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Abstract

Water scarcity is an issue at least once a year for 70% of the global population. As water
scarcity increases, desalination plants are on the rise. Today, desalinated water represents about
half of the entire water supply of Qatar. However, the desalination plants and, by extension,
Qatar are very sensitive to oil spill pollution. The Arabian Gulf being one of the most oil-
polluted environment in the World, Qatar is continuously threatened by oil spills, which could
lead to the closure of desalination plants. To efficiently manage its water supply, Qatar needs
to monitor its coastal waters in order to detect as early as possible oil spills that could potentially
threaten its desalination plants.

In this study, we perform a vulnerability assessment of Qatar desalination plants to oil
pollution originating from both shipping activities and offshore oil platforms. In order to
simulate oil drift dispersal, we used the open-source model OpenQil, which takes into account
the different physical processes driving oil dispersal as well as most of the oil weathering
processes. To assess the exposure to oil pollution originating from shipping activities, we first
identify the oil risk area around a desalination plant and then combine this risk information with
the density of ships in the Gulf. In a second step, a connectivity study was performed to
highlight which oil fields are the most dangerous for Qatar.

Overall, the results show a strong seasonal variability of the oil exposure patterns, which
reflects changes in the atmospheric and oceanic in the Gulf. When Shamal winds are blowing
in summer and winter, risk is usually located mostly Northwest of Qatar. However, when winds
weaken in spring and autumn, the risk area tends to shift East and be more isotropic. It is during
summer, that the circulation is the most intense and hence that oil spills could travel the largest
distances before reaching a desalination plant. Higher temperatures and more intense wave
activity however increase the oil weathering rate and hence reduce the associated risk. Among
Qatar’s three main desalination plants, Ras Laffan, located on the northeastern coast of Qatar,
is the one most at risk of being impacted by oil spills.

Despite the model is not validated by previous oil spill observations, our results could
inform Qatar authorities on ways to optimize their oil spill management strategy. This study
could also inspire new research about desalination plants vulnerability throughout the Arabian
Gulf and promote the development of oil spills forecasting and monitoring capacities in order
to reduce the impact of oil pollution on water production.
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Glossary

CMEMS: Copernicus Marine Environment Monitoring Service.
ECMWEF: European Centre for Medium-Range Weather Forecasts.
EEZ: Exclusive Economic Zone.

ERAS: ERA refers to "ECMWF ReAnalysis", with ERAS being the fifth global reanalysis
produced by ECMWEF.

NOAA: National Oceanic and Atmospheric Administration.
NEMO: Nucleus for European Modelling of the Ocean.
MSF: Mutli Stage Flash distillation.

MED: Multiple Effect Distillation.

RO: Reverse Osmosis.
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1 Introduction

Water scarcity is a global threat that affects every continent (WWF 2014 and
Worldvision 2018). While water shortages were first documented during the 19" century, it
became a major issue during the 20" century when about 11 billion people died due to a lack
of freshwater. Only since 1993, the United Nations have designated the 22™ March as World
Water Day to focus on the importance of freshwater. Despite this action, more than 70% of the
global population still finds water scarce at least one month of the year (fig. /.7) (Mekonnen
and Hoekstra 2016).

Numbér of months in whichg
water scarcity is >100%

Figure 1.1 : Number of months per year in which blue water scarcity exceeds 1. The blue water
scarcity level is measured by ratio between blue water consumption and net water withdrawal.
(Mekonnen and Hoekstra 2016)

Water scarcity is due to several causes at both the global and local levels. The first is
climate change. Global climate is changing fast, with more extreme heat events and more
variable rainfall patterns. On the one hand, some areas in World are now facing droughts almost
on a yearly basis while others are exposed to floods of increasing intensity. 74% of natural
disasters between 2001 and 2018 were related to water and this number is expected to increase
as climate change intensifies (UNICEF 2021). On the other hand, global population will keep
on increasing. This increase is highly correlated with the water demand. In 2050, the World
population is expected to be 30% larger than today and water demand will at least increase by
the same amount (UNICEF 2021 and Schleifer 2017). Population growth also leads to an
increase in water demand by the agricultural sector. Agriculture represents 70% the freshwater
use and 60% of this water is wasted (WWF 2014). In addition, the use of fertilizers and
pesticides pollutes both surface and groundwater. The latter is further depleted by irrigation,
which becomes more and more frequent as rainfall declines. Finally, the management of
wastewater is usually rather limited as 80% of wastewaters are released in the nature without
treatments or reuse (Schleifer 2017).



Water scarcity has an impact on human population in many different ways. Only 117
countries have sufficient data to assess availability of drinking water and sanitation services
(Sustainable Development Goal 6 on water and sanitation 2021). Despite this bias, 30% of the
World population did not have access to safely managed drinking water services in 2017. Lack
of drinking water is also related to poor sanitation services. In 2017, only 40% of world
population in the 117 countries assessed used safely managed sanitation services (Sustainable
Development Goal 6 on water and sanitation 2021). Patients suffering from diseases related to
lack of clean water represent half of the world’s hospital beds occupied at any given time
(Tzanakakis and al. 2020). Globally, 2.3 billion people are living in country with severe water
scarcity and this number is expected to keep on increasing (Tzanakakis and al. 2020;
Sustainable Development Goal 6 on water and sanitation 2021; Mekonnen and Hoekstra 2016).
The World Resources Institute (WRI 2019) identified 17 countries that are most at risk of water
scarcity (fig. 1.2). Most of these countries are located in the Middle-East and in North Africa
but there are also hotspots in South Asia, Europe and South Africa.
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Figure 1.2 : Map of country most at risk of water scarcity. The highlighted 17 countries face
the risk of extremely high water stress. (Bloomberg.com 2019 based on WRI's Aqueduct data)

As water scarcity increases, desalination plants are on the rise (FAO AQUASTAT).
Seawater desalination is a process whereby salty seawater is transformed into freshwater. Plants
are used to separate the salt and the water either by distillation or by reverse osmosis.
Desalination plants therefore need to be built by the sea in order to be close to the seawater
intake and brine outfall systems. Seawater desalination is nowadays a key water source in many
arid countries to fill in the gap between water demand and water supply. Since 1980, desalinated
water production keeps on increasing (fig. 1.3). Today, almost 16 000 desalination plants
produce on average 100 million m* of desalinated water per day.
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Figure 1.3 : Evolution of global desalinated water production and number of desalination plants
(Jones et al. 2019)

The desalination capacity in the Middle East and North Africa represents almost half of
the global desalination capacity (Jones et al. 2019). Most of the desalination capacity is located
in the six Gulf Cooperation Council (GCC) states. This council is formed by six countries
around the Arabian Gulf which are Bahrain, Kuwait, Oman, Qatar, Saudi Arabia and United
Arab Emirates. In the GCC states, desalinated water produces 80% of the total drinking water
(Mogielnicki 2020). In Bahrain, Kuwait, Qatar, and UAE, 50% of all the water used comes
from desalination plants production (Dawouda and al. 2020).

However, seawater desalination does not come without risks as it relies on a steady
intake of seawater. If that intake is disturbed, water production can be completely shut off. A
number of countries therefore rely heavily on a small number of very exposed coastal
desalination plants. They are facing several risks, including terrorist attacks, algal blooms and
marine pollution. The latter is particularly acute in the Arabian Gulf because of the presence of
many oil platforms and a very intense oil tanker traffic. The Arabian Gulf is thus very polluted
and oil spills of different sizes and origins are always present. If such spills were to reach a
desalination plants, the consequences could be major. As an example, the city of Sharjah (UAE,
20 km North of Dubai) was left without drinking water for one day after its desalination plant
had to be shut off after being exposed to an oil spill from a grounded ship (Mogielnicki 2020).
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According to WRI’s national water stress rankings, Qatar is the country most at risk of
water scarcity (fig. 1.2). Since 1987, it has therefore been relying extensively on seawater
desalination. Its groundwater reserves are now threatened by over-extraction and seawater
infiltration. The aquifer will be depleted in about 30 years if groundwater extraction continues
at the current rate. Desalination is thus essential to fulfil the needs of the agricultural, industrial
and municipal sectors (fig. 1.4). Today, desalinated water represents half of the general Qatari
water supply. The remaining half Qatari water consumption is covered at 36% by groundwater
and 14% by treated wastewater. In urban areas (such as in municipality of Doha), almost 100%
of the water supplies comes from desalination (Hussein and Lambert 2020).
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Figure 1.4 : Evolution of total water withdrawal in Qatar (based on data from FAO
AQUASTAT 2020)

