water Resources

Protection of Wildlife

Protection of Sea and Marine wealth ( Articles 18 —38)

Protection of Water Sources ( Articles 39 — 47)
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