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ABSTRACT

The current study is directed towards the development of oil spill hazard contour maps
for the prediction of oil spill travel times and critical wind directions in association with
major strategic desalination plants in United Arab Emirates. Five desalination plants in
are selected along the UAE coastline to be the potential destination points of oil spill
hazards. These plants are Al-Shuwayhat, Al-Mirfa, Umm AlNar & Taweelah, Jebel Ali
and Al-Layah.

In order to reach the set target, a coastal hydraulics simulation model is employed
to adopt the real sea-state dynamic conditions. The hydrodynamic simulated results are
tuned and tested against actual documented measurements of tides and currents. The
simulated flow pattern of the surface currents produced by the model is also compared

with common cited pattemns.

Oi1l spill simulation is then conducted employing the resolved flow tield and other
hydrodynamic results. The oil spill model parameters are tested to verify their sensitivity
for final model setup. A validation of the model performance is also carried out utilizing
well documented actual observations of oil spill incidents in the Arabian Gulf. At that
stage, the coupled hydrodynamic and oil spill model are set to perform a series of
simulations on hypothetical oil spills based on extreme case conditions. The study area 1s
divided into zones co\ ering the oil export loading terminals and the oil tanker routs. The
shortest traveling times of the oil spill from various zones to each desalination plant are
identified in association with the critical wind directing the oil slick to that plant. At last,
the simulated travel
maps for shortest arrival

desalination plants.

Key words: Arabian Gulf, numerical modeling, hydrodynamic modeling, oil spill

modeling, spill hazard maps.
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CHAPTER 1
INTRODUCTION

1.1 Background

The Arabian Gulf is a semi-enclosed, tropical, marginal sea located at the southeastern end
of the Arabian Peninsula with an average length of 1000 km and a width that varies

between 55 and 340 km, having an area of 240 000 km”. The Gulf water borders the United

Arab Emirates, Qatar, Bahrain, Saudi Arabia, Kuwait, Iraq, Iran, and Oman (figure 1).

13l al Batin

Buravdah
P \

ARABIA

Figure 1.1 Arabian Gulf region

The Gulf, which affords one of the busiest and most important shipping lanes in the
world, is a shallow embayment with a mean depth of 35 m and is connected thought the
Straits of Hormuz with the Gulf of Oman. The bathymetry is markedly asymmetrical, with

deeper water along the Iranian coast and shallow water on the Arabian side (Chu et al.
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1988). The Gulf lies entirely north of the Tropic of Cancer, so it is strictly sub-tropical,
though its location within the large, arid, East Asian land mass means that the climate is
more fiercely tropical in summer and more temperate in winter than most seas of
equivalent latitude. In the summer, it experiences very high temperatures, while in the
winter, water and air temperatures fall to well below values associated with tropical marine
ecosystems (Sheppard, 1993).

From a historic point of view, people have been attracted to the shores of the
Arabian Gulf for millennia. An early maritime civilization, Dilmun, prospered some 4000-
5000 years ago. encompassing what is known as Bahrain now and the eastern coast of
Saudi Arabia. Before the tenth century AD, the Arabs had established a trade network
extending from the gulf as far eastward as China. Using stitched. lateen rigged craft.
cargoes of textile and spices were accompanied by the exchange of new ideas. science, and
religion. Such voyages were made possible through the Arab’s sophisticated knowledge of
astronomy and navigation (Tibbetts, 1971; Price et al. 1982; Severin, 1982). Nowadays,
there is still some trade using the traditional craft, that is now equipped with diesel motors,
between the Gulf, Pakistan and East A frica (Price, 1993).

The discovery of oil in the 1930s and 1940s was principally responsible for the
immense economic wealth and geopolitical importance of the region today. Oil currently
supplies about 40% of the world energy, and recent estimates suggest that the Middle East
has over 65% of the world petroleum reserves. The countries bordering the Arabian Gulf
produce almost 6 billion barrels (798 million metric tones) of oil a year, about 27% of the
world’s production in 1993 (World Resources Institute, 1996).

The same waterway serves its old role in linking the Gulf States to the outer world
by being the major route of transporting the produced oil to the world market. Historically.
about half of the oil transported through the global marine environment has come through
the Arabian Gulf countries from 1993 to 1980 with an annual average of 59% (Gupta et al.
1993). Linden et al. 1990, reported that the Gulf is among the busiest tanker navigation
routs. For instance, there are 20 000-35 000 individual tanker passages annually at the
Straits of Hormuz.

Due to this heavy traffic, transported oil constitutes the most significant source of

oil pollution in the Gulf. The annual oil input is 4 000 MT from tanker accidents. About 14



tanker accidents of various kinds occur annually in the Arabian Gulf and at least 13% of
these release oil (Linden et al.1990). Thirty-nine confirmed incidents of oil pollution, out of
a total 422 reported incidents, were recorded from May 1981 to June 1987 in the Gulf
where the incidents varied from sighting of oil sheens to oil well blow-out. The volume
varied from a trickle to 500 000 barrels (68 000 tones) reported from the Nowruz oil well
blow-out due to military action (Linden et al. 1990).Beside the dramatic and well-
publicized catastrophic oil spills. a substantial amount of oil enters the marine and coastal
waters of the Arabian Gulf from a variety of sources: ballast water discharges, fueling
spills, platform blow-outs, pipeline leaks, and natural seeps (Pearson. Al-Ghais et al.1994).

A study conducted by the world information system in 1981 on oil pollution of the
Arabian Gulf estimated that more than 1.5 million tones of oil would pollute the Gulf
waters between 1981 and 1989. In fact, this estimate was surpassed in 1985 itself. The
hazards of oil pollution in the Arabian Gulf have increased significantlv over the past few
decades owing to increased urbanization, industrialization, oil production and
transportation and political tension.

The negative impact of oil spills in the Arabian Gulf is pruonounced because of
expected adverse impacts on desalination plants on the coast. Continuous need for
desalinated water supplies dictates the prevention of pollution of source waters.

A summary of accidental tanker spills in the Region since 1974 is given in the
Table (1.1) below.

Table 1.1 Major tanker spills of over 5,000 tones in the Region since 1974.
(source: www.ito fcom)

‘;Qligp TanE amei‘a : ntry .Yearl Canse
‘spilled. *(Type) - o

NOVA 70. OOO CRUDE [RA\ 1985  COLLISION
ASSIMI 52.500 CRUDE OMAN 1983 FIRE/EXPLOSION

PERICLES GC 46.000 CRUDE QATAR 1983  FIRE/EXPLOSION

SEKI 16,000 CRUDE UAE 1994  COLLISION
PONTOON300 5,500 FUEL UAE 1998  SINKING
(CARGO)
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In addition, it 1s estimated that 840,000 tones of oil entered the marine

environment during the Gulf War in 1991(source: www.itopf.com). More recently there

have been concems about the number of illegal discharges from the large volume of
shipping within the region and the frequency of oil spills resulting from sub-standard
vessels which were illegally transporting oil from Iraq. Unofficial records show that
nearly 26,000 tones of oil entered the marine environment from these illegal operations

(source: www.itopf.com)

1.2 Problem Significance

In recent years, there has been a growing concern over the increasing contamination of
water bodies and adjacent shoreline areas caused by oil spills. This concern is magnified in
the Arabian Gulf where the surrounding countries produce and export more than 6 billion
bbl of crude oil per annum to the world market via the Arabian Gulf waterway, the major
transport route for the super tankers. Another incentive is the lack of fresh water resources
in this dynamically developing region which has dictated the employment of desalination
technology with mega plants along the Arabian Gulf shoreline. The Arabian Gulf coastal
and marine environment is becoming increasingly important in fulfilling social and
economic development and strategic objectives of its member states. Coastal uses and other
human activities have strongly burdened the Gulf environment, with the extent and scale
varying geographically. The Arabian Gulf is a naturally stressed environment. and at the
same time has been subjected to unprecedented development pressures over the past two to

three decades (Price & Shepperd, 1991); see figure 1.2.

——— i el Al Ll
[— - — l BANS: ARAMA — .

Figure 1.2 Oil and gas fields in the Arabian Gulf



Being a coastal community. the related renewable and non-renewable resources
remain the comerstones for life and development in the Gulf States since they contribute to
food. transport, industrial, recreational and other needs of local people.

The Gulf waters play a particularly vital role in providing most of the population
with fresh water from desalination plants. The region’s oil and gas are of course the major
non-living resources, but increasingly important is clean sea water for desalination. During
the Gulf war, substantial effort was directed at preventing oil from reaching the intakes of
desalination plants. In July, 1997, diesel fuel spilled from a grounded barge in Sharjah,
UAE entered the intake of a desalination plant, and contaminated the water supply of an
estimated half million people.

In recent years there has been a growing concemn over the increasing contamination
of water bodies and adjacent shoreline areas by oil spills in general and in the Arabian Gulf
in particular. Activities related to the oil industry, mainly oil exploration and transport in
the region have increased the risk of oil spill accidents. Oil spillage into the marine
environment represents a very complex situation to deal with as it is highly dependant on
the sea state. and the type and the scale of spilled oil. From an environmental and health
point of view, an oil spill accident is very harmful to the marine and the health of mankind.
Despite the long-term damage to aquatic environment, a major oil spill will immediately
cause contamination of the shoreline which causes malfunctioning of desalination plants,
and foul harbor facilities and vessels.

To combat such accidents, many government agencies have prepared oil spill
contingency plans. An important component of these plans 1s the use of mathematical
models to predict the oil slick motion and distribution of oil particle concentration. Such
models act as real time prediction tools during an oil spill incident when quick response is
needed. The realization of the adverse effects of spilled oil in the water bodies has focused
attention on the behavior of oil spills. Over the past few years. considerable research has
been directed towards the development of such mathematical models to describe the
behavior and fate of pollutants such as oil and oil products. This research has been
motivated primarily by the practical consideration that the successful model would be of
great value in ringing the waming bell for harbors, and power and desalination plants that

may be affected. An efficient model would also help in selecting locations for the



deployment of the oil spill containment, collection and combat systems such as booming,

dispersing and bumning in order to mitigate the effects of the pollutant on the environment.

United Arab Emirates

Power and water are the most important sectors in the UAE after oil and gas. An increase
of 7,000 MW in the power generation will be required over the next 10 years for the whole
of the UAE. The investment on these sectors is estimated to be around $30 billion over the
next 5-10 years. There is currently a rapid rate of growth in the demand for water for Abu
Dhabi and its surrounding regions. This increase is being driven by population growth.
Increasing consumption per capita and increasing requirement for water in irrigation.

(source: www.trade.uktradeinvest.qov.uk/water/abu_dhabi/).

The total gross water produced from all desalination plants in the UAE, excluding
the remote areas in 2001 was approximately 86,000 Million Imperial Gallons (MIG) of
desalinated water. More recent figures of the desalination capacity are still higher and
future scheduled expansions will follow. The Umm Al Nar desalination plant will increase
its fresh water production capacity from 70 million gallons to 100 million gallons after its
latest expansion. scheduled on the 1%of June 2005. The Al-Taweelah desalination plant
produces 95 million gallons of fresh water per day, Al Marfa plant produces 38.7 million
gallons per day. while Bainounah plant produces 15 million gallons per day (source:

www.water-technology.net/projects’'umm/). Also along the coast while facing northeast,

the Jebel Ali Power and Desalination Station. serving Dubai State, has a total desalination

capacity of 188 million gallons per day (source:www.dewa.gov.ae). All these huge plants
are located along the coast, and are extending their intake terminals to pump-in saline water
from the Gulf waters to the desalination plants.

The strategic dependence on desalination plants in the United Arab Emurates to
secure fresh water is not a choice. Hence, strict measures to secure continuous supply of
clean water to this industry is a very serious commitment that should be continuously
fulfilled by protecting the intakes of the desalination plants from pollutants, namely the oil

spill risk.



1.3 Objectives

The objectives of the research thesis are as follows:

e Setting up and calibrating the hydrodynamic numerical model for the Arabian Gulf

region with special reference to the UAE coastal region using MIKE3 software.

e Setting-up and validating the oil spill model for the Arabian Gulf region based on the

flow field produced from the hydrodynamic simulation.

e Evaluating the developed crises scenarios using the oil spill model. identifying critical

scenarios, and evaluating the risk associated with oil spills on the intake points of

selected desalination plants based on trajectory and arrival time.

e Developing risk alarm maps of arnval time based on the modeling results of spills

initiated at locations (zones) adjacent to the UAE coast.

1.4 Methodology

Literature review to survey the intemnational and regional efforts made in
hydrodynamics and oil spill modeling and types of models.

Collect physical data; bathymetry, tide, wind, current, initial temperature and
salinity fields.

Set up of the numerical hydrodynamic model for the Arabian Gulf region.

Tune the hydrodynamic model to simulate tidal fluctuation that resembles what is
seen in Abu-Dhabi and Dubai harbors.

Tune the current flow pattern to the general directions recovered from published
available observations.

Conduct sensitivity analysis on the o1l spill model to identify critical parameters and
their effect on model performance and conduct validation study for the spill
analysis model based on published observations

Set-up the numerical spill analysis model for the Arabian Gulf region and determine
the spill analysis simulation inputs (e.g. amount released, mode of release, duration.
wind condition, etc.)

Divide the Arabian Gulf area adjacent to the UAE coast into several zones and

apply oil spillage.
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e Identify major desalination plants along the UAE coast as destination points of the
impact assessment process.

e Evaluate simulation results and determine the arrival time of various scenarios.



CHAPTER 2
LITERATURE REVIEW

2.1 Arabian Gulf Hydrodynamic Characteristics and Modeling

The oceanic region comprised of the Gulf, Straits of Hormuz, and the Gulf of Oman is one of
the most important waterways in the world. In peak periods, one ship passes the Strait of
Hormuz every 6 min (Al-Hajri, 1990), and approximately 60 % of the world’s marine
transport of oil occurs at this region. Surprisingly, the number of direct oceanographic
observations from this region is small. Investigations have been undertaken by individual
countries in their coastal waters, but only two basin-wide studies are widely cited. Emery
(1956) reported on a 1948 summer cruise by the German ship Meteor, and Brewer & Dyrssen
(1985) reported on the 1976 wintertime expedition of the Atlantis from Woods Hole
Oceanographic Institution. The primary reason for the unavailability of basin-wide data is the
political unrest between the countries bordering the Gulf that prevents scientific access.

Among other studies, the Mt Mitchell expedition, launched on February 1992
preceding the second Gulf war, was named after the research vessel Mt Mitchell provided by
the National Oceanic and Atmospheric Administration (NOAA) in an international program
to study the effects of the oil spill that resulted from the hostility acts in the region. The
cruise lasted from 26 February tol2 June 1992. Reynolds (1993) described the physical
oceano raphy related findings of the Mt Michel expedition in the Gulf.. The Mt Mitchell
study was broad in scope. and provided valuable information on areas of interest and gave a
holistic description of the hydrodynamics of the Gulf.

In what follows, a description of the physical characteristics of the Arabian Gulf and
its physical oceanography and meteorology are presented. The review has been collected
from Grasshoff (1956), Hughes and Hunter (1979), Hunter (1982 a,b), Emery (1956), Evans-
Roberts (1981). IMCOS (1981), Persian Gulf Pilot (1967), Sugden (1963), Lehr (1984),
Reynolds (1993). Privett (1959), Elshorbagy et al. (2004a), Lardner et al. (1993), Sheppard
(1993) and Spaulding et al. (1993).
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2.2 Bathymetry

The Arabian Gulf is located between 24° and 30° latitude. The bathymetry of the Gulf as
seen in figure 2.1 is shallow in the North-West and the Western coast which includes the
Arabian States. Inter-tidal areas are extensive with very gradual slopes from the supra-littoral
to several km offshore. In several areas, uplifted rocky areas (commonly reef) frequently add
relief to a generally very level terrain (Sheppard, 1993). The broad region of shallow water
off the coast of the United Arab Emirates features many small islands and lagoons. This area
1s a region of intense evaporation, and a significant contribution to the deep circulation of the

Gulf 1s made there.