Such a reliance on desalinated water carries substantial risk. As a peninsula located in
the center of the Arabian Gulf, Qatar is exposed to several geopolitical and environmental
threats. Oil spill pollution is one of those and it could have dire consequences on Qatar society.
If massive oil spills, such as those observed during the two Gulf wars, were to reach Qatar
eastern coast, it would shut off the production of its three main desalination plants, which are
just 100 km apart. With its current water reserves, that would leave the Qatari capital, Doha,
with only 3 days of drinking water supply (Name 2015).
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While massive oil spills are very rare, the Arabian Gulf continuously experiences oil
pollution. There are three main type of oil pollutions: natural pollution, land-based pollution
and sea-based pollution. Sea-based pollution is clearly the most dangerous for desalination
plants. It is almost always related to accidental or intentional oil releases from offshore
platforms, pipelines and ships (Zhang and al. 2019). Accidental releases can be due to vessel
accidents, blowouts at offshore platforms, ship abandonment, pipeline leaks, terrorist attacks,
and so on. Intentional releases are practiced by offshore platforms and all types of vessels to
ensure their proper functioning. In the case of vessels, it usually involves the cleaning of tanks
at sea to avoid the cost of performing that operation in a port. The statistics about oil sources
are generally very wide from one source to another. Nevertheless, the figures are still very
alarming regarding pollution from ships (fig. 1.5).
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Figure 1.5 : Sources of oil pollution (World Ocean Review 2010)

The Arabian Gulf is one of the most oil-polluted environment in the World. It is a major
passage for ships and especially oil tankers, with about 20-30 thousand tanker movements per
year (ScanEx 2018). 25% of the world’s oil supply passes through the Gulf each day (Ismail
2015). As mentioned before, ships are an important source of oil spills through their operational
discharges namely tank washings, ballast water discharges and discharges of ship waste
containing oil products but also through unintentional discharges following terrorist attacks or
accidents. In addition, the Arabian Gulf counts not less than 34 oilfields exploited by 800 wells.
On average 100 to 160 thousands tons of oil and oil products are released in Arabian Gulf every
year (fig. 1.6). This level of oil pollution is 47 times larger than the World’s average pollution
level (ScanEx 2018).
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Figure 1.6 : Map of all oil spills detected (pink areas) in the Arabian Gulfin 2017. Information
are provided by Sentinel-1A and Sentinel-1B SAR images. Gray line show boundaries of
terrestrial waters. (ScanEx 2018)

Despite its wealth, Qatar carries a double burden. It is at the same time severely exposed
to water scarcity and also to oil pollution. To efficiently manage its water supply, it therefore
has to continuously monitor its coastal waters in order to detect as early as possible oil spills
that could potential threaten its desalination plants. This requires both advanced early-detection
monitoring capacities and also forecasting capacities to predict the evolution of an observed
spill. The objective of this thesis is to contribute to the development of oil spills monitoring and
forecasting capacities by assessing the vulnerability of Qatar desalination plants to oil spills
originating both from shipping and from offshore oil and gas platforms. We will identify which
offshore areas present the greatest risk to Qatar desalination plants if oil was released there. Our
assessment will consider both diffuse oil sources related to shipping and localised sources
related to oil platforms. We will consider the interannual variability of the ocean circulation
through the Gulf over two consecutive years (2019 and 2020) in order to provide robust
overview of the space-time evolution of oil spill risk and the resulting vulnerability.
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2 Material and Methods

2.1 Area of interest

a. Qatar and the Arabian Gulf

Qatar is a small peninsular country on the eastern coast of the Arabian Gulf. The capital
Doha is situated in middle of the eastern coast. The peninsula is about 160 km long and 80 km
wide. The land area amounts to about 11 610 km? which is just a bit more than a third of
Belgium’s area. Over land, Qatar has just one border, with Saudi Arabia in the North (CIA
2021). Qatar’s population in 2021 reached 2.9 million (Worldometer 2021;
WorldPopulationReview 2021). Almost 90% of the population are non-Qatari. These consist
mostly of expatriates from India, Iran and Pakistan, which have been attracted by the economic
growth of the country (Britannica 2021). Qatar is well-known for its prosperity that relies on its
oil and gas reserves. As the other countries of Arabian Gulf, Qatar possesses a large amount of
oil reserves. Most importantly, Qatar is a major producer of natural gas. Its North field is one
of the largest offshore gas field in the World (Britannica 2021). Qatar’s climate is arid with
extremely high temperatures and low precipitations of only 75 mm per year (Rahman and Zaidi
2018). Hence, Qatar is considered like a desert and 96% of its population lives in urban areas.
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Figure 2.1 : Political map of the Arabian Gulf (nationsonline 2018)
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On a larger scale, Qatar is located in the Persian Gulf, also known as the Arabian Gulf,
and often simply called “the Gulf” (fig. 2.1). It covers an area of 250,000 km?. The Gulf extends
between 24°N and 30°N latitude and 48°E and 57°E longitude. It is about 1000 km long and
between 200 and 300 km wide (Vaughan and al. 2019). It is surrounded by deserts, which makes
drinking water particularly scarce for the populations living on its shores. The Gulf itself has a
low water supply. Indeed, the sea water comes mainly from the Arabian Sea through the Strait
of Hormuz. The main influx of freshwater comes from Iraq, Iran and Kuwait through the Tigris,
Euphrates, Karun and Mand rivers. The evaporation rates are very high and not compensated
by the fluvial contributions and the precipitations, which are negligible. This leads to a net loss
of water within the Gulf and hence a high salinity. The actual evaporation rate estimated is
2m/year (Reynolds 1993; Kaempf and Sadrinasab 2006). While precipitation accounts for 0.07
m/year and riverine inputs are of the order of 0.45 m/year (Reynolds 1993; Johns et al. 2003).
As result, the water in the Gulf has a salinity of about 40 grams of salt per kg of seawater (40
PSU), a value much higher than open ocean conditions. The seawater temperatures strongly
fluctuate through the seasons. Temperatures can go down around 20°C in winter but can rise to
35°C in the summer (Vaughan and al. 2019). The overall water depths in the Gulf are shallow,
with a maximum depth of 90 m and average depth of around 35 m. The bottom is constituted
by harder areas of rock or salt and allows the hosting of rare ecosystems such as coral reefs,
seaweed beds, seagrass meadows, mangrove forests, mud and sand flats (Vaughan and al.
2019).

b. Desalination plants in Qatar

As mentioned before, Qatar is facing major water stresses. It is ranked first among
countries most exposed to water stress (WRI 2019). There is no permanent river and
groundwater is already partly depleted and only useful for a minority of farmers. To overcome
this issue, the country has been very proactive in building desalination plants (fable 2.1).
Desalination now covers 50% of all the water consumed in Qatar for both domestic and
industrial use. There are 3 main types of desalination plants in Qatar. The oldest one is based
on Multiple Effect Distillation (MED). MED uses the principle of distillation and applies it in
series to reduce energy consumption. The Multi Stage Flash Distillation (MSF) is also based
on distillation but this time energy is reintroduced in the next stage by countercurrent heat
exchangers. The last process is Reverse Osmosis (RO). This process is more and more
recommended due to its low energy consumption. RO is based on physical process that let water
with a high salt concentration move towards a zone with lower salt concentration. This
movement takes places over a semi permeable membrane to allow the flow of water and
gradually reduce the salt concentration (SSWM 2009).

15



Plant Capacity (MIGD) Technology Commissioning year
Ras Abu Fantas 55 MSF (1997-1983) (1994)
Ras Abu Fantas b 33 MSF 1977-1998
Ras Laffana 40 MSF 2003-2004
Ras Laffan-b Qatar power 60 MSF 2006-2008
Abu Samra 0.2 RO 1982
Qaeedat al Shamal 0.2 MSF 1993
Ras Abu Fantas Al 45 MSF 2010
Ras Abu Fantas B2 30 MSF 2008
Ras Qertas 63 MED 2010-2011
Dukan 2 MED 1997
Ras Abu Fantas A3 36 RO 2016
60 RO
Umm al houl 2016-2017
76 MSF
Total 500

Table 2.1 : Desalination plants of Qatar. 1 MIGD = 4.546 million litres per day (Rahman and
Zaidi 2018; Qatar Electricity & Water 2021)

We have selected three largest plants in Qatar to perform our risk assessment and all
three are located on the east side. The three stations are respectively located in Ras Laffan, Ras
Abu Fontas and Umm al Houl (fig. 2.2).
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Figure 2.2 : Qatar’s power and desalination plants (The Oil & Gas Year Qatar 2015)
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c. Shipping routes and oil platforms in the Arabian Gulf

To assess the oil risk involved by the desalination plants, a good knowledge of
dangerous areas of the Gulf is important. These areas can be risky because of a high shipping
rate or the presence of offshore platforms. As mentioned before, the Arabian Gulf is a major
shipping lane especially for tankers and 25% of the world’s oil supply passes through the Gulf
each day (Ismail 2015). The shipping density data is based on tracking information retrieved
from the automatic identification system (AIS) that has to be fitted on all ships with more than
300 gross tonnage and all passenger ships (Halpern et al. 2015) (fig. 2.3). The data has been
collected throughout 2013. The shipping could of course have changed from 2013 to 2019. Here
we make the assumption that the overall shipping patterns remain the same. Changes in
amplitude won’t have any impact on our results as the shipping density will subsequently be
normalized.

[ 5000 and more boats per year
[ 2000-5000 boats per year

[7] 750-2000 boats per year

B 250-750 boats per year
Persian zone

Figure 2.3 : Shipping density ranges map in the Arabian Gulfin 2013 (Halpern et al. 2015)

Offshore platforms are another potential source of pollution. The Arabian Gulf is home
to about 800 offshore oil and gas platforms including some of the largest in the world (Albano
et al. 2016). Here we selected only the largest oil and gas fields, which can include several
platforms, and only those that were sufficiently close to Qatar to threaten its coastline (Le Grand
Atlas De Boeck 2014; CIA 2007). We tried to take points within the oil fields representing the
drilling wells. These wells were chosen for their large oil reserves and for their high
geographical variability between them in order to assess the risk from different locations in the
Arabian Gulf (fig. 2.4).
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Figure 2.4 : Location of the oil and gas fields considered in this study

2.2 Ocean circulation in the Gulf

a. General circulation patterns and their seasonal variability

The circulation in the entire of the Arabian Gulf change through the seasons (Vaughan
and al. 2019). Beside the tides, there are 2 major processes regulating the circulation in the Gulf.
The first one are the forces related to the density gradients generated by a high evaporation rate
(Reynolds 1993; Kaempf and Sadrinasab 2006). The second is the wind, which plays a major
role, especially the dominant northwest shamal winds. During the warm months, the increase
of temperature and the decrease of wind intensity lead to a cyclonic currents extended all over
the Gulf. The surface waters enter in the Gulf through the Strait of Hormuz and then flow along
the coast of Iran. It then turns around near Saudi Arabia and moves along the western side of
the Gulf before exiting the Gulf through the Strait (fig. 2.5). In autumn, the water temperature
decrease and the shamal winds increase inducing an instable circulation. This produces
persistent meso-scale eddies in the center of the Gulf. In spring, the circulation becomes again
directional and cyclonic due to the increase of temperature.
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Figure 2.5 : Diagram of the water circulation in the Arabian Gulf during warm months
(Pakhirehzan and al. 2018)

b. Hydrodynamic model (NEMO)

We model the regional circulation the Gulf by using the global ocean circulation model
NEMO!. The physical ocean component of NEMO solves the 3D ocean circulation primitive
equations for the velocity field, sea surface elevation, temperature and salinity. It uses a global
curvilinear orthogonal grid in the horizontal direction and a mixture of z and s coordinates in
the vertical. NEMO is well suited to regional and global ocean circulation problems down to
kilometric scale.

NEMO model outputs are distributed by Mercator Ocean, the French center for analysis
and forecasting of the global ocean. Mercator Ocean operates global forecasting systems and
produces global and regional reanalysis, all based on NEMO ocean model, coupled to a data
assimilation system. For this project, we used the outputs of the global forecasting system,
which are available on the Copernicus web interface. They include hourly mean surface fields
for sea level height, temperature and currents. The global ocean output files are displayed with
a 1/12° horizontal resolution and 50 vertical levels ranging from 0 to 5500 meters.

I NEMO: Nucleus for European Modelling of the Ocean ( )
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2.3 Oil spill modelling

a. Chemical and physical processes driving oil spills dispersal

After being released in the water, an oil slick will continuously evolve. There are many
different types of oil according to their density and viscosity. These properties will influence
the behaviour of the oil in sea. Oil density is usually expressed in API degree (CESBC 2016).
The high API degree is associated to a low oil density which results in a higher evaporation
rate. Viscosity influences the thickness of the slick and hence its movements and its weathering.
The oil environment will also impact its fate. For instance, the sea surface temperature will
influence the oil evaporation rate. The waves, currents and winds will also drive the slick
dispersal and weathering.

Oil undergoes many weathering processes all along its drift (Daniel 2012; Lee et al.
2016). First, when an oil spill occurs, it tends to spread in every directions. The area of spreading
depends on the oil viscosity. The more an oil slick spreads, the more it has an negative impact
on the environment. The oil slick will move according to the currents and, if it is at the sea
surface, it will also be influenced by wind and waves. Oil is also able to move vertically within
the water column (Rohrs et al. 2018). This vertical movement depends on the oil density, which
changes through time due to weathering processes, and also on breaking waves, which are
generally often correlated to the wind. This process is called submergence and can be reversed
by oil droplets resurfacing.
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Figure 2.6 : Diagram of the behaviour and weathering processes of oil in water (Seos Project
2014)
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From a degradation point of view, the oil slick first undergoes evaporation. This change
of state occurs during the first few hours and strongly modifies the oil slick properties.
Evaporation is generally more important if the oil density is low and if the water temperature is
high. The fraction of oil that can be evaporated usually vanishes within a day (Reed et al. 1999).
The dissolution involves the same oil fraction that can evaporate (Mishra and Kumar 2015).
Since evaporation occurs quickly, dissolution is a minor process. However, oil dissolved in
water increases the water toxicity. Breaking waves can carry seawater into the oil slick (Tarr et
al. 2016; Zhang et al. 2019). Water droplets are then incorporated into the oil slick and increase
the density and viscosity of the slick. This process is called emulsification. It is considered to
be a protection of the oil by the water, which cannot undergo further weathering processes.
Breaking waves can also break oil droplets into smaller particles (Zhang et al. 2019). This
dispersion process facilitates the removal of oil by increasing the total surface area of particles
in a slick. The application of dispersants aims to promote this phenomenon. The
photodegradation affects the composition of the oil. The solar radiation oxidize the oil and
change its chemistry (Tarr et al. 2016; Zhang et al. 2019). The oxygenated products are more
soluble in water and more persistent than the original oil. This alteration is not yet well
understood but it could increase the oil toxicity. Next, biodegradation is the only biological
process and it is an important way to decrease the oil mass (Zhang et al. 2019). Microorganisms
will break down the molecules that make up the oil. Biodegradation can take place on the
surface or within the water column. This process is accelerated at higher temperatures or if the
oil contains more biodegradable compounds. As mentioned before, the oil density will change
because of evaporation and emulsification. These processes can lead to oil sinking if its density
exceed than that of water. Oil and its residues have the ability to interact with sediments in the
water column (Tarr et al. 2016; Zhang et al. 2019). A sinking oil particle can sometimes bind
with detritus, minerals and so on. And in turn, these aggregates can sink and settle on the seabed.
This process is called sedimentation and can be a major player in the removal of an oil slick.
Unfortunately, it remains poorly documented and difficult to predict.

Oil weathering include all the processes modifying the physical or chemical properties
of the oil spill. However, from the desalination plants point of view, we need to make distinction
between alteration processes and removal processes. Alteration processes change the
composition or physical status of the oil but without completely removing the hazard due to the
oil. On the other hand, removal processes reduce the oil concentration and hence also reduce
the associated hazard. This segmentation only valid for desalination plants are based on the
current understanding of the processes (table 2.2).
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Removal Alteration
Evaporation Dispersion
Biodegradation Dissolution
Sedimentation Emulsification
Photooxidation
(Submergence)

Table 2.2 : Summary of the main oil weathering processing and distinction between those that
reduce the oil concentration (removal) and those that simply change the oil composition
(alteration).

b. O1l dispersal model (OpenQOil)

In order to simulate oil drift dispersal, we will use an open-source oil transport model
called OpenDrift (Dagestad et al. 2018). The source code is in Python and was developed
mainly by the Norwegian Meteorological Institute. It is a Lagrangian trajectory model that
represents the drift of particles within a fluid. Opendrift can handle different types of particles
such as microplastics, planktons, oil, pelagic eggs and so on. Each type of particle has a specific
OpenDirift subclass. Here, we will use the OpenQil subclass to simulate the evolution of an oil
spill. OpenOil has been thoroughly parameterized and validated, and is operationally used by
the Norwegian Meteorological Institute. The oil particles are considered as Lagrangian
elements representing a certain volume of oil (RShrs et al. 2018; Dagestad et al. 2018).