Figure 2.1 Arabian Gulf Bathymetry

An isolated trough extends Northward from the Strait of Hormuz along the Iranian
coast approximately 100 km. The trough collects denser bottom water and interferes with
existing bottom flow slowing it down. The slope of the Gulf floor is gentle leading to the

deepest trough which 1s >100 m depth.
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2.3 Fresh water exchange and evaporation
Most of the river inflow into the Arabian Gulf occurs at the north end of the Gulf primarily
on the Iranian side

The Shatt Al-Arab is the collecting point for three major rivers: the Tigris and
Euphrates rivers together provide an annual average of 708 m® s and the Karun adds 748 m’
s''. Thus the total average outflow of Shatt Al Arab is 1456 m’ s, Other major rivers are the
Handijan with 203 m* s”' the Hilleh 444 m’ s, and the Mand 1387 m’ s (Reynolds, 1993).
The total river runoff is 1.1x10% km’yr-', equivalent to 46 cm yr' of depth. These values
need to be verified due to the fact that the annual runoff from Shatt Al Arab has decreased
substantially over the past 20 years after the construction of some huge dams along most of
the rivers. Annual rainfall in the arid climate of the Gulf region has an nsignificant role in
the tresh water budget of the Gulf as it falls is in the order of 7 cm yr-1( Reynolds, 1993) see
figure (2.2).

- RIVERS OF THE NORTHERN GULF &

g e 7
~ANNUAL
EVAPORATION  140-500
RIVER RUNOFF 10-46

g B

Figure 2.2 Rivers of the northem Gulf (Reynolds, 1993)

Evaporation in the Gulf is much higher than both rivers’ inflow and precipitation.
Estimates of evaporation vary from 500 to 144 cm yr’'. The lower figure from Privett (1959)

1s in agreement with Meshal & Hassan (1986) who estimated 200 cm }T". Measurements



indicate that even though the water temperature is considerably higher in summer, most
evaporation occurs in wintertime. This is mainly referred to the higher wind speeds in the
winter season. Evaporation of fresh water enhances mixing by increasing the salinity and
density of the surface water thus reducing the surface stability

The Gulf has mild winters and very hot summers with temperatures ranging from
0 °C in winter to 45-50 °C in summer. Water temperatures increase from 18 °C in February
to 30-33 °C in August. The shallow waters of the gulf are well mixed, while the deeper

waters can have vertical temperature difference of 4 °C (Spaulding, 1993).

2.4 Wind

Being the most evident feature of the weather system. the winds in the Gulf are well
recognized as the principal driving force of o1l on the sea surface. The Gulf is located in the
arid region between latitudes 24°-30° in which the earth’s deserts are mostly located. This
region marks the boundary between tropical circulation and the relating weather systems of
mid-latitudes. Descending dry air in these latitudes produces clear skies and arid conditions.
In the north, the local climate is influenced by the mountainous nature of the surrounding
topography. The Taurus and Pontic mountains of Turkey, the Caucasus Mountains in Iran.
and Al-Higaz Mountains of the Arabian Peninsula together with the Tigris-Euphrates Valley.
form a northwest-southeast axis that strongly tracks extra-tropical storms to a southeast
direction.

The climate in the Gulf of Oman is markedly different from the climate in the
Arabian Gulf. While the Gulf is affected mainly by the extra-tropical weather systems from
the northwest, the Gulf of Oman is at the northern edge of the tropical weather system in the
Arabian Sea and the Indian ocean. This monsoon circulation produces southerly winds in the
summer and strong northerlies in the winter (Reynolds. 1993). The Straits of Hormuz
approximates the boundary between the two systems.

The most well known and famous, weather phenomenon in the Gulf 1s the Shamal
(meaning north in Arabic), which is a northwesterly wind which occurs year round during
winter and summer. The winter Shamal is a wind that sets with great abruptness and force.
and is related to relating weather system in the North West. It seldom exceeds 10 m s” but

lasts several days. The summer Shamal is practically continuous from early June through
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July and is associated with the relative strengths of the Indian and Arabian thermal lows. The
winter Shamal brings some of the strongest winds and highest seas of the season. During the
great Shamal, which occur during June and July, wind speeds can reach 15 ms™.

Generally, the Shamal winds come predominantly from the northwest throughout the
year and display no seasonal reversal. At the lower end of the Gulf, the predominant winds
come from the southwest during May through September and are called Suhaili. Sea breeze
occurs within 30 km from the coast but generally have wind speeds of 5 m s' or less
(Spaulding, 1993). Wind driven flows can be strong in the shallow waters of the western side
of the Gulf including the UAE coastline. These flows are directed to the southeast, parallel to

the coast in response to the northwesterly winds.

2.5 Currents

The water motion can be related to three driving forces: tidal forces. wind forces, and
density differences. The kinetic energy of the water velocity can be partitioned among the
three terms approximately as 100,10,1 respectively. Each type of currents has a different
scaling time: tidal currents vary over few hours at diumal or semi-diumal periods; wind-
driven currents develop a subside over a few days; and density driven currents take weeks to
change in response to seasonal forcing (Reynolds, 1993).

The currents due to tidal motion in the Gulf are dominated by M,, S,, K, and O,
constituents (Hydrographer of Navy, 1976). The resonance amplification of tidal current
patterns are complex having an amphidromic point near either end for the semi-diurnal tide
and one in the center for the diummal tide. The tides rotate anti-clockwise around these points
for all constituents. They vary from semi-diumal to diumnal, and back to semi-diumnal as one
moves from the lower to the upper Gulf (Figure2.2) (Spaulding, 1993).  Lehr, (1984). states
that “The tidal range is large. with values larger than 1m everywhere”. Tides are important in
stiring and mixing waters vertically and on horizontal scale of 10 km, but they do not make
an important contribution to the residual circulation of the Gulf. Tidal currents averaged over
a day or more has negligible residual energy, and as a result, basin-scale advection from tides
is not considered by oil trajectory models or general circulation models. Tides are important
in smaller scales of horizontal length less than 10 km and time less than 24 hrs. The strong

tidal currents also create a bottom turbulent friction layer.
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SEMI-DIURNAL

Figure 2.3 Classification of tides in the Arabian Gulf (adapted: Delft Hydraulics Lab. Report)

2.6 Residual Circulation

Residual currents are mainly responsible for the net transport of pollutants. The residual
currents in the Gulf have been attributed to two principal factors: wind forcing which when
coupled with Coriolis force, generates a net anti-clockwise circulation. and the effects of
density gradients sustained by evaporation and rediative heat transfer and to a lesser extent
by fresh water inflow at the north end of the Gulf. The relative importance ot these tmo
mechanisms has been the subject of a disagreement in the literature. Hughes & Hunter (1930)
argued that the wind-driven currents made the major contnbution, but Hunter subsequently
concluded that the circulation was probably dominated by density-dnven flow.
geostrophically balanced across the Gulf and frictionally balanced in the direction of the
flow. Galt et al. (1983) using depth average model agreed with this assessment in the
southern half of the Gulf, but concluded that wind-driven circulation plus the effects of fresh-

water inflow dominates the northern half.
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Lardner et al.(1988a, b) and more recently Al-Rabeh et al. (1990) computed the
vertical structure of the flow generated by the monthly averaged winds in the region. It was
found that the surface flow is considerably stronger and more uniform in direction than the
depth average flow. Furthermore. the magnitude of this surface current is consistent over
most of the Gulf with the empincal values found by Hunter (1982) from analysis of ship-drift
data. A subsequent simulation of surface and bottom currents at the Safaniva sea region (Al-
Rabeh and Gunay. 1991), and drift of experimental buoy, (Henaidi, 1984). using actual wind
measurements. (Cekirge et al. 1989), has yielded good agreement with observations. Thus
there is a general agreement that wind forcing dominates the surface flow in the region
adjacent to the Saudi coastline. The density-gradient effects are more signiticant at the lower
half of the Gulf and near the Strait of Hormuz. The net fresh water to the atmosphere is
replaced by a surface inflow in the Strait of Hormuz. Throughout the year and against
prevailing Shamal winds, relatively low-salinity water enters through the Strait of Hormuz to
freshen the hyper-saline water. High evaporation increases the density of the surface water so
that it sinks to exit as a high-salinity under current. It was stated by Reynolds, 1993 that high
evaporation in the broad coastal areas on the coast of the Emirates provides much of the
saline bottom water that feeds the bottom outflow through the deeper portion of the Strait of
Hormuz (Reynolds. 1993). Lardner and Das (1991) argued later that wind-driven currents

dominate the whole Gulf except at the Strait of Hormuz and the vicinity of Shatt Al-Arab.

In a more recent study Elshorbagy et al.(2004b) stated that the effect of wind forcing
is not observed very close to the Straits of Hormuz and that almost the entire northem and
central portions of the Gulf shows southward current generated by the wind forcing with
almost no visual effect from the density driving force. An important, secondary current in the
Gulf is a coastal. reverse circulation along the Iranian coast which is mainly driven by the
density differences that result from river runoff (Reynolds, 1993). In a simulation conducted
by Lardner et al (1993). the circulation in the northem portion of the Gult was described to
comprise coastal jets directed towards the southeast on both the Saudi and the Iranian coasts,
while in the central region the surface speeds are much smaller. This is consistent with the
observed behavior of the drifter buoys released during the Mt Mitchell cruise which took

place between February and June 1992 and reported to hardly move at all over the 3 month
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period. Lardner et al, 1993 also reported in their simulation that the surface jet current along
the Saudi coast continues around Qatar peninsula and joins the flow along the Emirates coast.
It appears from this picture that the surface flow is generally dominated by wind forcing
except at Shatt Al-Arab due to density changes from the river inflow and at the Straits of
Hormuz which includes strong tidal currents and active density gradients mainly fed by the
Emirates coast contribution of heavy saline water and along the Iranian coast as far as the
Qatar peninsula.

It 1s concluded from the above review that, in a general view. the wind driven
currents were found to be much dominant and larger than the combined effect of density and
thermally driven currents (Al-Rabeh et al., 1992). It is also concluded that wind data is the
principal parameter necessary for accurate spill forecasting.

The residence time for the Arabian Gulf basin has been studied by number of
scientists (Hughes & Hunter, (1979); Hunter, (1983), Elshorbagy et. al., (2004). An estimate
of 2-5 years was suggested by those studies. However, other field measurements by John and
Olson. (1998) revealed that the mean outflow ranged between 350-500 days. The rate of
exchange and the circulation in the Strait of Hormuz plays a key role in understanding the

basin-wide behavior of the gulf.

2.7 Hvdrodynamic and Oil Spill Modeling

2.7.1 Hydrodynamic Modeling Studies

Modeling efforts can be divided between tidal models and estuarine circulation models. Most
of the early studies conducted on the physical processes of the Arabian Gulf (Al-Rabeh et al.
1990. Lardner & Das, 1991) focused on the mean flow characterization under extreme
seasonal conditions. Such studies provide valuable information in the context of long-term
understanding and implementation of environmental management issues. However in the
cases of sudden environmental disasters like accidental oil spillage, tidal flow dvnamics are
crucially important. Real-time models are needed to forecast and report the pollutant
movement in order to direct the mitigation efforts. Reynolds (1993) listed three
comprehensive mathematical models that were available during the Mt Mitchell expedition
and used for estuarine circulation modeling. The first was developed by the US Naval

oceanographic Office (Horton et al., 1992) which they described as a three dimensional,
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primitive-equation circulation model with complete thermodynamics and imbedded
turbulent-closure sub-models. Next is the Catholic University of America model (Chao et al.
1992) that uses 20 km grid size and 11 levels in a diagnostic formulation. Lastly, King Fahad
University of Petroleum and Minerals (KFUPM) in Al-Dahran, Saudi Arabia (Lardner et
al.1987; Lardner et al.1988a, b; Lardner et al.1991; Lardner et al.1993), that covers the Gulf
with a rectangular grid of 10 km size. It is three dimensional but has the option to be run in
two-dimensional vertically integrated mode. The algorithm uses a mode-splitting method by
which the depth-averaged equations are first solved for the barotropic mode, and then the
momentum equations are stepped forward to compute the velocity protiles. The bottom
friction and advective terms are computed for use in the average-depth equations on the next
step.

In a more recent publication (Al-Rabeh et al. 2000), the team working in the KFUPM has
launched a new software package for modeling the hydrodynamics for the Arabian Gulf and
in arbitrary small sub-regions in the Gulf. GULFHYDRO Version 2.0 is a modification of the
later software described by Reynolds. 1993 and has been released as a single package
comprising of two models called HYDRO1 and HYDRO2. The main difference between the
two models is the grid size, while HYDROI has a 10 km grid. while HYDRO2 has 5 km
grid. HYDRO?2 is designed to provide more detailed computation of flow in a selected sub-
region of the Gulf using a fine gnd size specified by the user. This property improvement in
HYDRO?2 gives the flexibility to the user to focus on the required study area, which was not
available in other previous models. It is well understood that the higher resolution always
comes on the expense of the CPU computational time and the storage requirements.

Other commercial packages are available for use, (MIKE3, DELFT3D). Such
softwares are programmed to be user friendly with Windows interface and with exceptional
statistical and graphical capabilities. However, more efforts, training in addition to more data
are needed to allow using them professionally. For example. not as in the Arabian Gulf
KFUPM models. the user of such commercial softwares needs to specify bathymetry and
shoreline, physical characteristics, initial conditions, boundary conditions, environmental
conditions, and tidal specifications for the simulation. Also, the need to tune the parameters

and calibrate the model in a real condition status requires much understanding of the physical
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meanings of the parameters and much effort to work with them. Also the need for the

capability of judgment and optimization plays a key role.

2.7.2 O1l Spill Processes and Modeling

There 1s a vital need to understand and verify the oil spill performance in the marine
environment of the Gulf in order to enable scientists and environmental response agencies to
act efficiently in oil spill occasions.

The numerical modeling of oil spill weathering processes and trajectory is a very
important component in this effort. It is receiving continuous development by scientists
based on advances in understanding the nature and close interdependence among the
weathering processes.

Spill models are divided into three major components: input, trajectory and fate
algorithms, and output. The input modules are normally subdivided into two components: oil
data and environmental data. The oil information defines the spill scenario to include oil type
and physical-chemical properties, release schedule, location and start/end times. Definition of
the wind, current, and temperature fields in space and time constitute the typical
environmental typical parameters. This data can be derived from other models or field
observations and in either case, accurate spill predictions require high quality environmental
data that is carefully integrated into the spill model. The output module is normally a
presentation of the spatial extent of the oil spill (eg. surface/subsurface oil) and the oil mass
balance by the environmental compartments (eg. surface, atmosphere, subsurface. etc.) and
components as a function of time.

The heart of oil spill models is a series of algorithms that represent the processes
describing the transport and fate of oil released into the environment. The fate is most
commonly described by the following processes: advection. spreading, evaporation.
dispersion,  dissolution. emulsification, photo-oxidation, biodegradation, sinking/
sedimentation. Each of these algorithms is typically formulated on an individual basis with
linkages made to relate processes and environmental parameters as necessary (Spaulding,
1988). However. since there is a significant lack of data for reliable analytical formulation to
be established for many of the weathering processes, it is impractical to include all of them in

an oil spill simulation model. It would be more useful to include the most significant
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processes, i.e., those accounting for the bulk of the oil, while omitting others so that
uncertainty in the outcome can be reduced (Shen et al., 1987).