From a physical point of view, each oil element is driven horizontally by three main
processes. First, each element drifts with the ocean currents, whether it is at the surface or
submerged. Secondly, the elements are also driven by surface wave propagation, through the
so-called Stokes drift, which decreases with depth (Breivik and al. 2016). Thirdly, the elements
at the surface are also moved by the direct action of the wind with a velocity equal to 2% of the
wind velocity. Since the surface Stokes drift velocity is usually parametrized as 1.5% of the
wind velocity, we end up at the surface with an additional component equal to 3.5% of the wind
velocity that is added to current velocity (Ardhuin et al. 2009; C. E. Jones et al. 2016). Since
the Stokes drift and the current velocity change with depth, it is therefore important to know
how the vertical position of the oil elements will change. Firstly, oil elements on the surface are
likely to be entrained by breaking waves into the ocean. The emergence of this phenomenon is
calculated as a probability in function of time (C. E. Jones et al. 2016). In addition to breaking
waves, the buoyancy of oil elements will determine its vertical dynamics. It depends on oil
viscosity, oil density, seawater temperature, salinity and on the oil droplet size distribution
(Tkalich and Chan 2002). Finally, within the water column, the oil elements are subject to
vertical turbulence. All these physical processes concerning the particles are expressed and
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parametrized based on the literature (Dagestad et al. 2018; Rohrs et al. 2018; C. E. Jones et al.
2016). A diagram summarizing the different steps performed by OpenOil is shown in fig. 2.7.
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(weathering) using
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for surface oil

y

Vertical turbulent
mixing and buoyant
rising of submerged
oil droplets

.
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according to ocean
current, Stokes drift,
and wind-drift at surface

!

< ] D_eac‘tivate oil elements
hitting land

Y

Y

Simulation finished

Figure 2.7 : Diagram of the physical steps of an Opendrift simulation

OpenOil also takes the oil weathering into account in order to correctly represent the
degradation of the oil spill. Since that degradation is very sensitive to the type of oil, OpenOil
uses a very detailed oil library developed by the National Ocean and Atmospheric
Administration (NOAA) (Androulidakis et al. 2020; Dagestad et al. 2018). The different oil
types are listed and can be use in OpenOil model. This NOAA library allows OpenOil to know
the properties of a large number of oil types. In this study, we will consider ' QATAR MARINE'
oil with an initial density and viscosity of 850.296 kg/m® and 9.277 x 10" mPa.s, respectively.
Droplet size and entrainment rate were set to default values (Dagestad et al. 2018). In addition,
the seawater temperature and salinity are respectively set by default to 30 degrees and 40 PSU.
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The evolution of several oil properties as well as the different fraction of oil that have been
weathered can be followed throughout the simulation (fig. 2.8). The sharp decrease of the oil
fraction at the surface during the first few hours is due to evaporation. Lighter oil quickly
evaporates in contact with warm water, hence increasing the remaining oil density (Zhang et al.
2019; Tarr et al. 2016). In our case, we are working with medium density oil that loses more or
less 50% of its mass during the first hours of the oil spill.

QATAR MARINE (850.3 kg/m3) - 2019-02-01 00:00 to 2019-02-05 00:00
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Figure 2.8 : (a) Evolution of oil weathering as simulated by OpenOil for QATAR MARINE oil
and (b) evolution of oil viscosity and density. The simulation was carried out in the middle of
the Gulf with an initial oil mass of 850.3 kg and lasted 4 days.

There are 2 ways to simulate the evolution of an oil spill with OpenOil: forward and
backward in time. With the forward method, we start with an initial oil elements distribution
and simulate its future evolution. We can hence find out where it will go. At the end of the
simulation, we can evaluate what fraction of the initial oil reached the desalination plant. This
method allows us to explicitly take into account oil weathering processes. However, the
probability that a particle released from a specific location in the Gulf will reach a desalination
plant on the coast is very low. A very large number of particles would thus be required to
evaluate such low probability, which would not be very efficient. This is the reason why we
will also perform backward simulations. In this case, we release oil elements at the desalination
plan and simulate their transport backward in time. We can hence find out where the particle
came from and what trajectory it followed on its way to the desalination plant. That allow us to
identify the area from which oil particles would be transported to the station and also estimate
the time it would take to reach the station. The backward approach is thus more efficient than
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the forward approach to identify the offshore area that presents the largest risk to the
desalination plant. However, when going backward in time, weathering processes cannot be
taken into account and the mass of each oil particle thus remains constant.

Both methods are used in this study but the duration of both types of simulations will
be different. Since weathering is not taken into account when doing a backward simulation, we
have to be careful not to run a simulation that unrealistically long and which would hence
overestimate the extent of the risk area. We have therefore chosen to run backward simulations
during only 5 days. After that duration, most of the oil in the spill will have been weathered.
This can be seen in fig. 2.8a where almost no oil is left at surface after 75 hours of drift and
only the dispersed or submerged oil fractions remain. These are less of a threat to the station.
With the forward simulations, weathering is explicitly taken into account and the mass of the
oil elements hence decays over time. We will therefore run longer simulations of 10 days in
order to capture the tail of the risk distribution corresponding to rare long-distance events.
Finally, since oil degradation rate depends on water temperature, we will take into account the
average monthly sea surface temperature (SAS 2020).

c. Input data

First, we need to define the release locations of the oil elements. These areas depend on
the method used. With the backward method, the elements will start from the stations, which
will be represented by a circular risk area with a radius of 2 km (fig. 2.9 and table 2.3) (Ciappa
and Costabile 2014). Oil particle will be released from the border of this risk area. Oil particles
are released every day at midnight throughout the year and their final positions are aggregated
for each month of the year. The forward method is employed to evaluate the risk related by an
offshore platforms. In this case, we therefore released oil elements from each oil field (fig. 2.4).

Location Capacity  Coordinates Risk zone radius Number of receptor
(m*/day) (decimal degrees —  (decimal points (width =
WGS84) degrees) 0.0001 decimal
Lon Lat degrees)
Ras Laffan 454 690 51.5500 25.9464 0.01 21
Ras Abu Fontas 904 830 51.6269 25.2061 0.01 18
Umm al Houl 618 380 51.6295 25.0643 0.01 20

Table 2.3 : Description of desalination plants along the Qatari coast selected for oil spill
assessment
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Figure 2.9 : Risk zones and receptor points associated to each stations in Qatar

Finally, OpenOil needs forcing data to drift the oil slick all along simulations. These
data are the wind, currents, and waves which have a significant impact on the movement of oil
elements. This data must be in NetCDF format in order to be readable by OpenOil. All
information regarding forcing data can be found in table 2.4.

Source Parameters Year used Resolution :

Temporal  Horizontal Vertical

ERAS5 model of Wind 2019,2020  Hourly 0.25° Surface
ECMWF (ERAS)

CMEMS (CMEMS) Wave 2019,2020  3h 1/10° 50 layers
CMEMS (CMEMS) Current 2019,2020 Daily 1/12° 50 layers

Table 2.4 : Summary of data used for the simulations and the maps creation
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2.4 Vulnerability indicators

In OpenOil, when we simulate an oil spill, each oil particle is tracked. We give in input
the total drifting time, the timestep, the location of release, the forcing data, etc. During a
timestep, an oil particle moves according to the forcing data (wind and oceanic current). At the
end of a timestep, the location of the particle as well as the fraction of oil as well as the fraction
of oil lost through each of the weathering processes is stored. Then, the model recalculates the
forcing data for the new location of the oil particle and this particle drifts again during the next
timestep. This simulation pattern is repeated until it reaches the total drifting time (provided in
input). The data collected at the end of each timestep of the simulation are the building blocks
to create all the risk and vulnerability indicators presented in this section.

a. Vulnerability to oil spills from shipping

As mentioned before, the connection between an area in the Gulf and a very specific
location on a coast is a low-probability event. In our case, the number of oil particles released
is too small to be able to assess the risk of an oil spill using a simple forward method. We
therefore adopted the opposite approach by using the target-to-source path. For this purpose,
we have used backward simulations. The principle is to start with oil elements at the target
location (i.e. the desalination plant), and then go back in time to understand where the oil
elements threatening the plant came from. Starting from the station, we will be able to identify
the trajectories of the elements as they move backward in time and hence identify the offshore
that presents a risk to the station (fig. 2.10). It is important to note that an oil particle is evaluated
all along its drift. The final location of the oil is not the only dangerous area. Oil released along
the backward trajectories is also a threat for the desalination plant. In order to take this
information into account, we keep track of all the successive positions of each oil element as it
moves backward in time.
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Figure 2.10 : Example of a 5 days backward simulation starting from a receptor points at Ras
Laffan desalination plant. The green points are the initial positions of the particles at the
beginning of the backward simulation, the blue points are the places where the oil particles were
5 days before reaching the station and the red points are elements that come from the shore (and
hence not considered here). In addition, the gray trajectories highlight where the oil elements
were as they moved backward in time from the station. Any oil elements released along these
trajectories also represent a risk to the station.