In the following part a presentation of the development of each algorithm is provided.

Advection

Oil moves horizontally in the marine environment under forcing from wind, waves, and
currents. Being itself a fluid with a density only slightly less than that of water, oil is also
transported vertically in the water column in the form of droplets of various sizes. Both
vertical and horizontal current shears are therefore important factors in the net motion of oil
at sea. Current fields are generally considered to be the vectoral sum of wind, tidal, density.
and pressure gradient induced currents. Of these various components, the wind-induced drift
is often the most important factor determining surface oil slick trajectories over time scale
greater than one day. The extremely simple empirical approach, which assumes that the
surface drift current is approximately 3-4% of the wind velocity at 10m height above the
water surface, has been used by most existing models and continues to be the most widely
accepted methodology. A deflection angle of 20 degrees was suggested in the northern
hemisphere (Stolzenbach et al., 1977). A deflection angle of 3 degrees and drift factor of 0.03
was used in the ASA model (Spaulding et al.,,1992) which is based on experimentation in the
Norwegian Sea (Reed et al..1991), The drift deflection angle is due to the coriolis forcing and
is directed to the right of the wind direction in the northemn hemisphere and to the left in the
southen hemisphere. Audunson et al.,(1980) assumed a wind drift factor of 0.027 and a
deflection angle of 12 degrees for the north sea. Samuels et al. (1982) suggest a vanable
deflection angle being a function of wind speed between 0 and 20 degrees.

Al-Rabeh et al. (1993) stated that “In modeling oil spill wansport in the Gulf, oil spill
models employing the wind-drift factor approach used values for the wind drift factor and
deflection angle that were originally found suitable for other water bodies. This has resulted
in poor prediction. Given the empirical nature of the approach it is necessary that suitable
values for these critical parameters be derived for the Gulf”. On the basis of least square
method analysis of the motion of the MEPA buoys (Henaidi, 1984), it was found that the
optimal values for the Arabian Gulf for these two parameters are: a drift factor of 0.031 and a

deflection drift angle of 26.03 degrees (Al-Rabeh, 1994).



Spreading

Spreading determines the areal extent of spilled oil and effects the various weathering
processes influenced by the surface area, including evaporation, dissolution, dispersion, and
photo-oxidation. Spreading is normally considered to be controlled by the driving forces of
gravity and surface tension and the retarding forces of inertia and viscosity. Various
researchers have investigated this process and several methods are available for use in its
modeling. Fay’s (1969, 1971) three-regime spreading theory is the most widely used (Huang,
1983). Other methods include variations of Fay’s spreading theory. In Mackay’s algorithm,
two expressions are used for the spreading of the thick slick and the total area of the thick
and thin slicks (Mackay and Leinonen, 1977; Mackay et al., 1980a, b). For the thick slick.
spreading consists of two parts, one a loss of area due to oil flowing from the thick to the thin
slicks and the second corresponds to Fay's gravity-viscous phase of spreading (Fay. 1969,
1971).

Based on extensive research on spreading scenarios the following directions where made
by Reed et al. (1999). For instantaneous spills, Fay-type spreading models may provide
adequate predictions of the film thickness in the thick part of the slicx. where the major
fraction of the oil volume is found. Such models are appropriate at least during the early
stages of release. For continuous spills in open sea conditions, where lateral spreading are
dominant some distance down-stream from the source, one dimensional Fay spreading
models seem to be more relevant than the radial spreading models used for instantaneous
spills.

It was also stated that, theoretical and experimental studies ot oil spreading from sub-
sea blowouts were initiated in the early 80's (Fannelop and Sjoen, 1980: Milgram. 1983:
Milgram and Burgess, 1984), and refinements of these models have continued up to the
present (Swan and Moros, 1993; Rey and Brandvik, 1997: Zheng and Yapa, 1997). This
recent work implies that predictions of the surface spreading may be made with acceptable
accuracy for sub-sea blowouts from moderate water depths. However. tor releases from
greater depths more than 500 m, modifications based on buoyant plume theory should be
considered. More recently. Chebbi, (2001) conducted analysis on the viscous-gravity stage of

spreading using the integral boundary-layer method and found agreement of results with the
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numerical solution for the unidirectional spread. His study extended in an attempt to develop

a sound theoretical treatment for the axisymmetric spread geometry.

Evaporation

Estimates of evaporation losses are required in order to assess the lifetime of the spill.
Evaporation typically accounts for 20-40% of spilled o1l mass balance (Gundlach & Boehm,
1981) and is strongly influenced by spill area, slick thickness, oil vapor pressure, and mass
transfer coefficient. Spill area is determined by spreading. While both vapor pressure and
mass transfer coefficient depend on wind speed (Spaulding, 1988), Fingas (1997, 1999)
argues that wind speed is not a relevant parameter. Vapor pressure changes as hydrocarbon
fractions are lost into the atmosphere. The two methods currently in use to characterize
evaporation rate are the pseudo-component approach and an analytical approach. In the
pseudo-component approach, oil is characterized by a set of hydrocarbon components
grouped by molecular weight (Spaulding et al. 1982a) or by boiling point fraction (Payne et
al. 1984b). This allows different fractions of the oil to evaporate at different rates and the
density of the slick to change as a function of time.

The analytic approach describes vapor pressure as a function of temperature and
amount evaporated (Mackay et al. 1980a). Both approaches use a similar mass transfer
concept. expressing the mass transfer coefficient as a function of wind speed, vapor pressure.
spill size and temperature. Payne et al. (1984a) described oil composition in terms of both
specific components and pseudo-components. This approach permits calculation of both the
remaining oil mass and its chemical composition and physical properties.

Jones (1997) has modified this method by introducing an empirical relation between
molar volumes and boiling point, based on data for n-alkanes. In this way the pseudo-
component model maybe used in spite of the common lack of the data on specific gravity of
the boiling point cuts. More recently, Fingas (1997, 1999) has proposed a simple empirical
method derived from small-scale pan evaporation experiments.

The pseudo-component method proposed by Spaulding et al. (1982a) and the later by
Payne et al. (1984b) seems to be the most reliable and flexible of the discussed methods.
However the computational intensity and the high data requirements of the method may still

justify a search for simpler methods.
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Dissolution

Dissolution is most active shortly after a spill and affects some of the same hydrocarbon
fractions as evaporation. However dissolution accounts for much less oil loss than
evaporation and is generally two or more orders of magnitude smaller (Harrison et al. 1975)
although exact measurements are difticult to obtain, even in the laboratory. Other modeling
approaches depend on combining the dissolution to other processes such as evaporation
(Williams et al. 1975). Also combining dissolution to dispersion (Spaulding et al. 1982a)
approach is taken because of the difficulty to distinguish between dissolution ad dispersion
in the field while together are expected to account for about 1 to10% of the mass of an ol
spill (Mackay et al. 1980b). Payne et al. (1984b) model dissolution is in much the same way

as evaporation with a components approach.

Dispersion

Natural dispersion computation is required for the assessment of the life time of an oil spill.
The rate of natural dispersion of oil droplets in the water column depends on the sea state, but
1s also influenced by the oil related parameters, such as oil film thickness and oil properties
(density, surface tension and viscosity). Emulsification will contribute significantly to the
persistence of ol spills. mainly due to sharp increase in viscosity and the increase in slick
thickness with water content which leads to retarding the spreading, increase in volume and
hence reduce the natural vertical dispersion of oil droplets in the water column.

The simplest and most primitive approach applied in estimating the dispersion uses
tabulations of dispersion as a function of the sea state (temperature. wind, waves. etc...) and
time after the spill. Otherwise. loss of oil from the surface slick due to natural dispersion can
be computed by equations originally proposed by Mackay et al. (1980a,b). This approach
formulates a two stage dispersion process. The equations describing this process treat
dispersion from thin and thick slick separately, agree qualitatively with observed behavior.

In some models (Payne et al. 1987: Reed et al. 1989c). only the thick portion of the
slick is considered. By neglecting transfer of o1l from the thick to the thin portion of the slick.
these models may underestimate the overall dispersion rate (Reed et al. 1999).

Delvigne and Sweeney (1988) conducted investigations of natural dispersion of

surface oil due to breaking waves in a small laboratory flume and in a larger test basin. On

2-14



this basis. an empirical relation was derived for the entrainment rate (dispersed mass per unit
area) as a function of oil type and breaking energy. This method is the most common in use

today (Reed et al., 1999).

Emulsification

Water droplets are dispersed into the oil, forming what is called ‘chocolate mousse’, a blend
of oil and sea water brown to orange in color of increased viscosity and volume. The process
of its formation is termed emulsification (Spaulding, 1988). Emulsification is computed with
an implicit algorithm originally proposed by Mackay et al. (1980a. b). Prediction of
emulsification and the associated viscosity changes relies on these empirical observations
(Reed et al. 1999).

The algorithm contains two parameters, defining the water uptake and the maximum
water content. Both parameters may be derived trom laboratory experiments, but the
parameter for the water uptake rate must in some way be scaled to field conditions and
different sea states (Reed et al. 1999). Experimental studies of emulsification for different
crude oils have revealed that both the water uptake and maximum water content vary
significantly from one crude to another, and these parameters are also influenced by the state
of weathering of the oils (Daling and Brandvik.1988). The mechanism by which this process
occurs is not well understood although it has been determined that turbulence, oil
composition and temperature are important.

In general. the maximum water content tends to decrease with the viscosity of the
parent oil. The differences in the water uptake rate might be related to chemical make-up of
the oil (i.e. the content of resins, waxes and asphaltenes). Emulsion stability is a measure of
the decrease in the water content of an emulsion when kept in stagnant conditions. Meso-
stable emulsions will lose some water when kept at rest for 24 hrs., while unstable emulsions
will lose practically all the water when kept at rest for the same period. Another important
observation is that while the apparent viscosity of stable emulsion may be two to three order
of magnitudes larger than the viscosity of the parent oil. the apparent viscosities of unstable
emulsions are typically no more than one order of magnitude greater than that of the parent

oil (Reed et al. 1999).
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Biodegradation

A long term process that continues for years after the spill occurs, and is affected by a variety
of organisms. No mathematical models have been developed to describe the crude oil
biodegradation in the marine environment, although a group of studies have been undertaken
on the characteristics of petroleum degrading micro-organisms (ZoBell. 1973;Horowitz and
Atlas, 1977, Atlas, 1981). The results of the controlled lab experiments are not always

applicable to the real marine conditions due to the complexity of the process.

Photo-oxidation:

It is the process by which oil, with energy from sunlight, undergoes oxidation, and polar,
water soluble, oxygenated products are generated (Payne and Philips, 1985a. b). This process
is unimportant in the first few days of the spill but may be noticeable after a weak or more
(Spaulding, 1988). A conceptual expression for its rate have been used by Kolpak et al.
(1977) based on extrapolation of laboratory results to open ocean slicks but the approach

remains unverified.

2.8 Types of oil:

Various types of oil act differently when spilled in the open sea. Due to different physical
properties (e.g. viscosity. volatility. toxicity) and the ambient surrounding conditions ( e.g.
wind. temperature. sea state) the extent of oil movement and degree of weathering differs and
hence the expected harm to the environment and cleanup expense differ. Table 2.1 shows the
types of oil along with their impact and how each type can affect the shoreline in oil spill

incidents. remedies and cleanup are also mentioned.
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Table 2.1 Different types of oil and their estimated impact

(source: www.response.restoration.noaa.gov)
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Fuels, Gasoline)

Type2: Light Oils (Diesel,
No.2 Fuel Oil, Light Crudes)

Type3: Medium Oils (Most
Crude Oils)

Type 4: Heavy Oils (Heavy
Crude Oils)

- High concentration of toxic (soluble compounds)

- Localized. severe impacts to water column and inter-tidal
resources.

- No cleanup possible

- Moderately volatile; will leave residue (up to one third of the
spill amount) after a few days

- Will o1l inter-tidal resources with long-term contamination
potential.

- Cleanup can be very effective

- About one third will evaporate within 24 hours

- Oil contamination of inter-tidal areas can be severe and
long-term

- Oil impacts to waterfowl and fur-bearing mammals can
be severe

- Cleanup most effective if conducted quickly

- Heavy oils with little or no evaporation or dissolution

Heavy contamination of inter-tidal areas likely

Severe impacts to waterfowl and fur-bearing mammals

Long-term contamination of sediments possible

Weathers very slowly

Shoreline cleanup very difticult
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2.9 Oil Spills in the UAE

The documented history presented in the “ROPME Oil Spill Incidents report, 1965-2002”
counts over 140 cases of oil spilling in the ROPME sea area. The UAE waters received 15
incidents. The main reason is being the substandard ships, vessels, and tankers carrying crude
and retined oil products loaded in the UAE or just passing in their way out of the Gulf. It is
clearly understood that oil spill incidents are an across-border phenomenon that could take
place in one location while its negative impacts would travel to reach far locations in other
countries. Figure (3.4) represents rough locations of oil incidents in the region adjacent to the

UAE coast. Table (2.2) states the incidents of oil spills in the UAE.

Figure 2.4 Rough locations of oil incidents in the Gulf region adjacent to the UAE Coast.

(Adopted from the MEMAC-ROPME report-2003)
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Table 2.2 Oil spills in the UAE (adopted from the MEMAC-ROPME report-2003)

Ol NT P

"o ol
)

1984 | QARNINA 7353

1986 AKARITA 0

1987 TEXACO CARIBBEAN 2283470
1987 AKARI UNKNOWN
1988 HAPPY KARI UNKNOWN
1988 KARAME MAERSK 1180000
1989 TROPICAL LION 420168

1994 SEKI 4705882
1997 GMMOS-II 617647

1997 ZAPPA 225 1470000
1998 LB 300 1764706
1998 MILAD-1 MINOR
1999 INES 10200

2000 AL JAZIYAH 88235

2000 ZAINAB 411600
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CHAPTER 3
MIKE3 HYDRODYNAMIC FLOW MODEL

MIKE3, a 3D modeling software package (educational version) produced by the DHI
WATER & ENVIRONMENT -Denmark- was selected for the present study. It is a user-
friendly, fully dynamic. 3D modeling system that uses Cartesian (rectilinear) grids. The
following section describes the technical information of the hydrodynamic module
MIKE3 'HD of the software. Major parts of this description are adopted trom the

software manual (MIKE3 User guide Documentation)

3.1 General Description of Modules

MIKE3 simulates unsteady flow with sigma layer system taking into account density
variations. bathymetry and extermal forcing such as meteorology. tidal elevations,
currents and other hydrographic conditions. The hydrodynamic model is dynamically
coupled with the temperature and salinity modules, which are resolved by advection-
dispersion processes.

The hydrodynamic module (HD) is the core of the MIKE 3 modeling system. It
provides the hydrodynamic basis for computations performed in other modules. namely
the spill analysis module. The spill analysis module (SA) will be discussed in much detail
in the next chapter.

MIKE 3/HD solves the time-dependent classical conservation equations of mass
and momentum in three dimensions, the so-called Reynolds-averaged Navier-Stokes
equations, where the flow is decomposed into mean quantities and turbulent fluctuations.

The flow field and pressure variation are computed in response to a variety of
forcing functions, when provided with the bathymetry, bed resistance, wind field,
hydrographic boundary conditions.

The closure problem is solved in the turbulence module through the Boussinesq
eddy viscosity concept relating the Reynold stresses to the mean velocity field. To handle
density variations, the equations for conservation of salinity and temperature are included

and solved in the transport equation module. An equation of state constitutes the relation
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between the density and the vanations in salinity and temperature. Thus. the turbulence
module and the transport equation module are integrated components of the

hydrodynamic module, and the suite of those three constitutes the HD module.

3.1.1 Conservation Equations of Mass and Momentum
The govemning continuity and momentum equations are as follows (Chao et al.,2000).
Continuity equation:

oU oV ow

_— —

G Al W Gz

=0 (3.1)

Momentum equation in x-direction:

oL OL CL ﬂa—U:—la—P+6( ﬂ)+2 1'ha—U]+la(r‘}-Ql (3.2)
ot a\ oy 0z p ox Ox ox oy ) p oz
Momentum equation in y-direction:

oV V V 2) %) )
¥ gy g __10P 0 ¥ O V) 1) o 33
ot ox oy oz pox oOx " Ox Oy 8) p 0z
Hydrostatic pressure equation:

P
= ipg=0 (3.4)
éz

where U, ¥ and W’ are time-averaged velocity components in the longitudinal (x), Lateral
(). and vertical (z) directions, respectively; ¢ is the time; p is the density of water: P is
the time averaged pressure; g is the gravitational acceleration: w, is the coefficient of
horizontal eddy viscosity; 7, and 7, are the horizontal shear stresses resulting from
vertical turbulent momentum transport; € is the coriolis parameter, ? =2w sin ¢, where «
1s the angular speed of the Earth’s rotation and @ is the geographical latitude.

The vertical axis is represented by o-layers that divide the water column in parallel
layers. The momentum balance in the vertical direction is introduced into the model by

equating the pressure gradient with hydrostatic pressure.
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Often estuarine and coastal hydraulics and oceanography imply variations in the
density due to varying salinities and temperatures. As even small differences in density
may have a decisive influence on the flow properties this is an important part of MIKE 3.
3.1.2 Advection-Dispersion Schemes:

MIKE 3 includes four advection-dispersion schemes:

e QUICKEST/SHARP, is especially suitable for simulations with steep density

gradients. It i1s a fully three-dimensional scheme

e QUICKEST/ULTIMATE scheme with directional splitting.

e SIMPLE UPWIND scheme using directional splitting

e 3D UPWIND scheme.

The schemes applying directional splitting, i.e. QUICKEST/ULTIMATE and simple
UPWIND. have a build-in intemal loop over components which increase the
computational speed when both salinity and temperature variations have been selected.
For the fully 3D schemes. i.e. QUICKEST/SHARP and 3D UPWIND. the intemal loop
over components may optionally be selected to increase computational speed at the
expense of requiring more memory.

In this study the SIMPLE UPWIND scheme 1s selected based upon the fact of regular
density gradients in the Arabian Gulf and optimal computational speed and memory
requirement.

The description of initial and open boundary conditions as well as proper choices
of dispersion factors are very important tasks during the model calibration process.

The transport equation for salt is formulated as:

D(pS)_ 0 ["r 55] (3.5)

1
p D, ox, |\ o, Cx,

and similarly, the transport equation for temperature is

imzi[v_ra_f]+1gﬁ (3.6)
gD ox, (orox, ) p

1
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Where S is the salinity and T is the temperature, and Qy is the Heat Exchange (for
simplicity SS. the source/sink term for the respective equation, is not displayed in the
above equations). The dispersion of salinity and temperature is assumed to be
proportional to the effective Eddy Viscosity with the factor of proportionality beingl/ar,
the dispersion factor. ot is the Prandtl/Schmidt number. Values of o1 greater than one

imply that diffusive transport is weaker for salt/temperature than for momentum.

3.1.3 Turbulence Closure Module

The turbulence is modeled in terms of an Eddy Viscosity and a bed shear stress. The
turbulent fluctuations (Reynolds stresses) are modeled employing the Boussinesq eddy
viscosity concept. In MIKE 3 the eddy viscosity (turbulent closures) can be specified as

one of five different models, These are:

o constant eddy viscosity

e Smagorinsky sub-grid scale model
e k-model

e  k-€ model

« mixed Smagorinsky/k- € model
The following is the k-¢ turbulence model description used in the study:

To eliminate the shortcomings of the k-model. the length scale specification
inherent in this model can be replaced by a transport equation for a turbulent quantity.

The most extensively used quantity is the isotropic energy dissipation rate. ¢

£E=Ccp,— (3.7)

(]
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¢, 15 an empirical constant to be determined from experiments. The A-e turbulence

closure, which has been implemented in MIKE 3. 1s the one suggested by Rodi (1980),

ot e ix

U — = L = —L —u

T, G ox, Cx,

& ok _ @ (1', Ck]+vr(c'ui cu,]ou, pg VO

1

where Cj¢y C3, C3e, Op, O and O7 are empirical constants. 3 is the volumetric

expansion coefficient and f is the buoyancy scalar quantity.

3.1.4 Heat Flux Module

The heat exchange module 1s used for simulation of heat transfer between the water body

and the atmosphere.

The heat exchange is calculated on basis of the four physical processes:

sensible heat flux (or the heat flux due to Convection )

latent heat flux (or the heat loss due to Vaporization )

net Short Wave Radiation

o net Long Wave Radiation

Each process is tfurther described here

Convection

The sensible heat flux. g. (or the heat flux due to convection) depends on the tvpe of
boundary layer between the sea surface and the atmosphere. Generally this boundary

layer 1s turbulent implying the following relationship

o
L}
W



q paIrCaJrCcH.JOm(Tualtr - lel') fOf' Ta:r >0
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warer

warcr

(3.10)

where

rar 18 the air density (kg/m"‘)

Cayr 1s the specific heat of air, 1007 J (kg - °K)

C. is the specific heat of water, 4186 J (kg - °K)

Wiomis the wind speed 10 m above the sea surface

T. 1s the absolute temperature of the sea

Tayr 1s the absolute temperature of the air

C.is the sensible transfer coefficient. given as 1.41 - 10

The convective heat flux typically varies between 0 - 100 W/m?.
Vaporization

Dalton's law yields the tollowing relationship for the vaporization heat loss (or latent
flux):

q\ 3 LC: (al +bl W;’m )(Qu-aler & Qair) (31 1)

where

L is the latent heat of vaporisation, 2.5 - 10° J/kg
C.1s the moisture coefficient, 1.32 - 10°

Wjnmis the wind speed 2 m above the sea surface
Quwater 1s the water vapour density close to the surface

Q. 1s the water vapor density in the atmosphere constant in Dalton’s law. (a,), and the
wind coefficient in Dalton’s law (b are user specified coefficients, a, i1s dimensionless

and b, 1s in s/m
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Sensitivity analysis of a,, and b, has yielded the following values to give the best

agreement with Al-Rabeh et al., 1993 average flow pattern using average June wind.

8120.5
b|:0.95 m

Short Wave Radiation

Radiation from the sun consists of electromagnetic waves with wave lengths varying
from 1.000 to 30.000 A. Most of this is absorbed in the ozone layer, leaving only a
fraction of the energy to reach the surface of the Earth. Furthermore the spectrum
changes when sunrays pass through the atmosphere. Most of the infrared and ultraviolet
compound is absorbed such that the solar radiation on the Earth mainly consists of light
with wave lengths between 4,000 and 9,000 A. This radiation is normally termed short
wave radiation. The intensity depends on the distance to the sun, declination angle and
latitude, extraterrestrial radiation and the cloudiness and amount of water vapor in the

atmosphere.

Distance between the Earth and the Sun

The ratio between the mean distance. rp to the Sun and the actual distance. r i1s given by

5

E, :[i‘] =1.000110+0.034221 cos(I") +0.001280sin(I")

. (3.12)
+0.000719 cos(2I')+0.000077sin(21)
in which r is defined by
2xld -1
r-27d, ) a1
365

and d, is the Julian day of the year.
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Solar Declination and Day Length

The daily rotation of the Earth around the polar axes contributes to changes in the solar

radiation. The seasonal radiation i1s govermed by the declination angle. which can be

expressed by

8=0.006918-0.399912cos()+0.07257sin(I")
~0.006758cos (2I')+0.000907sin (2I") (3.14)
-0.002697cos(3)+0.00148sin (3T)

The day length. Ny vanes with d. For a given latitude (positive on the northem

hemisphere) the day length is given by

N, = £ arccos{— tan(¢)tan(5)} (3.15)
/4

and the sunrise angle, w, 1s

w, = arccos{- tan(¢)tan(5)} (3.16)

sr

Extraterrestrial Radiation

The intensity of short wave radiation on the surface parallel to the surface of the Earth
changes with the angle of incident. The highest intensity is in zenith and the lowest
during sunrise and sunset. Integrated over one day the extraterrestrial intensity in short

wave radiation on the surface can be derived as
24 ;

H,=""gq._ E,cos(¢)cos (5 Xsin (@, )-w,, cos(, ) (3.17)
T

where q is a solar constant.
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Radiation under cloudy skies

For determination of daily radiation under cloudy skies, H, the following relation is used

ﬁ—a + by
HO- 2 INd

. = ORI
: ¥,

N,
B n

(3.18)

in which n is the number of bright sunshine hours, Ny the length of the day. The over-bars

refer to the mean annual values.

The constants a». b known as sun constants in Angstrom’s law are required as inputs in

the heat flux module to count for the cloudiness effect on short wave radiation.

Based on the local Arabian Gulf day conditions, an average number of bright sunshine
hours (n) = 12 hours. and an average length of the day (Ng4) = 14 hours. The following
values were obtained from the above formulation for a,, by are used with the heat flux

module.a> = 0.305. b, =0.473

Beer's Law

The attenuation of the lizht intensity is described through the modified Beer's law as:
I(d)=(1-p)I e~ (3.19)
where

I(d) is the intensity at depth d below the surface

lo 1s the intensity just below the water surface

B is a quantity that takes into account that a fraction of the light energy (the infrared) is

absorbed near the surface
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A is the light extinction coefficient

Typical values for 8 and A are 0.2-0.6 and 0.5-1.4 m’'. respectively. Typical default

values for 3=0.3. and A =1 were used respectively.

For the short wave and long wave calculations the relative humidity and cloudiness are
to be specified in the heat flux module. Elshorbagy et al., (2004) used values for the
relative humidity to be 53%in summer and 60% in winter, and cleamess coefticient of

65% for the Arabian Gulf.

Long Wave Radiation

A body or a surface emits electromagnetic energy at all wavelengths of the spectrum. The
long wave radiation consists of waves with wavelengths between 9,000 and 25,000 A.
The radiation in this interval is termed infrared radiation and is emitted from the
atmosphere and the sea surface. The long wave remittance from the surface to the
atmosphere minus the long wave radiation from the atmosphere to the sea surface is
called the net long wave radiation and is dependent on the cloudiness, air temperature,
vapor pressure in the air and relative humidity. In MIKE 3 the net outgoing long wave

radiation is given by

q/r‘m’{ :O-xb Tmr (a b\/Z)[C is d_—J (320)

where a. b. ¢ and d are coefticients given as:
a=0.56:b=0.77mb " ¢c=0.10;d =.90

€4 1s the vapor pressure at dew point temperature measured in mb
n is the number of sunshine hours

Ng 1s the number of possible sunshine hours

Ogp 15 Stefan Boltzman's given as 5.6697 - 10 W/(m? - °K4)

Tar 1s the air temperature
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3.2 HD Module Data and Setup

3.2.1 Bathymetry

Using the bathymetry editor of MIKE 3, the bathymetry of the study area was constructed
to the MIKE 3 format by using digital format data published in the NOAA final report of
the Mt-Mitchell cruise in the Arabian Gulf which took place during February-May 1992.
Figure (3.1) shows the water depths of the Arabian Gulf.

Arabian Gulf Bathymetry

(Grid spacing 3000 mater)
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fbove 8
0 8
8- 0
-16. 8
-24 16
32. .24
40 -
.48 -

BEBIRZRERR:

Betow -104
| Undetined Vatue

0 50 100 150 200 250
(Gnd spacing 3000 meter)

Figure 3.1 Arabian Gulf Bathymetry

3.2.2 Gnd Generation for Hydrodynamics
Using the Bathymetry Editor of the MIKE3 software, a Cartesian (rectilinear) grid of 3
km spacing was adopted over the entire region of study (Fig. 3.2). This relatively high

modeling resolution enables the possibility of investigating details of coastline tlow.
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Figure 3.2 Computational Grid

3.2.3 Ininal Salt and Temperature Fields

Prior to starting of the simulation, MIKE 3 requires knowledge of the initial
salinity/temperature distribution. MIKE3 Type3 (3D) data files are prepared for initial
salinity and temperature using the digitizing tool in MIKE3 to couple the Gulf
bathymetry with the data. The end product is a 3D file describing the properties in a
vertical system of 5 layers of 20 m depth each. Salinity and temperature fields were
produced for both winter and summer according to the available data. The data used for
salinity and temperature are published in the final NOAA report on the Mt-Mitchell
cruise in the Gulf during the February-May 1992. Furthermore, the dispersion was
considered to be proportional to the velocity, and dispersion factors were taken equal to
0.01m%s in the horizontal and vertical directions, and were found to satisfy the

computational stability requirements set forth in the software manual.
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Figure 3.3 Winter, Temperature & Salinity fields (Adopted from Reynolds, 1993).

3.2.4 Initial Boundary Salt and Temperature Time Series

For the baroclinic forcing of MIKE3, the varation of salinity/temperature at the open
model boundaries was provided. Time series are prepared for the salinity/temperature
boundary data based on a five (5) layer-system, each of 20 meter depth. The Data is
adopted from the Mt-Mitchell cruise oceanographic contour results (Reynolds, 1993) at
Strait of Hormuz vicinity and is interpolated to cover the total depth (+104m) at the

location.

3.2.5 Tidal Boundary

The tidal induced tlow into the model area was forced with the principal semi-diumal.
M2 and S2, and diumal K1 and O1, constituents (see Table 3.1). These components were
selected as they were found dominating the tidal motions in the Gulf (Hydrographer of

Navy. 1976).

Table 3.1 The harmonic tidal constituents

e e R
Phase (H.m) 076 0.29 0.29 0.29

Amplitude (g°) 299 335 57 55
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The Tidal boundary file was produced using the MIKE tidal prediction tool based on the
British Admiralty tables (ATT 2001) for the location of “Didamar” (fig. 3.2) at the Straits

of Hormuz at 56.35°,26.5°, longitude and latitude respectively.

3.2.6 Wind Field

Due to lack of comprehensive data on wind field varnation in time and space for the entire
Arabian Gulf, a simplification has been adopted by introducing a wind that is constant in
time and space for the hydrodynamic simulation. Al-Rabeh et al. 1991 used average
effective monthly wind velocities values and directions in the Gulf based on the
assumption that for any given wind direction and for any month the wind speed is
exponentially distributed. The same values were used for summer and winter simulations
with the North-Westerly wind dominating the entire region. The data used are
represented in Table 3.2 which is adopted from the previous source. A constant wind drag

coefticient value of 0.0026 was used.

Table 3.2 Arabian Gulf average effective monthly wind velocities

January 5.324

February 5.487 37
March 5.006 132.5
April 4.483 128.5
May 4.724 118.5
June 4.892 127.7
July 3.892 122.8
August 3.000 126.3
September 3.465 132.8
‘October 3.296 143.4
November 4.689 147.8
December 4.784 135.9
Annual 4471 132.7
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Notice that the direction of the wind in MIKE3 is given in degrees blowing from
(relative to true north (see Figure 3.4). Hence the above value of wind direction was

added to 180 degrees to make up for this change in wind direction definition.