From these backward simulations, we will create three different types of maps. By
combining all the simulation results obtained at each day of a given month, we obtain maps that
include all the variability present in the different forcing throughout the month.

First, we create arrival time maps, which indicate the time it would take for an oil spill
to reach a desalination plant. We assess all oil particles of each timestep (fig. 2.10) and we
distinguish them according to the time they have already been drifting : < 1 day, between 1 and
2 days, between 2 and 3 days, between 3 and 4 days and between 4 and 5 days. We are in
backward hence, if we reverse to a forward simulation, these drifting times will indicate the
time it will take for the element to reach the plant. These drifting ranges are stored and the same
process is performed every days of the month. By combining all the ranges of the same arrival
time during the month, we obtain a single plume of arrival time. The last step is to display them
in order of risk. The map represents a minimum arrival time for a month-station combination

(fig. 2.11).
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Figure 2.11 : Example of a minimum arrival time map for Ras Laffan in March 2019. The dark
red line shows the limits of Qatar exclusive economic zone (EEZ).
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The second indicators estimates the spatial distribution of the oil spill risk for a given
desalination plant. To construct that indicator, we first build a grid that covers the entire Gulf
with pixels of 0.02x0.02 decimal degree. As with the previous indicator, we look at the position
of all the oil elements at every timestep of the backward simulation (fig. 2./0) and count the
number of elements in each pixel of the grid. This count over the entire grid allows us to identify
which pixels are the most hazardous according to the number of elements reported in that pixel
for a backward simulation. We perform the same process on the same grid for every backward
simulation of a month. At the end, we obtain a distribution that highlights where oil elements
were the most likely to be during their 5-days backward motion. The distribution is
subsequently normalized to make it independent of the drift time, the number of timestep, the
number of oil element released and pixel area (Eg. 2.1). It is important to note that the integral
of this probability density is smaller than 1 as we discard all particles that end up being stranded
during their backward motion. Those particles would correspond to oil spills released from the
land, which are not considered her. Nevertheless, the integral of this oil spill risk distribution
function is a global measure of offshore oil spill risk (Eq. 2.2). These risk distribution functions
are computed for every month and every desalination plant (fig 2.10).

Equation 3.1 : Probability density Equation 3.2 : Total risk
Number of particles per pixel * Timestep
Total number of particles released Total drift time Z(PTObabﬂify density * Pixel area)
Pixel area
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Figure 2.12 : Example of a risk distribution function with the associated Total risk for Ras
Laffan in March 2019
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Using the risk distribution function that we have just computed, we can derive an
exposure function to oil spills resulting from shipping activities by using a shipping density
function. The goal here is to determine which the areas are most hazardous to a given
desalination plant because of marine traffic. We do that by multiplying the risk distribution
function (fig. 2.12) with a ship density function (fig. 2.13). This amounts to assume that the
probability of an oil spill being produced at a certain location will be proportional to shipping
density at that location. We hence only consider marine traffic as a potential source of oil. We
therefore normalize the ship density function to obtain a ship probability distribution function
(with a surface integral equal to 1 (fig. 2.13) and multiply it with the risk distribution function
(Eq. 3.3). The resulting shipping exposure maps are again computed for every month and every
desalination plant. As we the risk distribution function, we can compute the surface integral of
the shipping exposure distribution function to obtain the total monthly exposure of a given
desalination plant to shipping activity (fig. 2. /4). That indicator is particularly useful to compare
the vulnerability of the three plants and identify which months are the most hazardous.
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Figure 2.13 : Shipping density distribution in a sub zone of Arabian Gulfin 2013. The sub-area
boundaries are determined by the fact that neither oil elements coming from outside of this zone
could threat a station in 5 days.

Formula 3.3 : Product of densities Formula 3.4 : Total exposure

Probability density risk * Probability density ships

Y. Product of densities * Pixel area
Pixel area Pixel area
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Figure 2.14 : Example of an exposure map with the associated Total exposure for Ras Laffan
in March 2019

b. Vulnerability to oil spills from drilling platforms

So far, we have only considered a generic oil spill risk distribution function and an oil
spill exposure function that only takes marine traffic into account. However, oil spill can also
be produced by other sources. One obvious source of oil pollution in the Gulf are offshore oil
and gas platforms (fig. 2.4). These platforms are generally clustered together over oil fields. We
will therefore consider another exposure indicators for oil spills originating from these oil fields.
Unlike marine traffic, oil fields are rather localised, and we therefore follow a different
approach. We will now consider forward oil spill simulations from a source (i.e., the oil fields)
to a destination (i.e., a portion of Qatar’s coastline). Qatar’s coastline has been divided in 10
different segments (fig. 2.15) corresponding to particular coastal cities or assets. When running
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Figure 2.15 : Partition of Qatar’s coastline in ten coastal segments. Three of these segments
correspond to desalination plants (highlighted by an icon).
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forward oil dispersal simulations, we can now explicitly take oil weathering into account. This
means that oil particles will naturally degrade (and hence lose mass) as they move forward in
time. We can therefore run longer simulations to take into account the low probability of long-
distance dispersal events. The simulation duration is thus increased to 10 days. As with the
previous backward simulations, we run simulations that start every day and do that for the entire
years 2019 and 2020.

For each of these simulations, we compute a connectivity matrix that indicates what
amount of oil released at a given oil field reaches a given segment of Qatar’s coast. All the daily
connectivity matrices for a given month are then summed together to have one unique monthly
connectivity matrix (fig. 2.16). Each row in that matrix is then normalised by the total amount
of oil released at the corresponding oil field to obtain a normalised connectivity matrix. In that
matrix, each desalination plant corresponds to a particular column. By summing all the entries
in each of those columns, we can estimate the exposure of each desalination plant to oil spill
pollution originating from offshore platforms. The connectivity matrix can be visualised as a
graph where each non-zero entry in the matrix corresponds to an edge in the graph, between an
oil platform and a coastal segment.
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3 Results

In this section, we will produce several maps that show how the oil spill risk that Qatar
desalination plants are facing varies spatially and temporally. We will consider different risk
indicators that are related to oil spills originating from both shipping activities and offshore oil
platforms. All these indicators are computed for each month of the year in 2019 and 2020. For
the sake of brevity, we will only show results for 2019 and for the months of January, April,
July and October. That will allow us to better highlight the importance of the seasonal
variability of oil spill risk. We will also only show results for the stations of Ras Laffan and
Umm al Houl as the latter is very close to the station of Abu Fontas. The risk maps for Umm al
Houl and Abu Fontas are therefore very close. The interested reader is referred to Appendices
section to see the entirety of our results for the three stations, all months and both years.

3.1 Circulation patterns around Qatar

The regional ocean circulation around Qatar is characteristic of the circulation in the
entire Arabian Gulf, which is mostly driven by changes in the stratification and wind regime.
The wind-induced currents in the Gulf are predominantly towards south/southeast due to the
northerly winds including shamal winds. During the summer, surface waters warm up and lead
to very stratified conditions that result in a stable cyclonic circulation that extends to almost the
entire Gulf. In autumn, surface waters cool down and wind intensifies leading to a decreasing
stratification and hence a destabilisation of the circulation, which produces smaller meso-scale
eddies. The stronger mesoscale activity during the winter leads to a weaker mean circulation.
In spring, the increase of temperature leads to a slow restratification, which reduces the
mesoscale eddy activity and leads to a more directional circulation.
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Figure 3.1 : Seasonal variability of the monthly-averaged ocean circulation around Qatar as
simulated by the ocean model NEMO in (a) January 2019, (b) April 2019, (¢) July 2019 and
(d) October 2019

3.2 Desalination plants risk maps

In January and April, the large-scale circulation offshore of Ras Laffan is rather weak.
Oil dispersal is therefore mostly tidally-driven and the resulting risk plumes are quite isotropic
in southeast-northwest direction, which corresponds to the direction of the tidal currents (fig.
3.2). In the summer, there is a strong gyre in the center of the Arabian Gulf that generates
stronger currents North of Qatar that flow in the southeast direction. Ras Laffan is therefore
exposed to oil spills coming from the northwest and potentially from well outside Qatar EEZ.
In autumn, the circulation is more variable, with smaller eddies, and often directed to the
northwest. Ras Laffan is thus exposed to a risk coming mostly from the southeast.