A North

~

Wind

Figure 3.4 Definition of wind direction.

3.2.7 River Inflow

It has been stated in the introduction chapter that most of the river inflow into the Gulf
occurs at the northemn end. Table 3.3 summarizes the river inflows used in the model. The

discharge data and location is adopted from Reynolds, 1993 (see figure 2.2).

Table 3.3 Major rivers into the northermn Gulf

Shatt-Al 1436 0.5 90 90 0 20
Arab

Hendijan 203 0.5 180 90 0 20
Hilleh 443 0.5 270 90 0 20
Mand 138" 0.5 180 90 0 20
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The effects of rivers can be included in the simulation. MIKE3 enables the user to

identify up to a total of 300 sources. For each source the information specified is

« The location (in grid coordinates). It must be placed at a computational point (a
wet grid point, not on land or below seabed).

o The discharge (or magnitude) (in m’/s), the flow speed (in m/s) and the direction
at which 1t is discharged.

« The value of possible salinity/temperature at the source

3.2.8 Heat Exchange Parameters

The heat flux module is a very important tool in seas such as the Arabian Gulf where
evaporation plays an important role in the water movement especially in the shallow
areas such as the UAE coast. Based on the theoretical background review in the first

section of this chapter, the values used in the heat flux module are listed in table 3.4.

Table 3.4 heat flux module parameters

Parameter ) Value
Constant a; in Dalton’s law 0.5
Wind coefficient b, in Dalton’s law 0.9
Sun constant in a; Angstrom’s law 0.305
Sun constant in by Angstrom’s law 0.473
Displacement summer time 0
Standard mendian for time zone 24
Beta in Beer’s law 0.3
Light extinction coefficient 1
Relative humidity 60 %
Cleamness coefficient 65%

Air temperature is considered constant with a value of 30 degrees Celsius over the entire

region.
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3.2.9 Turbulence

The k-e¢ turbulence model is used as a turbulence module in the hydrodynamic
simulation. Based on the software manual recommendation, the empirical coefficients
entering the k-e turbulence model are based on innumerable experiments and therefore,
changing these values should be avoided if possible. As such, no change was made to
these values. The empirical recommended values are listed in table (3.5). Eddy viscosity
limits in the horizontal plane of 5x10°cm?s and in the vertical plane of 0.1x10%cm?s are

considered.

Table 3.5 Empirical constants in the k-e¢ Turbulence Model

Cm Cle Coe Cae Ok Oc ot

0.09 1.44 592 0 1 1.3 0.9

3.3 Hydrodynamic Simulation Results and Tuning:
3.3.1 Computed and Measured Tides

Computed water levels at Abu Dhabi and Dubai are compared to measured values from
Elshorbagy et al. 2004a. Abu Dhabi data represents the early summer season in April,

while Dubai compares for the winter season in November (see figure 3.5).

The comparison time period was chosen based on the actual measurements data time
periods. Both comparisons show fair agreement between the measured data and the

model water height results
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Figure 3.5 comparison of model and measured water level for Abu Dhabi and Dubai

3.3.2 Computed and Measured Residual Currents
For the comparison of currents (fig 3.6), mooring M2 point from the Mt-Mitchell located
at Latitude 2622.36 and Longitude 5345.87 is used. The M2 point lies in the deep region

of the Gulf along the Iranian coast. This area receives heavy tanker traffic.

Data from the current meter at depth of 10 meters are selected for comparing with the
model’s 20m deep top layer averaged current. The U and V components where compared
for the same period of time. Component U in the model showed fair agreement to the
measured data, while the V component showed less agreement. The measured V
component data looks quite irregular with abrupt change in local magnitude and this may

be attributed to passing ships or winds different from that considered for the study.
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Figure 3.6 Comparison of measured and model current components U and V

3.3.3 Arabian Gulf Residual Flow Pattern
The monthly average wind speed and direction have been used; 5.5 m/s with NW angle
311 degrees for winter and 3.0m/s with NW angle 306 degrees for summer. A 30 day

average flow is presented in figure 3-7, “a” for winter and “b” summer.
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Figure 3.7 Wind and Density driven one month residual surface flow for a) Winter and b) Summer.
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The model-predicted average surface flow pattern agrees with the well known
general flow pattern features of the Arabian Gulf reported in past studies (Reynolds 1993,
Elshorbagy et al. 2004b). In the southern part, the counter clockwise gyre up to Qatar
peninsula is seen. Also in the northemn half the south westerly jet flow along the Saudi
and Iranian coasts is seen while the central and upper portion of the north half of the Gulf

1s dominated by relatively calm waters with currents hardly exceeding 10cm/s.

Summer; The principal flow feeding the current movement originates along the deep
waters of the southem part of the Iranian coast. The surface flow along the Arabian coast
always follows the coastline, directed towards the southeast along the Saudi and Qatar
cost, tuming south following the Qatar peninsula coast then combined with the southemn
counter-clockwise gyre. The current tumns east along the UAE coast, driven by the wind
effect on the shallow waters then north-easterly towards the mouth of the Gulf at Strait of
Hormuz. It reverses back to the east with the in-currents to combine the gyre again. On
the Iranian side of the Gulf, an upward north-western current is active in the southem
deep waters to the northem end, tuming west at the shallow upper region of the Gulf then
reaching the Saudi coast feeding the coastal jet directed southeast in the northemn half of
the Gulf towards the southeast. The near-shore current is downward south-east current
probably due to the river influx to the Gulf. The central portion of the northern half of the

Gulf is characterized with calm waters

Winter: The surface currents have higher fluxes than summer. The general pattern 1s the
same except some features probably related to higher magnitude of the wind field in the
winter. The main current entering the Gulf along the deep waters of the [ranian coast is
directed along the Gulf axes towards the central part of the upper half of the Gult then
splitting very clearly at the upper end of the Gulf to almost equal portions to the east and
west. The western current received by the Saudi coast splits again to north and south
fluxes. Currents flow along the Kuwaiti costs are then directed clock-wise to feed the
Iranian coastline flow while the south portion follows downward the south-eastern track
to Qatar and the UAE coasts with higher fluxes again joining the central gyre at the

southern part. The eastern current received by the Iranian coast totally follows the coast
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south-eastern downwards till reaching the main flow at the Gulf Axes and is again

redirected north-eastern along the Gulf Axes.

In both winter and summer seasons, the flow at the Strait of Hormuz is highly
mixed due to high turbulence in the vicinity. In-out waters with steep bathymetric
gradients and relatively narrow boundary are factors adding to the complexity and flow
turbulence. In conclusion, the residual currents predicted by the model are found to be in

fair agreement with the historical and modeling information of the Arabian Gulf.
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CHAPTER 4
OIL SPILL MODEL

This chapter is divided into three parts; the first describes the spill analysis model
“MIKE3-SA”, its solution technique, and the numerical formulation of the oil spill fate
and transport. The second part targets the identification of various model parameters by
means of sensitivity analysis simulations in addition to assessing the model performance
in association with different crude oil types. The last part of this chapter covers the
model validation by testing its performance against the Al Ahmadi o1l spill incident. The

results of validation along with tables and figures are presented.

4.1 MIKE3 SA Numerical Model

This section describes the physio-chemical processes for the oil spill migration
phenomena and their numerical formulation used by MIKE3 SA Module. A major part of
the section content is adopted from the software manuals. The module of MIKE3-SA
simulates the spreading and weathering of suspended substance in the aquatic
environment under the influence of the fluid transport and the associated dispersion
processes. The substance may be an oil pollutant, defined according to its distillation
properties and chemical structure (alkane or aromatic). The pollutant is transported as
discrete particles by a random walk tracking scheme calculating the displacement of each
particle as the sum of an advective deterministic component and an independent, random
Markovian component which statistically approximates the random and or chaotic nature
of time-averaged tidal mixing (MIKE3 Manual Documents, 2002). Such calculations
determine the changes of the physical properties (weathering) and describe the movement
(trajectory) and performance of oil spilled at the sea. MIKE3 calculates. besides transport
due to advection and random walk, the properties of spreading, evaporation, natural
dispersion, emulsification, and dissolution. The results of these properties are described
in linear scale (millimeters) of the slick thickness. A set of powerful graphical
presentation tools are available for pre and post-processing and for data and results

manipulation.
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4.1.1 Basic Equations

MIKE3 SA module solves the so-called Fokker-Planck equation for suspended oil
substances in two dimensions through the introduction of consistent random walk particle

method:

of & (I 8
- = —B.,B. —— (A 4.1
a’ axl.r’ (2 k= jk f) a-rl ( lf) ( )

A(f,t) is a known drift vector representing the deterministic forces which act to change
Sf(t). B(t) is a known diffusion tensor characterizing the random forces and f = c h, where ¢
is the concentration and h is the water depth.

The physio-chemical processes affect the movement of each parcel. Once the parcels are
released in the water body, their discrete path and mass are followed and recorded as a
function of time relative to the reference gnd system fixed in space.

The Fokker-Planck equation for suspended oil substances is solved by the Lagrangian
Discrete Parcel Method (LDPM). The weathering processes are solved by the Runga-

Kutta fourth order method.

4.1.2 AdvectionyDiffusion
The surface current velocity is based on a nearly logarithmic vertical velocity profile and
the wind component is added to the current velocity vectorially in order to determine the
total surface drift velocity
Horizontal diffusion due to turbulent fluctuation of the drift velocity 1s simulated, based
on the random walk analysis (Dimou & Adams, 1993. The formulas for the random

longitudinal and transversal dispersion are:

S o (4.2)

]
)

where
B = tensor of force
Dix, Day. Dyx, Dy are dispersion coefficients in a Cartesian system

In the special cases where

4-2



Dixy = Dy = 0, ie Dy = D« and Dr = Dyy, the displacements in the horizontal and

transversal directions are:

AL =r-\|6D, At,
AT =r-,/6D, At

where: r 1s a random number between -1 and 1.

(4.3)

4.1.3 Evaporation

The evaporation process is modeled by the pseudocomponent approach in which oil is

described by a set of fractions. The rate of evaporation adopted in the model was
expressed by Spaulding et al., (1982,a) and Payne et al., (1984,b) where a set of

hydrocarbons are grouped by their molecular weight as:

Ve. P M
% =Ke, — Xmol, — 4
dt L . el

(4.4)

oil

where

dVe; / dt = the evaporation rate of component 1
Ke; = the mass transfer coefficient of component 1
P;** = the vapor pressure of component i

R = the gas constant

Ton = o1l temperature

Xmol; = the mole fraction of component i

M; = the molecular weight of component 1

pi = the oil density of component 1

A = shick area

And according to Mackay and Matsugu (1973) Ke; is estimated by
Ke, = 0.029D *"' S¢," " u®™ (4.3)

where

D, = slick diameter

Sc; = Schmidt number for component 1

u = wind speed at 10 meters above the sea surface

The slick diameter is calculated by simply assuming a circular shape for the patch.
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4.1.4 Natural Dispersion

Crude oils or its refined products after spillage at sea are dispersed by the forming of
small droplets of oil to be incorporated in the water column. Besides evaporation the rate
of natural dispersion largely determines the life of an oil spill. The model uses a
formation of Mackay et al (1980) to compute the entrainment or dispersion on the water
column. The fraction of sea surface oil dispersed in the water column is calculated as a

lost fraction of sea surface oil per hour given by:

D=D_*D, (4.6)
where Da is the fraction of sea surface dispersed oil per hour and Db is the fraction of the

dispersed oil not returning to the o1l slick, expressed by

Bl el (4.7)
3600

where Kd, is a constant expressing the relationship between dispersed amount and the

amount of oil in the surface slick and is taken by the model to be equal to 0.11.

and Dy, is the fraction of dispersed oil not returning to the slick calculated by

g aillbhy @ (4.8)

* 1+50u,,67,,
where
poil = oil viscosity
0 = slick thickness

yow = oil-water interfacial tension

the rate of upwelling of dispersed oil droplets can thus be calculated as

d:;"” =D, (1 - Db)*Vail (2:2)
!

where V,; = spilled volume of o1l
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4.1.5 Mechanical spreading
Fay’s (1971) spreading theory is used to model the slick area growth. The gravity-viscous

formulation determines the spreading rate as follows:

4
d i LY 2
d—:=A_4~,43[T'J (4.10)
where

Ka = Constant (s")

4.1.6 Dissolution
Using the assumption that the actual concentration of hydrocarbons is negligible
compared to the solubility, the model uses the rate of dissolution expressed by Pavne et

al.,(1984b) similar to the component approach to calculating evaporation as:

11d. M

) R (S R i e (4.11)
dr P,

Where

C,* = solubility of component i (mg/kg water)

Xmol, = mole fraction of component i

M, = molar fraction of component 1

p, = density of component 1

A, = spilled oil area

The mass transfer coefficient for dissolution is estimated to:

Ks,=2.36.10°%¢,

Where ¢, 1s the solubility enhancement factor and equals 1.4, 2.2, and 1.8 for alkanes.

aromatics, and olefins respectively.

Mixture solubility are calculated by assuming the solubility is proportional to the mole
fraction with a correction factor in the solubility of enhancement factor (¢) as discussed
by Leinonen (1977) who showed that this enhancement factor is necessary in order to
predict realistic solubility and the above values of (¢) were obtained expenmentally

(Mackay et al., 1980b).



CHAPTERS

DESALINATION PLANTS AND SOURCE ZONING

This chapter aims to define points of potential importance to the impact of oil spills with
reference to desalination plant intakes along the UAE coast. Further more, zones are laid out
to cover the portion of the Arabian Gulf water body adjacent to the UAE. Information on the
locations of oil loading terminals and navigation routes of oil tanker are considered in

identifyving the zoning system distribution.

5.1 Desalination Plants Selection

Intakes of a selected number of strategic desalination plants along the UAE coast mainly in
Abu-Dhabi, Dubai, and Sharjah are considered as coastal points of interest in the spill impact
analysis. A search has been conducted to determine the selection of points based on their
production capacity and their geographical location in an effort to evaluate the risk on the
widest range of the UAE coast. The coordinates of the point are considered as observation
points and time series is produced in the post processing stage to determine the arrival of oil
to these specified locations. Table (5.1) lists the selected desalination plants, coordinates and

production capacity in million gallons per day:

Table 5.1 Selectgq desalmatlon_plants along!_he UAE coast l :
Emirate  { In ‘”’L an‘ 00 dmates"in 398 | Capacity

iR Iy

Sty

Abu Dhabi Umm Al-Nar 854153 2705831 100
Abu-Dhabi | Taweelah 871950 2744052 95
Abu-Dhabi | Mirfa 748700 2670000 38.7
Abu-Dhabi | Shuwaihat 640254 2663548 200
Dubai Jebel Al 937689 2797633 188
Shanah Layyah 943657 2809438 40
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4.1.7 Emulsification
A result of the emulsification is a large increase in the volume of the oil slick and a
significant increase in the density and viscosity of oil.

The incorporation of water is expressed as:

dY .