Around Umm al Houl, the large-scale circulation is generally weaker. Oil dispersal will
therefore be mostly driven by the tidal currents (leading to a rather isotropic dispersal) and by
wind. The wind in that area are generally coming from the north west and weaker than the
Shamal wind at the middle of the Gulf (Khonkar and al. 2009). The oil risk is rather isotropic
and remains rather close to coast even if it extends out of Qatar EEZ (fig. 3.3). In summer, the
risk plume is the smallest and mostly located north of Umm al Houl.

Throughout the year, Ras Laffan appears to be more at risk of being disturbed by an oil
spill than the stations of Umm al Houl and Abu Fontas. This total is computed by integrating
over the sea the risk distribution function. Except during autumn, Ras Laffan faces a risk 50-
80% larger than the other two stations.
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Figure 3.2 : Seasonal varability of oil risk probability density for Ras Laffan in (a) January
2019, (b) April 2019, (¢) July 2019 and (d) October 2019
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3.3 Arrival time maps

The minimum arrival time maps shows the time it would take for an oil spill to reach a
desalination plan. In Ras Laffan, the circulation is sometimes strong which increase the distance
that an oil spill can travel in a couple of days. In January, April and July, an oil spill originating
from Bahrain EEZ could reach Ras Laffan in less than 2 days (fig. 3.4). Umm al Houl (and Abu
Fontas) desalination plants are also exposed to spills originating from outside of Qatar EEZ.
These two stations could indeed be impacted by oil spills originating from the UAE EEZ in less
than 2 days as well (fig. 3.5).
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3.4 Shipping exposure maps

Exposure maps combine the risk of being impacted by a spill and the probability for the
spill to originate from a certain location. Here we assume that this probability is directly
proportional to the density of the shipping traffic (fig. 3.6a). The latter is particularly important
in the center of the Arabian Gulf, along the main shipping route that goes from the Strait of
Hormuz to the oil terminals in Iraq and Kuwait, and also along all the secondary routes that
connect the main route to all the ports and terminals along the coast. Ras Laffan desalination
plant being closer to the center of the Gulf and next to the gas terminal of Ras Laffan it is much
more exposed to oil spills originating from shipping accidents than the stations of Umm al Houl
and Abu Fontas. The exposure is the largest during summer and takes non-negligible values
even outside of Qatar EEZ.

Ras Laffan appears to be vulnerable to oil spills released along 3 shipping routes (fig.
3.6a): the route going to Bahrain in the North (R1), the route going straight to the gas terminal
of Ras Laffan(R2) and the route going to Doha and Abu Fontas in the South (R3). In January,
the desalination plant is exposed to all three routes but the overall exposure is rather limited. In
April, the exposure is larger on mostly concentrated along R2 with also some exposure to R1
(fig. 3.6b). In July, the stronger northwest currents lead to an increase of the exposure to R1
while the overall exposure remains limited (fig. 3.6¢). Finally, in October, the exposure shifts
South and is mostly located along R2 and, to a lesser extent, along R3 (fig. 3.6d).

The exposure of Umm al Houl (and Abu Fontas) is much weaker, by about a factor of
5. Among the three routes described before, only R3 presents a risk for these two stations but it
is rather limited as the risk distribution is generally skewed towards the South and hence does
not overlap much with that shipping route (fig. 3.7). The vulnerability pattern therefore appears
to be more isotropic and probably influenced by smaller vessels that operate more locally do
not necessarily follow the more important shipping routes.
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3.5 Oil platforms exposure maps

There are three oil and gas (O&GQG) fields in Qatar EEZ but they are rather far from the
coast. Currents therefore need to be quite strong and directional during a long period in order
to carry an oil spill from one of these platforms to the coast of Qatar. In winter, spring and
autumn, the currents are mostly directed to the south/south east and rather weak. Most of the
risk therefore comes from O&G field of Abu sa Fah, which can potentially impact the station
of Ras Laffan but not the two others (fig. 3.8a,b,d). In the summer, the currents are both stronger
and more consistently directed to the Southeast. They can therefore transport oil spills over
larger distances. As a result, the distant Zuluf oil field (KSA) can represent a risk to the Ras
Laffan station and also to Abu Fontas (fig. 3.8¢).

The average fractions of oil stranded are the similar in January, April and July. Stranding
is weakened in October as the circulation is more unstable and weaker so that oil spills have a
lower probability of reaching the coast.
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3.6 Total monthly exposure timeseries

The total exposures and the average oil fractions stranded can be compilated for the
years 2019 and 2020 (fig. 3.9). The evolution of total exposure and average fraction stranded
show the variation of exposure of oil from ships and the variation of exposure of oil from
offshore platforms.

Among the three main desalination plants of Qatar, Ras Laffan is the most exposed to
oil spills throughout the year and from both shipping and O&G platforms. Abu Fontas and
Umm al Houl have a similar exposure that is markedly smaller than the one of Ras Laffan.

The timeseries for 2019 and 2020 suggest that oil spill vulnerability is the largest in
spring. During that period oil exposure is large for both shipping and offshore platforms.
Autumn also appears to be a period of high vulnerability but mostly to shipping. However, since
the circulation is less stable at that time of the year, we expect more variability from one year
to the next. In contrast, summer and especially July generally represent a weaker exposure.
However, because of the stronger circulation, that exposure is less localised and hence
potentially more difficult to detect.
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4  Discussion

4.1 Influence of ocean and wind circulation on oil pathways

Oil dispersal is driven by the complex interplay between the atmospheric and oceanic
circulation. On the one hand, since oil density is lower than water’s, it floats on the sea surface
and is directly influenced by the wind. The wind also generates surface waves that contribute
as well to oil dispersal through the Stokes drift. The combination of both the direct wind effect
and the wind-generated waves effect yields a oil drift velocity of about 3.5% of the wind
velocity (C. E. Jones and al. 2016). This is not negligible, especially during the summer and
winter months when Shamal winds are frequently blowing at a speed above 10 m/s. On the
other hand, heavier oil fractions stay below the surface and vertical mixing in the ocean
continuously brings oil particles down in the water column. All these oil particles are
transported by the ocean currents, which are influenced by many factors such as wind, density
gradients and tides. The combination of a strong vertical stratification and intense northwesterly
winds in the summer yields a very directional southeastward circulation (fig. 3./c). Once
vertical stratification weakens at the end of summer and winds weaken as well, the circulation
becomes more unstable and mesoscale eddies start to dominate (fig. 3.1d). The mesoscale eddy
activity remains throughout the winter and early spring until temperatures increase again to
recreate a stratified vertical density profile (fig. 3.1a,b).

The result of this complex interplay is that oil risk areas change throughout the year. In
the summer, both the oceanic and atmospheric circulation are southeastward and oil spill risk
therefore comes from the North-West (fig. 3.2¢). In the autumn, winds weaken and mesoscale
eddies intensify such that the risk area moves to the East (fig. 3.2d). In the winter, mesoscale
eddies are still present, but northwesterly Shamal winds intensify such that the risk area
becomes again oriented in the NW-SE direction (fig. 3.2a). Here tides play a bigger role as the
large-scale circulation is weaker than during the summer. Since tidal currents are oriented along
the coast and continuously change direction, they yield a more isotropic dispersal in the NW-
SE direction (for Ras Laffan) and in the N-S direction (for Umm al Houl and Abu Fontas) (fig.
3.2a,b and fig. 3.3a,b). In spring, winds tend to weaken again and oil dispersal is again
dominated by mesoscale eddies that yield a more isotropic risk areas that extends East again
(fig. 3.2b). By the end of the spring, temperature increases, water column restratifies and
mesoscale activity decreases in favor a stable gyre system that yields again more directional
southeastward dispersion.
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4.2 Identification of dangerous areas, sensitive stations and
risky periods

The risk area for the three desalination plants frequently extends out of Qatar EEZ. Ras
Laffan is exposed to oil spills originating from Bahrain and Saudi Arabia’s EEZ most of the
year except during the autumn (fig. 3.4). Umm al Houl and Abu Fontas are exposed to oil spills
the UAE EEZ (and to a lesser extend Saudi Arabia’s waters between Qatar and UAE) during
most of the year except during the summer (fig. 3.5). For all three stations, oil spills originating
from outside of Qatar EEZ could reach the stations in less than two days. This strongly supports
the development of extensive satellite-based monitoring systems that cover Qatar EEZ but also
the neighboring countries coastal waters.

The exposure to oil spills originating from ship accidents and intentional oil releases is
influenced by three shipping routes that connect the main Gulf-wide shipping route that runs
along the long axis of the Gulf to (1) the port of Manama in Bahrain, (2) the port of Ras Laffan
and (3) all the ports located between Doha and Mesaieed on the eastern coast of Qatar (fig.
3.6a). Ras Laffan desalination plants is obviously mostly exposed to the route going to the port
of Ras Laffan but it is also exposed to the shipping route to Bahrain throughout the year except
in autumn, and to the shipping route to Doha and Mesaieed in autumn. The desalination plants
of Umm al Houl and Abu Fontas are only exposed to the shipping route that connects to all the
industrial area between Doha and Mesaieed (fig. 3.7a).

Offshore oil platforms present a weaker risk as they are located quite far away from the
coast. Qatar O&G offshore fields, such as the major Al Shaheen field, are close to the limits of
Qatar EEZ. They are further located East to Northeast of Qatar. They are thus not a threat when
the oceanic or atmospheric circulation is oriented southeastward (fig. 3.8a,b). However, when
Shamal winds are not blowing and mesoscale eddy activity is more intense (such as in autumn
and spring), they could then pose a threat to the eastern coast of Qatar and all three desalination
plants (App. 7.20c). Outside of Qatar EEZ, the oil field of Abu Safah, located between the
waters of Bahrain and Saudi Arabia, poses the greatest threat to Qatar in general and to the
desalination plant of Ras Laffan in particular. Despite being slightly sheltered by the northern
tip of Qatar, Ras Laffan lies about two days downstream Abu Safah when the circulation is
northwesterly (fig. 3.4 and fig. 3.8). It should be noted that the Saudi Arabian oil field of Zuluf
could also potentially pose a threat to Ras Laffan during the summer months when the large-
scale cyclonic gyre is the most intense (fig. 3.8c). That threat could however be more easily
mitigated as it would take several days for the oil spill to reach the station.
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The exposure of Qatar desalination plants to oil spills originating from shipping is the
largest in spring and autumn, when winds are weaker and oil dispersal is driven by mesoscale
eddies (fig. 3.6b,d and 3.7b,d). When the oceanic and/or the atmospheric circulations are
northwesterly, such as during the summer and, to a lesser extent, during winter, desalination
plants are more sheltered as oil dispersal is directed in the NW-SE direction and shipping routes
are roughly perpendicular to that direction (fig. 3.6a,c). Ras Laffan being further North, it is
more exposed than the other two stations. It is interesting to note that oil spill risk is further
reduced in summer by the higher water temperatures and more intense wave activity that both
increase the oil weathering rate (fig. 4.7). It is also important to notice that the oil density
strongly influence the weathering rate (fig. 4.2). In spring and autumn, the circulation is less
directional and mesoscale eddies promote a more isotropic dispersal (fig. 3.2b,d and fig. 3.3b,d).
The oil risk therefore shifts to the East, which makes desalination plants more exposed to ships
navigating to the different ports along the eastern coast of Qatar (fig. 3.6b,d and 3.7b,d).
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Figure 4.1 : Evolution of Qatari desalination plants exposure to oil from oil rigs in 2019. Dashed
lines are real oil mass fraction stranded if the oil weathering are involved. In winter, the
weathering approximatively decrease by 50% the oil mass arriving on each station. But in
summer and particularly in August, the temperature are on rise leading to a 80% reduction of
the oil mass arrived in Ras Laffan

49



~~
o
N
[+-]
(=)
(=]
=
o

o
o

600

<
=)

i
Fey
Volume oil [m3]

Mass oil [kg]
=
(=)
o

200

o
]

Mass oil [kg]
Volume oil [m3]

o
]

0.0
0 20 40 60 80 100 120

I dispersed HEl submerged I surface evaporated Il biodegraded

Figure 4.2 : Evolution of oil weathering for (a) ‘QATAR MARINE’ (850.3 kg/m?®) and (b)
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elements released in the middle of the Arabian Gulf. In the case of ‘QATAR MARINE’,
evaporation and biodegradation reduce the slick mass by 50% in 5 days. If oil has higher density
like “Yombo, Amoco’, the oil mass is only reduced by 18%.

Among Qatar’s three main desalination plants, Ras Laffan is the one most at risk of
being impacted by oil spills and hence the one that requires the most efficient oil spill
countermeasures (fig. 3.6, 3.8 and 3.9). This is particularly important as Ras Laffan is also home
to one of the World’s largest petrochemical ports. If a major oil spill were to reach Ras Laffan,
it would not only shut off about 20% of Qatar’s freshwater production. It would also shut off
the largest Liquefied Natural Gas (LNG) terminal in the World and hence substantially
destabilize global energy supply. Recent events in Mauritius (MV Wakashio oil spill on 25 July
2020) and Sri Lanka (X-Press Pearl accident on 20 May 2021) have shown that such large-scale
pollution events can happen anywhere (BBC News 2021). The X-Press Pearl accident is all the
more worrying since the ship caught fire following a nitric acid leakage, which was apparently
detected while the ship was trying to stop over at Hamad Port in Qatar.
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5 Conclusion

By assessing the oil risk from ships and offshore platforms to the Qatari desalination
plants, this thesis intends to provide decision support tools to limit the consequences during an
oil spill event and highlight the offshore areas that present the highest risk and which should
thus be monitored in priority to reduce the potential risk of an oil spill. Oil drift patterns were
simulated with the Lagrangian oil dispersal model OpenOil. We first ran backward oil spill
simulations starting from the desalination plants in order to determine which areas could be
source of oil spills that would subsequently reach desalination plants. These simulations were
performed for every day of both 2019 and 2020 in order to explicitly take into account temporal
variability over different time scales. Through this risk assessment, we are able to predict how
long it would take for a spill to reach a station and hence evaluate the time available to set up
countermeasures. By combining the risk distribution with shipping density maps, we derived
an exposure indicator that highlights areas where shipping activities (and accidents) would
present the highest risk to desalination plants. As a second step, we ran forward oil spill
simulations starting from offshore oil and gas fields in order to build monthly connectivity
graphs between these offshore platforms and the Qatari desalination plants. These graphs
highlighted which oil and gas field could be a threat to Qatar desalination plants and how that
threat evolves through time.

Through this study, we have shown that among the three main desalination plants of
Qatar, the one of Ras Laffan is clearly the most at risk of being impacted by an oil spill. Ras
Laffan is located in the northern Qatar which makes it more exposed to oil spills, from both
ships and offshore platforms. The most hazardous areas are often located near the stations and
distributed in the northwest leading to a high exposure originating from the shipping lane going
to the Bahrain and the offshore platform of Abu sa Fah. The oil risk distribution changes
throughout the year. The summer period, with its strong northwesterly currents, shifts the risk
pattern to the West. In contrast, when the mesoscale eddy activity dominates, the risk pattern
tends to shift to the East. All of previous conclusions will be adjusted according to the oil
weathering processes. We have shown that the mass fraction of oil decrease over time. The
major characteristics influencing the weathering extracted in this study are the seawater
temperature, the wave activity and the oil density.

As with all modelling study, there are some limitations that are closely related to the
modelling assumptions and to the data used to force the model. We have only assessed oil risk
over 2 years, which might not be sufficient to completely represent the interannual variability
of the atmospheric and oceanic circulation. To produce exposure maps, we only had access to
shipping density maps for 2013. However, marine traffic might have changed between 2013
and 2019. Moreover, oil exposure from ships vary along the year (ScanEx 2018). The ships
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density should ideally be assessed for 2019 and 2020 year and monthly variability should be
taken into account. Besides, the offshore oil field were represented as single points and not as
polygons. Better quality information on the spatial extent of oil fields would yield better
estimates of the associated risk. Finally, OpenQil does not consider oil weathering processes
when the model is run backward in time. It could be interesting to perform the same kind of
simulations when oil weathering will take into account. Besides, the OpenQil version used don’t
regard some weathering processes like sedimentation which could reduce the oil spill risk.