—=R _R'J .
dr L (4.12)

where R is the rate of uptake. It will increase with increasing temperature and wind

speed

RI :Kl M(-“mﬁx _.‘.) (4.13)
:uoil

Where

u = wind speed

Ymax = Maximum water content

y = actual water content

K 1 = emulsification constant (K1 =5.107 [kg/m3])

Mo = 01l viscosity

R2 is the rate of water release. It decreases with increasing content of asphaltenes, wax

and surfactants in the oil and with increasing oil viscosity. This is expressed by:

A=K, — — (4.14)
b ~ ‘4s ’ W[IX . :uail

Where
As = content of asphaltenes in oil [wt %]

Wax = content of wax in the o1l [wt%)]

K, = emulsion coefficient (K, = 1.2 * 10 (kg (wt%)/sz])

4.2 Oil Spill Sensitivity Analysis

Sensitivity analysis i1s conducted on various selected parameters based on background

information of their relevance to oil spill properties such as shape. dimensions, and

weathering processes. The study aims to evaluate the effect of these parameters by

changing them one at a time and monitoring the results. Eventually. a list of critical
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parameters should be short-listed and extensive study will be performed to validate the
model for oil spill trajectory based on published literature on oil spill incidents in the
Arabian Gulf. The strategy of selecting the values of active parameters is based on the
extreme impact in terms of surface total oil slick trajectory and spreading. The
weathering parameters used by the model are evaporation, emulsification, dissolution and
vertical dispersion. Weathering values will be only of qualitative importance, and no

validation will be conducted for them.

The following includes description of the preliminary basic simulation setup utilized in

conducting the sensitivity analysis and parameter investigations.

4.2.1 Source and Source Flux

A single oil source releasing S particles per time step is assigned at grid location (150.
80) just east of the north end of the Qatar peninsula. The attempt of using 100 particles
per time step resulted in increasing the simulation time and produced a smoother slick
with no significant difference in predicted trajectory or weathering values. It is decided to
adopt continuous release for the sensitivity analysis and to use S particles per time step. A
continuous source flux of Im’.s" is employed which produced 86400 m® of oil per day,

and is ranked as a major oil spill.

4.2.2 Dispersion Criteria: No Wind, Continuous Source Conditions
This section is meant to serve two purposes. The first. is to identify the dispersion
mechanism to use. The second is to estimate the oil spill trajectory due to dispersion.
density currents and, tidal currents without including the wind advection. This second
purpose will be discussed later with the results of active wind field.

Dispersion criteria is investigated by first adopting it to be proporticnal to the
current (referred to here as case I) and then to be independent of the current (referred to
as case II). The case of dispersion being independent from current 1s most widely used
and is suggested in a verified case-study by Proctor et al.(1994) in the Arzbian Gulf
region where the oil dispersion (diffusion) constants in the horizontal and verucal are Dh
=10m%s™, Dv =0.005m".s™, respectively The same horizontal value was adopted by Al-
Rabeh et al. (1989). These same values are adopted in the simulation, and the dispersion

is assumed independent of current. The logarithmic velocity profile was selected to
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descnbe the velocity change with depth. Comparison of simulation results is shown
below (Table 4.1)

Table 4.1 Results of total oil dispersion: all dimensions are in grid number

(Each ghd has an area of 9 km®)

Propomonal 1010 0005 83
Independent 10,10,0.005 357 12 34 832

In case of the dispersion proportional to current, results show that the slick was
elongated in shape with maximum width of 2 cells (6 km) and a total area of 83 cells (342
km?) (see fig 4.1) 1s occupied at the end of a 14 day simulation. On the other hand, in the
case where dispersion is independent of current, the results of the slick dispersion were
much larger and of an elliptical shape, with a total area of 357 cells (3213 km?) at the end
of a 14-day simulation, and the width exceedingl 2 cells (36km). The etfective length of
both slicks was almost equal; where the independent dispersion was 93km while the
proportional dispersion was 102km.

Total oil thickness was much larger with velocity-dependent dispersion,
exceeding 32 mim, while in the independent dispersion; it was more realistic, barely
above 3.5mm. At the end of the simulation, both cases showed that maximum oil
thickness location in the slick to be relatively the same on the leading edge. The location
of maximum oil thickness at 7 days was generally near the source. In the dispersion
proportional to current case, the maximum oil thickness at 7 days is shifted about 30 km
downstream more than the independent dispersion. Dispersion independent from the
current is adopted for the sensitivity simulations as well as for the final simulations.

At the end of the 14 day simulation, the following is the plot for the dispersion of
considered cases. A proportionality ratio of 1 in all three dimensions is considered in case
I

Inspecting the results, one can observe that the thickness lost by evaporation was
6 times higher in case Il than case I. Also emulsification was 6 times higher in case I and

the same ratio was in dissolution and vertical dispersion. In Conclusion:
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*» The case of dispersion independent from current produced a total spread area almost
10 times the area covered in the case were the dispersion was proportional to the
currents.

¢ Case Il produced much higher rates of weathering, about 6 times the rates of case I.
From the above findings, it is decided to employ dispersion independent from current

in the sensitivity and actual case scenarios based on the conservative approach of

employing the extreme conditions for o1l spill impact.

3 Case |

“0 “00 “50 000 820 Jwo
felometen

e hmter

oo motar)

Figure 4.1 Oil Dispersion criteria, 14 Day age (Case I: Dispersion proportional to current,

Case II: Dispersion independent of current)
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4.2.3 Wind field

Northwesterly wind field, constant in time and space, of Sm.s™' is used for the entire area
of the model. Zero wind conditions are tested to evaluate the combined net transport
effect of tidal, and density currents in the area adjacent to the UAE coast in absence of
the wind advection. Lardner and Das (1991) indicated that, the advection in the Gulf is
entirely dominated by wind, except for the North end at Shat Al Arab and the South end
at the Strait of Hormoz. It is worth stating that, the wind magnitude and friction
coefficient are of extreme importance. This is due to the fact that winds transport oil
spills through the combined action of wind-generated currents, wind induced waves, and
by direct wind shear. Special attention is taken in determining these values. In general,
average wind fields in the Arabian Gulf are in the range of 2 t05.4 m/s and the
dominating “Shamal” wind is blowing north westerly all over the year with — to+10
degrees range. The mean effective wind speed varies between a minimum of 3.0m.s” in
August and a maximum of 5.487 ms™ in February (Al-Rabeh et al., 1991) (Proctor et al.,
1994).

A wind field of magnitude Sm.s” is used in this sensitivity study. The wind is
constant in space and time over the entire model area and directed 315 degree
(northwesterly) along the axes of the Arabian Gulf. A constant deflection angle of 15
degrees is considered to the right (Coriolis Effect, northemn hemisphere). Wind friction is
a tuning value and will be discussed in the model tuning chapter; a constant value of

0.0026 is used in the sensitivity study.

Table 4.2 Results of total ol spreading due to wind change: all dimensions are in cell

SCeﬁéﬁ - Value(m/s) Tot. area Tot. width Tot. Length Max. Oil thick(mm)
P hhg w2 & '] . ;
No-Wind 0 357 12 34 552

Const. wind S 589 12 71 11.06

Applying the wind field resulted in the increase of the slick covered area due to
the added advection force induced by wind field. 40% increase in the area being 5300km’
and the total effective length to be 312km with an increase of 52%, while the slick width
remained unchanged at 36km. The slick maximum total thickness increased 55% to
11.06mm from 5.52mm in the simulation without wind. This increase could be

understood due to the effect of breaking waves generated by wind. It is stated by
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(Choe1999), that Sn1/s is approximately the threshold for generating breaking waves. The
maximum thickness in wind conditions simulation was located upstream at grid point

(153,76), while in the no-wind conditions simulation the maximum thickness of the slick

was located at the leading edge at (177,57).

A

LR

Figure 4.2 Wind conditions effect, Day 14 Oil slick (A: No wind conditions. B: Smys

constant wind field)

Results of weathering parameters show that:



<+ Evaporation loss at the end of 14 day increased 100% from 0.14 to 0.279mm
indicating the clear effect of wind presence on increasing evaporation rate.

<+ Emulsification formation thickness increased 100% from 4.54 to 9.38mm indicating
the clear effect of wind presence on increasing emulsification rate.

%+ Dissolution reduce by 10 times to 3.8E-7 from 3.3E-6mm

< Vertical dispersion greater 30 times due to breaking waves effect

In conclusion, the performance of oil with wind presence is much more active. The wind
field effect is very clear on oil slick shape, dimensions and weathenng rates. Results
show twice the length of the no wind slick, evaporation and emulsification are doubled
with wind, while vertical dispersion is 30 times greater and dissolution reduced ten times.
In a study at the Saudi Gulf coast Al-Rabeh et.al. (1992), stated that sensitivity
analysis showed clearly that the tidal currents contribute very little to net transport for
periods more than 24hr and that the wind driven currents alone are mainly responsible for
the net transport of pollutants. Lardner and Das(1991) also stated that the density driven
currents are small except in the vicinity of Shatt Al-Arab and Straits of Homuz.
However, it is noticed that in the area adjacent to the UAE were the simulation took place
that the no-wind case showed quite considerable oil dispersion, although it was doubled
when the wind was included. This clearly highlights the effect of the density driven
currents and to a smaller extent the tidal currents in the study area. This is possibly due to
the shallow bathymetry which results in higher evaporation rates and hence heavier water
that drives the current.
4.2.4 Other Selected Parameters
In this section, a number of oil spill parameters are selected to test their eftfect on the spill
analysis model. Table 4.3 lists the selected parameters of the basic and test setup values
that would be investigated for their effect on spill analysis (SA) model performance

Shore Current Zone

The value of shore current zone is investigated for their effect on spill trajectory. Change
of shore current zone depth value showed no effect at all when changing from 5m to 2m.

results are typical to the basic wind setup.
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Table 4.3 Sensitivity analysis parameters

2 Depth of wind m S 10

3 Wind friction (Drag) Const. 0.02 0.03

4 Cloudiness % 10 30

S Albedo (reflectivity) % 0.14 0.3

6 Oi1l emmissivity % 0.82 0.972

7 Emulsion water uptake kg/m®  5.00E-7 5S.00E-6

8 Emulsion water release Kg/s®  1.20E-S 1.20E-6

9 Entrainment oil-in-water interfacial tension Dyne/cm 20 10
Cloudiness

Among air properties, cloudiness value is investigated to estimate its effect. A value of
10% was used with the basic model setup.

Cloudiness was increased from 10% to 30% to evaluate its effect on heat flux. The
change did not show any effect on results for total oil spill thickness, shape, or
dimensions, nor, on the weathering values. Results show maximum oil thickness with the

same value of 11.06 mm at the end of 14 days as in the basic setup.

Albedo

As for heat transport, the Albedo (reflectivity) value, which is an indication of the oil
color (the lower the value the darker is the oil) the default value of 0.14 stated by the
model is used. Albedo value was increased about 50% to 0.3 from 0.14 (the value of the
basic setup) to investigate the effect on heat flux. Looking into the results and comparing

revealed no change.

Oil Emmissivity

The effect of the oil emmissivity is investigated. The default value, 0.82 suggested by the
model is used. Oil emmissivity was investigated as a parameter in the heat flux dialogue.

Changing its value from 0.82 of the basic setup to 0.972 (Sabins, 1997) and reviewing the
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results, the change in value proved no effect on oil slick. In conclusion, changing the

emmussivity value shows no effect on slick shape, dimensions or weathering values.

Emulsion water uptake and water release

The formation of water-in-oil is one of the most important processes affecting a surface
slick. It represents a positive flux in which a new component, water. enters the slick. The
model of Mackay et al. (1980) is adopted in the software which is fairly simple and
derived from extensive experimentation. The Water uptake emulsification constant of
5.00E-7 kg/m’ and water release emulsion coefficient of 1.20E-5 kg/s® constant values
are used (DHI SA Manual, 2002). Investigations are made by altering theses values as
they are suspected to affect the water-in-oil emulsion stability.

Water uptake constant was investigated by increasing its value from 5.00E-7 to 5.00E-6
of the basic setup to allow for formation of thicker emulsion.

The results shows that the o1l slick maintained its dimensions, shape and,
weathering rates with no changes. The emulsion thickness was stable at 9.38 mm with no
change from the basic setup results at the 7" day of simulation and at the end of the 14
day simulation.

In conclusion, no effect is shown due to increasing water uptake constant on the
oil slick shape, dimensions, or weathering (emulsion thickness).

The other parameter of emulsion formation, water release coefficient value was
reduced from 1.20E-5 to 1.20E-6 of the basic setup. The reduction was suspected to show
larger thickness of emulsion, as this parameter should produce conditions for more stable
emulsion as the tendency to release water from emulsion is decreased.

No effect of reducing water release constant value was witnessed. The oil slick
maintained the typical shape, dimension, maximum thickness and weathering rates.

In conclusion, reducing water release constant value in the emulsification

dialogue has no effect on oil slick spread thickness or, weathering rates.

Vertical dispersion

Vertical dispersion is still a very poorly understood process, and the mathematical
description of it is still in an early phase of development (Mackay et al,. 1980). The
importance of dispersion for a particular spill of crude oil under certain weather
conditions, and differences in dispersion behavior of different crude oils, can only be

evaluated in a qualitative way. There are fairly reasonable "best estimates” derived from
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observations of historical spills (Blaikley et al.1977), which determine the rate of
dispersion at sea to be 0-5% oil lost per day depending on the sea state.

Oil-in-water interfacial tension value is important in calculating the vertical
dispersion of oil droplets in the water column. AlRabeh et al. (1992) stated that, due to
high salinity and low energy of the Arabian Gulf, less oil is expected to enter the water
column as compared to less saline and more energetic seas such as the North Sea.

Oil-in-water interfacial tension typical value suggested by (Mackay et al., 1980) is
20-30 dyne/cm. A value of 20dyne/cm is used in the basic simulation and the property is
addressed by altering the value to 30Dyne/cm and monitoring the effect. This higher
value 1s suspected to reduce the vertical dispersion due to the stronger interfacial tension
that should have allowed for less oil leave the parent oil slick to be dispersed vertically in
the water column.

Results showed the value of vertical dispersion reduced with almost 48% from
4.40E-7 mm to 2.96E-7 at the end of the simulation 14 days in the wind condition
simulations, still showed no effect on the oil slick spreading, shape. or dimensions. In

conclusion, no effect of oil-in-water interfacial tension on slick shape and dimensions

Depth of wind

Change of depth of wind in the wind dialogue from S m to 10 m. results showed no
change in all comparisons and came to be typical to wind enforced basic setup.

In conclusion, no effect has been witnessed from depth of wind altering.

Wind drift coefficient

This 1s being an exploratory study that reports the effect of increasing the wind drift
coefficient on oil slick development. An increase of wind drift coefficient (wind friction
constant) from 0.02 to 0.03 (33 % increase) resulted in a 14% increase in slick area and
16.5% ncrease in slick length, and also resulted in a reduction of slick width by 16.5%.
Total o1l thickness was found to be 7.53 mm located upstream with a reduction of 32%
from the basic wind setup condition where the coefficient was 0.02. Results of
weathering parameters show that:

¢ Evaporation: 24 % reduction was encountered.

* Emulsification thickness was less by 32% with 6.39mm at the end of 14 days.

¢ Dissolution 15% reduction is witnessed with the drift increased value.

< Vertical dispersion 40% reduction is witnessed with the drift increased value.
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In conclusion, the increase of the surface wind drift coefficient from 0.02 to 0.03
resulted in increasing the slick area, length, and reduction of slick width and reduced all

weathering rates.

4.2.5 Sensitivity to Crude Oil Types

Due to lag of characterization data of crudes produced in the Arabian Gulf. Two
representative types medium and. light crude oil (see Table 4.4) are evaluated by
capering the simulation results with the default setup included in the software provider
manual (DHI water and environment). The types of crudes used are adopted from

literature (Yang and Wang, 1977).