During this study, we have assessed the oil risk represented by an oil spill originating
from ships and oil wells. Our results could inform Qatar authorities to better design their oil
spill management strategy. The OpenOil model is accurate to predict the drift of an oil particle
and it could be the foundation of other studies on oil spill vulnerability in the Gulf. However,
as with all models, it remains necessary to thoroughly validate it. This could be done by relying
more extensively on previous oil spill observations (both from direct field observations and
form satellite imagery). Any full-fledged oil spill monitoring service should combine a broad
array of observation sources (from the boat to the aircraft and the satellite) with a quick and
accurate modelling interface that would allow rapid estimations of the spill evolution. Qatar is
not the only country in the Gulf that relies on seawater desalination. Our study could thus be
extended to the entire Gulf, and, potentially, to other areas in the World as well. Finally, the
Arabian Gulf is a major crossroad of oil shipping but it is also home to valuable marine
ecosystems such as mangroves, coral reefs or seagrass. These ecosystems are threatened by oil
spills and the danger could be forecasted through models like the one developed in this study.

Qatar, by having no choice but to produce its water via desalination, makes itself
sensitive to oil spills. This thesis was realised to enhance the forecasting and monitoring
capacities of oil spills in order to reduce the oil impact on the desalinations plants. We hope
that this type of risk assessment will contribute to a stable and safe water production through
desalination for countries suffering from water scarcity.
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A. Circulation pattern in the Arabian Gulf
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Figure 7.1 : Seasonal variability of the monthly-averaged ocean circulation around Qatar as
simulated by the ocean model NEMO in 2019
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B. Minimum arrival time maps
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Ras Laffan in july 2019
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Figure 7.2 : Minimum arrival time of oil spill for Ras Laffan in 2019

61



Umm al Houl in january 2019
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Umm al Houl in july 2019
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Figure 7.3 : Minimum arrival time of oil spill for Umm al Houl in 2019
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Abu Fontas in january 2019
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Ras Laffan in january 2020
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Ras Laffan in july 2020
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Figure 7.5 : Minimum arrival time of oil spill for Ras Laffan in 2020
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Umm al Houl in january 2020
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Umm al Houl in july 2020 Umm al Houl in august 2020
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Figure 7.6 : Minimum arrival time of oil spill for Umm al Houl in 2020
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Abu Fontas in july 2020 Abu Fontas in august 2020

275N - 27500 —
N <1 day H < 1day
B 1 -2 days Il 1 -2 days
o L . B 2 -3days -
3 -4 days |
4 -5 days
26.5"N 285N
26°N 26°N
255N 25.5°N
25N 250
21.5°N 24.5"N e\/‘ )
e 05 ST S e ey sIF e S0hE S St oF EX saF
o Abu Fontas in september 2020 S Abu Fontas in october 2020
Il < 1day Il < 1day
Bl 1-2days N 1-2days
arn BN 2-3days” 2n B 2 -3days
3 -4 days | 3 -4 days _
4 -5 days L\C!«m 4 -5 days

255N

@

il s0.5°F s1eF 51.5%F . S9°F < 5 R w3 b 50.5F 51°F 51.5°F 57 ke s3F
. Abu Fontas in november 2020 22 Abu Fontas in december 2020
-1 day < 1day
EEE 1-2days EN 1-2days
2 B 2 -3days - 2 2 -3days
3-4days | 3-4days _
4-5days [ 4 -5 days

i
N g B

255N

a

g :

o
50°F 505F 51°F 5155 S 57.5°F 53F

24

N
S0°F S0.5°F S1F 51.5°F 52°F 52.5°F B3

Figure 7.7 : Minimum arrival time of oil spill for Abu Fontas in 2020
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C. Oil risk density maps
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Figure 7.8 : Maps of oil risk probability density for Ras Laffan in 2019
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Umm al Houl in january 2012
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Umm al Houl in july 2019
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Figure 7.9 : Maps of oil risk probability density for Umm al Houl in 2019
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Abu Fontas in january 2019
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Abu Fontas in july 2019
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Figure 7.10 : Maps of oil risk probability density for Abu Fontas in 2019
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Ras Laffan in january 2020
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Ras Laffan in july 2020 § Ras Laffan in august 2020
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Figure 7.11 : Maps of oil risk probability density for Ras Laffan in 2020
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Umm al Houl in july 2020 Umm al Houl in august 2020
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Figure 7.12 : Maps of oil risk probability density for Umm al Houl in 2020
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Abu Fontas in january 2020
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Abu Fontas in july 2020
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Figure 7.13 : Maps of oil risk probability density for Abu Fontas in 2020
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D. Oil exposure maps from ships

Ras Laffan in january 2019 Ras Laffan in february 2019
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Ras Laffan in july 2019

Ras Laffan in august 2019
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Figure 7.14 : Exposure to ships oil spill for Ras Laffan in 2019

85



Umm al Houl in january 2019
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Umm al Houlin july 2019 Umm al Houl in august 2019
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Figure 7.15 : Exposure to ships oil spills for Umm al Houl in 2019

87



Abu Fontas in january 2019
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Abu Fontas in july 2019
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Figure 7.16 : Exposure to ships oil spills for Abu Fontas in 2019
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Ras Laffan in july 2020
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Figure 7.17 : Exposure to ships oil spills for Ras Laffan in 2020
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Umm al Houl in january 2020
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Umm al Houl in july 2020 Umm al Houl in august 2020
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Figure 7.18 : Exposure to ships oil spills for Umm al Houl in 2020
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Abu Fontas in january 2020 § Abu Fontas in february 2020
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Abu Fontas in july 2020 X Abu Fontas in august 2020
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Figure 7.19 : Exposure to ships oil spill for Abu Fontas in 2020
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E. Qatari coasts exposure to oil from oil fields

in january 2019 (inc. weathering)
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in july 2019 (inc. weathering)
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Figure 7.20 : Oil mass fraction stranded on Qatari coasts originating from oil rigs in 2019
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in january 2020 (inc. weathering)
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Figure 7.21 : Oil mass fraction stranded on Qatari coasts originating from oil rigs in 2020
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Vulnerability assessment of Qatar desalination plants to oil spills

Thomas Anselain

Water scarcity is an issue at least once a year for 70% of the global population.
As water scarcity increases, desalination plants are on the rise. Today, desalinated
water represents about half of the entire water supply of Qatar. However, the
desalination plants and, by extension, Qatar are very sensitive to oil spill
pollution. The Arabian Gulf being one of the most oil-polluted environment in
the World, Qatar is continuously threatened by oil spills, which could lead to the
closure of desalination plants. To efficiently manage its water supply, Qatar
needs to monitor its coastal waters in order to detect as early as possible oil spills
that could potentially threaten its desalination plants. In this study, we perform a
vulnerability assessment of Qatar desalination plants to oil pollution originating
from both shipping activities and offshore oil platforms. In order to simulate oil
drift dispersal, we used the open-source model OpenOil, which takes into account
the different physical processes driving oil dispersal as well as most of the oil
weathering processes. To assess the exposure to oil pollution originating from
shipping activities, we first identify the oil risk area around a desalination plant
and then combine this risk information with the density of ships in the Gulf. In a
second step, a connectivity study was performed to highlight which oil fields are
the most dangerous for Qatar. Overall, the results show a strong seasonal
variability of the oil exposure patterns, which reflects changes in the atmospheric
and oceanic in the Gulf. When Shamal winds are blowing in summer and winter,
risk is usually located mostly Northwest of Qatar. However, when winds weaken
in spring and autumn, the risk area tends to shift East and be more isotropic. It is
during summer, that the circulation is the most intense and hence that oil spills
could travel the largest distances before reaching a desalination plant. Higher
temperatures and more intense wave activity however increase the oil weathering
rate and hence reduce the associated risk. Among Qatar’s three main desalination
plants, Ras Laffan, located on the northeastern coast of Qatar, is the one most at
risk of being impacted by oil spills. Despite the model is not validated by
previous oil spill observations, our results could inform Qatar authorities on ways
to optimize their oil spill management strategy. This study could also inspire new
research about desalination plants vulnerability throughout the Arabian Gulf and
promote the development of oil spills forecasting and monitoring capacities in
order to reduce the impact of oil pollution on water production.
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