Table 4.4 Selected crude oil samples and their charactenistics

¢9@ Oilsample 582 88 -« 2% Generald TS
e AR b P S PO *" . o ey L gy e &, 2t SELTE Y i
Venezuelan Crude Medium, aromatic, high volume of transport
Nigerian Crude Light, paraffinic, low in metals

Table (4.5) shows the characterization of crude cuts based on boiling point range
and the corresponding %wt of each cut. The hydrocarbon groups for the two selected
types are reported in the same table based on their boiling point. Each type has a set of
eight cuts representing the crude composition.

Another set of input parameters known to affect the spilled oil weathering rates is used
with the relevant crude type in the simulation in order to further evaluate their effect on
oil slick trajectory. The values of these parameters are presented below in Table (4.6).

It is important to note that due to lack of data on the addressed crude types.

representative values of these parameters are adopted from Canada Environment Website

(www.etc-cte.ec.gc.ca) as they are selected based on category classification and are not

specifically true for the types of crude addressed. The representative values are for the
Arabian medium and light crudes. The main task of the study as stated earlier is focused
on the oil slick trajectory and the parameters affecting the weathering rates are only
addressed based on the possibility if their variation could affect the oil spill trajectory.
The results of the three simulation cases are presented in the following paragraph. Table

(4.7) summarizes the 14 day age trajectory and weathering values of the oil slick.
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Table 4.5 Hydrocarbon cuts data for selected crudes

(C6-C12)

2 Paraffin 230405 770 8 15
(C13-C25)

3 Cycloparaffin 70-230 810 15 20
(C6-C13)

4 Cycloparaffin 230-405 900 20 50
(C13-C23)

5 Aromatic 80-240 940 5 5
(mono- & di-
cyche)(C6-Cl1)

6 Aromatic Poly-  240-400 1000 2 3
cyclic (C12-C18)

7] Naphtheno- 180400 980 15 7
Aromatic
(C9-C25)

8 Residual 400 1010 U5 15

Table 4.6 Characteristics of medium and light crudes used in oil spill simulation

=
Default  Medium Light
Maximum water content (% wt) 0.85 0.85 0911
Wax content (% wt) 5.7 3.6 6
Asphaltenes content (% wt) 0.05 0.048 0.07
Oil-salt water interfacial tension (dyne/cm) 20 204 20
Kinematic viscosity at38 °C (c St) 3.64 9 7
Weathering

Evaporation value of the light crude is the highest among the three types due to the
presence of light components in larger amounts in the light crude characterization groups

so that the oil tends to escape bv evaporation at ambient temperatures. The reverse
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composition is the case with the medium crude, and hence it has less loss in the
evaporation process. This is despite the use of the same value for evaporation constant.

Weathenng and trajectory values are shown in Table (4.7).

Table 4.7 Summary results at 14 day, oil slick trajectory and weathering

‘rajetor = Area (km*) SOf : 531 - 5301
Max. Length (km) 213 213 213
Max. Width (km) 36 36 36
Min. Thickness (mm) 0.03 0.03 0.03
Max. Thickness (mm) 11.06 10.73 16.78

Weathering Evaporation (mm) 0.279 0.33 0.41
Dissolution (mm) 4x107 5x107 5x 1077
Emulsification (mm) 9.38 9.1 15.24
Dispersion. (mm) 4x107’ 3x107 1.4x107

Dissolution values are typical due to the very limited contribution of this process
to total mass balance specially after passing the early hours of oil spilling.
Emulsification of the light crude displays a higher value of 15.24 mm than the medium
crude which has a value of 9.1. This i1s most probably due to the higher content of
Asphaltenes 0.07 in the light crude which tends to form stable emulsion than the medium

crude which has a value of 0.048 of Asphaltenes forming a less stable emulsion.

The dispersion of the crude in the water column in the form of small droplets is
more active in the medium crude having a value two times the light crude. This 1s due to
the condition of the liberal heavier less emulsified crude, while the presence of light

crude 1s more incorporated in stable emulsion and losses in the evaporation process.

Trajectory

A continuous slick is formed of elongated along its axis and expanding its width as it
moves downstream. The trajectory and spreading of the three combinations is typical.

The total area after 14 days, the maximum length and width and the mmimum thickness
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at the leading edge are all the same. The value of maximum thickness of the oil varies
considerably as it is located upstream only near the source. This difference in oil

thickness 1s not reflected on the trajectory or spreading of the oil slick.

It is concluded from the above analysis that the oil slick movement is solely dependent on
the environmental conditions, namely the wind conditions which have clearly showed a
substantial effect in driving and directing the oil slick trajectory. To a lesser extent are the
density and tidal advective currents. Hence, accurate wind data is essential for accurate
trajectory predictions. On the other hand, the change of the physical and chemical
properties of the oil had a direct effect on the weathering rates only. Despite the logical
expectation of the interrelationship between the weathering processes activities and the
retardation and decay of the oil slick with time. The manipulation of the values governing
these processes revealed to be of insignificant effect on the oil slick trajectory and spread.
And hence the spreading results should be taken with caution as it 1s understood that the
change of the relative oil density -due to the change of the oil type and density- should

directly affect the oil spill spreading.

4.2.6 Sensitivity Analysis Conclusion

Despite the effect of a number of the tested sensitivity parameters on various weathering
rates, none of the parameters tested in the sensitivity study has a significant effect on the
oil spill trajectory except for the wind. The wind driven currents are the dominating force
in the oil spill movement in the gulf. It is well known that the oil moves on the sea
surface due to the combined action of wind generated currents, wind induced waves, and
by direct wind shear. This fact i1s well documented in previous published articles in the
Arabian Gulf. The sensitivity study shows that the density currents in the region adjacent
to the UAE coast are of potential importance for oil slick movement. Information found
on wind parameters during literature search conducted earlier is usually incomplete. The
sensitivity analysis indicates that accurate wind data is essential for accurate trajectory
prediction. The wind parameters include comprehensive wind data in terms of magnitude
and direction in space and time during the simulation period, wind dnft coefficient either
constant or vanable, and wind drift angle. Lack of information called for the validation of
the spill analysis model by using a range of data that was published on the Arabian Gulf
and comparing the produced trajectory to a well documented trajectory of an oil spillage

occasion in the region.
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MIKE 3-SA model applies Fay’s Gravity-Viscous (1971) formula for radial spreading
which was modified by Mackay (1980) as

dy _ ,\,,[V_} ’
dr ‘ A

5

Vot =Rou mh,

and K. 1s a constant specified intemmally in the model. It is the term used in Mackey’s
thin-thick modification to represent the effect of the density difference between water
and oil in the original Fay equation.

Reed et. al. (1999), stated that ““The resulting spreading rate in the Mackey’s thin-
thick modification on Fay’s spreading formula is therefore independent of the initial oil
density and insensitive to subsequent changes in density caused by evaporation and
emulsification”. This statement clarifies the typical trajectory of oil despite the obvious

changes in weathering rates.

4.3 Spill Analysis Model Validation

The combined hydrodynamics and spill analysis models are evaluated against the
available information and sightings on AL-AHMADI oil spill that occurred over the
period of January-May 1991 in the state of Kuwait in the upper part of the Arabian Gulf
(fig. 4.3) adopted from Al-Rabeh et al. (1992).

As a result of hostilities erupted in the area, oil was released into the waters of the
Arabian Gulf. Al-Rabeh et al.(1992) stated that the volume of oil released may have been
as large as 6x10° barrels. Most of the oil was released at or near Mina Al-Ahmadi 25 km
south of Kuwait city. This act caused an environmental damage of catastrophic
dimensions, inundating well over S50 km of the Saudi coastline. Substantial damage was
caused to environmentally sensitive habitat and cleanup requirements were massi\e.
Among several authors who have described and modeled the occasion, the trajectory
model (GULFSLIK II) used by King Fahd University of Petroleum and Minerals
(KFUPM, Al-Rabeh et al.,, 1992) provided reasonably accurate predictions and have
extensively documented the actual trajectory of the spill. The details of their work are

used for the validation of the spill analysis model to be used in this study.
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Figure 4.3 Location of Mina Al-Ahmadi

The following is a description of the oil spill parameters used in the model for simulating
the oil slick trajectory. The actual trajectory is presented for comparison. Typical values
of the input parameters are adopted unless stated otherwise. In that case the aid of other
articles or publications of relevance will be sought to verify the required information and
reference will be cited where ever necessary.

4.3.1 Al-Ahmadi Oil Spill

Being the largest o1l spill incident in history (approximately 3.5 - 10 million barrels), Al-
Ahmadi o1l spill has put the highly diverse Saudi coastline natural and artificial resources
in jeopardy. The following is a review of the King Fahd University of Petroleum and
Minerals (KFUPM) effort to simulate the o1l spill trajectory along with actual sightings

for model validation.

Source location

Based on the description and the information available in Al-Rabeh et al., (1992), Oil was
deliberately released from several locations off the coastal area of Kuwait state in

addition to Mina Al-Ahmadi itself. The o1l pumped from the export terminals at Mina Al-
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Ahmadi Single Mooring Point (SMP) at the sea island terminal located 29 07N 48 09E
started on January 19, 1991, the major leak was stopped on January 28. 1991. Other north
and south piers were damaged and started leaking oil late in Januarv1991. Mina Al-

Ahmadi terminals released oil at an estimated rate of 6000 barrels hr''.

Mina Al-Bakr released oil from the southem terminal located 29 41N 48 09E
started on January 26, 1991 and continued after March 6, 1991. The amount released was
estimated to be minor. A total of eight tankers leaked oil into the Gulf waters at the same
time period with a total estimated amount of 3.5 million barrels of crude oil. The location

of Mina Al-Ahmadi at 29 07N 48 09E is selected as the source location for the simulation

Oil Flux and Duration

To analyze the transport and fate of Al-Ahmadi oil spill, a continuous spill was
introduced on January 19, 1991 with an hourly release of 27390 barrels of heavy crude
for a period of 144 hours. Thus the total spill size 1s about 4 million barrels was used in

the article study.

Wind Data

The wind parameters include comprehensive wind data in terms of magnitude and
direction in space and time during the simulation period, wind drift coefficient either
constant or variable, and wind drift angle (Coriolis). Data provided by Saudi Aramco and
Meteorology and Environmental Protection Agency of Saudi Arabia were used to
determine, on a monthly basis, the average speed of the wind from each of the eight
cardinal directions and the percentage of time for which these eight winds blew. The
calculated average monthly wind velocity and direction presented in the KFUPM, Al-
Rabeh et al., 1992 article are presented in table (4.8) to simulate the wind advection in the
long-term. For the real-time model the input of the average daily wind velocity is used

instead. this data was not available.

Table 4.8 Average effecnve monthly w md velocmes -
: ' » 4'-'-3?-& i§ n ch’u-f?ﬂs o

o %

IR o e Sas
Jan 5.324 141 7
Feb 5.487 131.7
Mar 5.006 132.5
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Description of Currents

The simulation results of MIKE3 HD model for currents in the western Gulf area-as
discussed earlier in the hydrodynamics calibration part confirms to the general circulation
towards the southeast. This is typical to earlier findings recovered by the model (HYDRO
1, Lardner et al., 1993) used by the KFUPM to produce the Gulf hydrodynamic current
circulation for Al-Ahmadi oil spill. There i1s a general agreement that wind forcing
dominates the surface flow in this region of the Gulf adjacent to the Saudi coastline.
Thus, Al-Ahmadi oil spill moved southeasterly almost parallel to the Saudi coast, due to

the prevailing northwesterly wind regime in the area.

Actual O1l Spill Trajectory

Al-Rabeh et al., 1992 sated that *Comparisons between predicted trajectories and actual
sightings show that GULFSLIK 1II is reasonably accurate™. Figures 4.4 & 4.5 represent
the actual and predicted trajectories of the oil spill over the period from January 19, 1991

to March 18, 1991.
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Figure 4.4 Al-Ahmadi actual trajectory of leading edge as reported by Al Rabeh et al,

1992 from the beginning of release
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4.3.2 Al Ahmadi oil spill simulation using MIKE3 SA

The spill analysis simulation covers the case study period from January 19, 1991 to
March 18, 1991. using a simulation time step of 300 seconds and saving the results at a
time interval of 1 hour. The SA model is using the current field produced from a previous
hydrodynamic simulation typical to the validated setup in the hydrodynamic part

reviewed earlier.

Wind Data
An angle of 180 degrees is added to the wind direction in table (4.9) to account for the
wind system adopted by MIKE3 (North wind directed downward =zero degrees), in order

to simulate for the Northwestern wind direction..

Optimal values for wind deflection angle (y) and wind drag coefficient () for the Gulf
suggested by Al-Rabeh, (1994) to be 26.05 degrees to the right of the wind direction and
0.031 respectively are used in the model. To prepare the wind file used in the simulation,
the value of the deflection angle was deducted from the effective wind direction in table
(4.9) and again added in the model as a wind parameter input.

And hence,

Model wind direction = Actual wind direction + 180 - 26.05 (4.15)
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Figure 4.5 Predicted oil trajectory KFUPM model
The average wind velocities n table (4.9) are used to prepare the wind data file
which 1s taken to be constant in space. The data prepared covered the simulation period

between January 19, 1991 and March 18, 1991.

Table 4.9 Al Ahmadi spill Simulation wind data

Mar 5.006 286.47
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It 1s worth noting that the use of such coarse data is expected to cause some
disagreement between the simulated in this study and the one based on average daily
wind velocity and direction for the same period, depending on the normalization constant
value that was used to produce the average monthly effective wind velocity vector.

Later in the MEPA report on Al-Ahmadi oil spill, Nizari and Olsen (1993), stated that A
series of European weather fronts passed through the Gulf Area during much of February,
reversed the prevailing Northwest winds to Southeast and held the spill front from
moving south™. This piece of information is clearly neither stated nor considered in the
preparation of the monthly average effective wind data profile in the KFUPM article,
despite the fact that the predicted trajectory showed a considerable slow down of the spill
movement towards the Southeast in the first half of February. Also, the spill trajectory
has occasionally been reversed to the Northwest in the second half of the month. Such
information would cause the predicted trajectory by MIKE3 to deviate during the first
half of February and more considerable deviation is expected during the second half of
the same month. Hence, the prediction validity of the used wind data is expected to be
limited to the period prior to early February only. This highlights the vitality of using

precise wind data in successfully predicting the trajectory of an oil spill.

Oil data

Due to lack of data on heavy Kuwaiti and Iraqi crudes characterization and breakdown,
the medium Venezuelan crude oil was arbitrarily selected. This simplification was
justified based on the fact that the sensitivity analysis on MIKE3 showed that the type of
crude did not affect the trajectory. Similar to the case study condition of release, a rate of
1.65 m?/s release of oil was used for the same duration of 144 hours or 5days producing
an oil spill of size 7x10°m’ equivalent to 4x10° barrels. The release point was 25 km
south of Kuwait city at the location of Mina Al-Ahmadi at 29 07N 48 09E. Table (4.10)

lists the oil parameters used for the spill analysis model setup considered in the validation

process.
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Table 4.10 SA Parameters for validation simulation

B Ry
Jalie
alue

maximum water content 85%

asphaltenes content 0.07 %

wax content 6 %
dissolution mass trans) 2.3x10®
coefficient

oil-water interfacial tension 20 dyne/cm

o1l diffusion coefticients 10,10, 0.005 (x.y,z) m*/s
kinematic viscosity/ref. temp 9 cs/ 38degree
oil emmissivity 0.82

water emmissivity 0.95

air emmissivity 0.82
evaporation constant 0.029

4.3.3 Results of Al Ahmadi oil spill simulation using MIKE3 SA

Using MIKE3 SA model with the simulation revealed the following results of the leading
edge location with time. The location recovered from the actual oil spill sighting,
KFUPM GULFSLIKII model, and MIKE3 SA model are compared in table (4.11) at five

stations along the Saudi coast.

Table 4.11 Al-Ahmadi ol spill, Actual and predicted trajectory comparison

Towaion T Daestacualol | PGl oot Prodicted
2 ST b 5 w2 e ‘
Al-Ahmadi(Start)  January 19, 1991 January 19, 1991 January 19. 1991
Khafji January 25, 1991 January 26, 1991 January 26. 1991
Safaniya January 29, 1991 January 30, 1991 January 30, 1991
Ras Al Ghar February 08,1991  February 09, 1991  February 07. 1991
Abu Al February 14, 1991 February 13, 1991 February 09. 1991
Ras Tanura March 18,1991 March 18,1991 February 13. 1991
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4.3.4 Discussion and Conclusion

Trajectory

MIKE3 SA 1s showing fair agreement to sighting dates and track of both, the actual and
predicted findings in the first three stations of Khafji, Safaniya, and Ras Al-Gar until the
end of the first week of February (Figures 4.6a, 4.6b, and 4.6¢). Deviation from the
KFUPM predicted sighting dates starts to increase with time after that date. This was
expected, as stated earlier, based on the limitation of using the average effective monthly
wind data by MIKE3 instead of the daily average used for prediction in the KFUPM
model. Yet, the predominant average effective monthly wind data produced a fair
prediction during the first 19 days of the spill period. The deviation was amplified due to
the effect of the less frequent reversed southeastern wind front documented in the MEPA
report by Nizari and Olsen, (1993) which occurred after February 7. 1991 and acted to
retard the propagation of the spill further southeast. The absence of this occasional
reversed wind data caused MIKE3 SA to carry over the simulation with the average
effective monthly wind data and drive the spill further southeast (see figure 4.6.d) while
the actual spill was held back with the reversed wind forcing.

In general, the predicted MIKE3 SA trajectory resembles the prediction of the
KFUPM model track which does not come into interference with Abu-Ali island but else
is drifted to the east and the retardation of the trajectory is only due to the reversed wind
direction, while the actual trajectory retardation was partially due to the fact that the spill
was held northeast of Abu-Ali (Spaulding, 1993) for a long time before it started circling
around the island and again moving southwest.

Although it is speculated that a constant value of the spreading rate (K) in calm
water is considered in the model, the good agreement between the simulated (Al Ahmadi)
oil spill trajectory with observations suggests that the constant value used in the model 1s
appropriate to simulate the spreading in the case of real sea-state conditions at least for
Arabia Gulf. The fair agreement during the first stage of the simulation does also ensure
the ability of MIKE3 SA model current setup to accurately predict the oil spill trajectory

provided that accurate wind data is applied.
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Figure 4.6b Al Ahmadi oil spill trajectory at January 31, 1991- monthly average wind
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Figure 4.6d Al Ahmadi oil spill trajectory at March 17, 1991- monthly average wind
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Southeast Wind Front

The effect of the southeast wind was further investigated to discover the mode of
trajectory. A set of speculated data based on the actual trajectory was prepared to
substitute the effective average monthly wind data during the period from February 5,
1991 to March 18, 1991 which showed the deviation occurrence form the actual spill

track due to the revised wind effect, see table (4.12).

Table 4.12 Speculated February wind data

Date . Windvelocity Win
Feb5-Feb17 ol o
Feb 18 — Feb 23 1.0 120
Feb 24 — Mar S 0.5 290
Mar 6 — Mar 18 0.5 315

The simulation was conducted from January 19, 1991 to March 18, 1991. A
combination of the effective average monthly wind and the speculated February wind
data was used.

The results of the simulation showed that after the first week of February, a non-
prevailing southeastern wind front took place. This caused lowering the velocity
magnitude of the northwestern wind in the region and the trajectory of the oil spill was
reversed and delayed during the rest of February and some of March when the net wind
blow was in favor of the northwestern wind which again caused the spill to move slowly
in the southeast direction. Relatively, a trajectory similar to the actual trajectory plot is
produced.

The simulation results also showed that much more horizontal spreading took
place during the holding conditions in February as this was typically found by Spaulding,
(1993). The spill moved northwest due to the southeast wind front which caused the spill
to impact the Saudi coast from latitude 28 40’ to 27 20’ from the period of February 11,
to March 18, 1991. Al-Rabeh et al., (1992) reported that the oil spill impacted the Saudi
shoreline from latitude 28 44’ to 27. The MIKE3-SA results showed that the impacted
region along the Saudi coast was almost similar to the actual. The extent of shoreline
impact 1s less in the simulation than actual; this is probably due to the difference in the

wind data combination of magnitude, direction, and duration from the real data.
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The comparison results proved that the southeastern wind front has affected the
trajectory in a typical manner to the actual trajectory and that the spill holding and
backward movement was the cause for the spill to reach the Saudi mainland coast. The
findings revealed that in case of two opposite wind fronts facing each other, the oil tends
to spread horizontally much faster and covers larger areas in that region. The results are
considered fair to reflect the effect of the southeastern wind front on Al-Ahmadi oil spill
trajectory. The set of figures 4.7a, 4.7b, 4.7c and 4.7d, show the oil spill trajectory due to
the speculated wind field after February 7 at various time intervals as indicated in the
figure caption.

The model correctly predicted the movement trajectory of Al-Ahmadi oil spill
during the first 19 days of release due to the consistency of the wind data being used with
the prevailing wind conditions. While the trajectory deviation beyond that date was due
to reversed actual wind data not reflected in the used wind data file.

On the other hand, the results of the simulation for the combined data proved the
competency of MIKE3-SA to handle the trajectory efficiently provided the correct data is
plugged in. Starting at Mina Al-Ahmadi on January 19, 1991, moving downward parallel
to the Saudi coast the oil spill reached Ras Tanura on March 17. By this exact timing the
predicted oil spill is typical to the actual trajectory. Also, the predicted shore line
deposition using MIKE3-SA took place along the Saudi coast at latitude 28 40’ to 27 20
while Al-Rabeh et al., (1992) reported that the oil spill impacted the Saudi shoreline from
latitude 28 44’ to 27 this limited difference is possibly due to the difference in the

estimated wind data combination from actual.
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It can be concluded that the coupled MIKE3-HD and MIKE3-SA model with their
current setups enjoys a reasonable degree of prediction competency that enables and
justifies its use for the next part of the study. That configured model is employed as a
simulating tool to assess the impact of oil spills on desalination plants along the UAE

coast.
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Figure 4.8 Al Ahmadi oil spill trajectory with speculated wind field
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CHAPTER S

DESALINATION PLANTS AND SOURCE ZONING

This chapter aims to define points of potential importance to the impact of oil spills with
reference to desalination plant intakes along the UAE coast. Further more. zones are laid out
to cover the portion of the Arabian Gulf water body adjacent to the UAE. Information on the
locations of oil loading terminals and navigation routes of oil tanker are considered in

identifving the zoning system distribution.

5.1 Desalination Plants Selection

Intakes of a selected number of strategic desalination plants along the UAE coast mainly in
Abu-Dhabi, Dubai, and Shanah are considered as coastal points of interest in the spill impact
analysis. A search has been conducted to determine the selection of points based on their
production capacity and their geographical location in an effort to evaluate the risk on the
widest range of the UAE coast. The coordinates of the point are considered as observation
points and time series is produced in the post processing stage to determine the arnval of oil
to these specified locations. Table (5.1) lists the selected desalination plants, coordinates and

production capacity in million gallons per day:

Table 5.1 Selected desalination plants along the UAE coast

Abu-Dhabi | Umm Al-Nar 854153 2705831 100
Abu-Dhabi | Taweelah 871950 2744052 95
Abu-Dhabi | Mirfa 748700 2670000 38.7
Abu-Dhabi | Shuwaihat 640254 2663548 200
Dubai Jebel Al 937689 2797633 188
Shanjah Layyah 943657 2809438 40
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Given the relatively close distance between Umm Al-Nar and Taweela plants in Abu-
Dhabi Emirate, it was decided to consider both plants as one single observation point and

labeled “*Abu Dhabi™. Figure 5.1 shows the approximate location of the selected plants

and observation points.

United Arab
Emirates | X

— S Oman
60 km Rub' Al Khali
DESERT

Saudi Arabia/

Figure 5.1 Locations of the selected desalination plants
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S.2 Zoning
A zoning pattern has been produced for the area of the Arabian Gulf adjacent to the UAE

(see fig 5.2). A system of 12 consecutive boxes of 75 km’ each constitutes the potential
oil source release zones. The adopted distribution was determined based on two
constraints, first, is the actual location distribution of the oil loading terminals in the area.
and second, the navigation routes followed by the oil tankers.

The use of these two determinants covers the whole journey of oil tankers in and
out of the Gulf and also during loading and unloading of oil so that most potential
locations of oil spill occurrence are enclosed by such zones. The information used is
recovered from the Admiralty Navigation Chart no. 2889 for the Arabian Gulf. Gupta et
al. (1993) includes a generalized plot describing the main navigation routes to be
following the deep waters along the Iranian Coast. That plot agrees well with the

Admiralty Charts.

(61 spacing 3000 meter)
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Figure 5.2 Oil spill source zones
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The navigation i1n the shallow waters is restricted to a well defined navigation
network through which oil tankers are guided by pilot tug boats in and out from the ol
loading terminals. Figure (5.3) illustrates the zoning boxes in association with navigation

lines and loading terminals.

(G1d spacing 3000 maetaer)

(Gnd spacing 3000 meter)

Figure 3.3 Zoning based on o1l terminals locations and navigation lines

(Reproduced from Admiralty Chart no. 2889)

Table 5.2 describes the selected zones in terms of significance and point source. The
point source is taken to be the center point of each zone in grid point coordinates (x,y).the

symbol ( = ) represents an oil loading terminal, while ( —— ) indicates a navigation

route.
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Deep
2 D (248, 108) Deep
3 g (223, 108) Deep
- —_— (198, 108) Deep
S o = (173, 108) Deep
6 Ly i (248,83) Deep
7 X (198,83) Shallow
8 e (173,83) Shallow
9 — (223,58) Shallow
10 oo (198,58) Shallow
11 —_ (173,58) Shallow
12 S (173,32) Shallow

Oil spills generated at each point source will be evaluated based on the time it reaches the
desalination plant intake. Details on the oil spill scenarios and the applied wind

conditions along with the various simulation results will be the aim of the study presented

in the next chapter.
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CHAPTER 6

OIL SPILL RESULTS AND IMPACT ASSESSMENT ON
DESALINATION PLANTS

This chapter is divided into two sections; the first presents a detailed description of a
sample o1l spill event and the second presents the main assessment outputs of o1l spill
impact on major desalination plants in the UAE represented by contour maps of shortest
travel times and associated wind directions. Based on oil spill trajectory, the arrival
duration of the ol slick from its source point to the target desalination plant is recorded in

association with the wind direction.

6.1 Results of Sample Oil Spill Event

A hypothetical ol spill event with a continuous discharge rate of 0.5m’/s was introduced at
zone S (refer to fig. 5.3) being the furthest among the designed zone distribution that could
impact the UAE coast. A constant northwesterly wind with direction 274 degree. and 7m/s
magnitude 1s applied. The trajectory and weathering rates are reported after 1, 2, and 3 weeks
of spillage. The plots of trajectory and weathering estimates are demonstrated as a
representative typical case to show the ability of the model to actuallv estimate various
parameters in an oil spill occasion. Table (6.1) shows the spill parameters for the spill center.
and spill leading edge at the end of the 1%, 2" and 3 weeks. Figures (6.1a), (6.1b), (6.1c)
represent the results extracted from the simulation at the end of week 1, 2. and 3.

The slick originating in the center point of zone 5 travels towards the UAE coast
elongating in the direction of the wind and spreading laterally perpendicular to its axis. The
lateral spreading is maximum at the leading edge of the migrating slick and minimum at the
source release location.

The point of maximum thickness of the slick is skewed more to the releasing source
location. It has a average thickness of 4.5 mm over the 3-week simulation period.
Emulsification has a maximum value at the point of maximum thickness. It comprises 93%
of the oil thickness at the first week, while it remains constant at the rest of the simulation at

85%. The rest of the processes are of much less contribution. Evaporation is the highest



among them with a maximum of 2% at the end of the third week. while dissolution and
dispersion are of minimal rates and trace values.

An approximate constant total thickness is considered for the slick center line at each
time period which is clearly decreasing with time as the slick propagates downstream away
from the source supply due to the losses of weathering. The slick center line shows a constant
value of maximum emulsification is constant at 85% for the total simulation period.

The leading edge thickness is the least among the slick area, having a maximum of
0.0155mm at the end of the first week and decreasing to 0.0013mm as the slick later reaches
the shoreline. Emulsification percentage of the total thickness drops from 85 % during the
first and second weeks to 77% as it reaches the shoreline. Losses due to evaporation at the
leading edge are insignificant as it takes place at the early stages (hours or few days) of the

oil spill incident.

Table 6.1 Total oil thickness and weathering estimates in

Emulsification | 4.19 337 4.32
Evaporation 0.037 0.083 0.11
Dissolution 3.5E-8 |9.87E-8 | 1.18E-7
Dispersion 1.1E-5 | 2.48E-5 | 3.49E-5
Spill center line Total 2.82 1.35 1.08
Emulsification | 2.4 1.14 0.92
Evaporation 0.0015 | 3.4E-5 1.4E-5
‘Dissolution 7.2E-10 | 2.67E-10| 1.8E-10
Dispersion 2.86E-6 | 2.89E-6 | 1.9E-6
Leading edge Total 0.0155 ]0.0026 |0.0013
Emulsification |0.0132 | 0.0022 |0.001
Evaporation 6.5E-9 | 2.66E-10] 1.3E-10
Dissolution 39E-14 | 3.36E-15| 1.7E-15
Dispersion 4.25E-10] 2.56E-11{| 1.7E-11
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The slick covers an approximate total area of 13 000 km’ as it reaches the shoreline
The leading edge of the slick is moving at an average velocity of 16.8 kim/day reaching the
UAE shoreline at Jebel Ali in approximately 433 hrs (18 days).. It is also clear that the slick
direction is dominated by the 7m/s wind field driving force. Currents are insignificant in the
total slick movement. After 11 days of release and about 80 km offshore the slick enters the

shallow waters which tend to distort the track of the slick deflecting its leading edge from

southeast to the south.
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6.2 Oil Spill Impact Assessment on Desalination Plants
6.2.1 Release Conditions
In this section oil spill release conditions and wind parameters are discussed and the target
case Scenario$ are outlined.

Ol spills threat in the UAE is significant. Among numerous events of oil spillage in
the UAE waters, some events, reported with very limited information, are reviewed herein to
establish basis for oil spill scenarios release characteristics. Table (6.2) lists the date, location

and the spilled volume of major events during the last decade (Essa et al.. 2004).

Table 6.2 Reported oil spill events, approximate location and volume spilled

Date -~ | Location"# & .

oA A e R R 0T SR
Jan. 14, 2001] 1.6 km O.S. Jabal Al 1300-1500
Jan. 24, 2000| 11.5 km NE O.S. Abu Dhabi | 300-900

Jan. 7, 1998 | 8 km O.S. Ajman 5000-1000
Mar. 30, 1994 16 km O.S. Fujairah 16000

It 1s noticed that these reported events are all occurring in the winter season from
January to March, which is characterized with strong winds and high sea conditions. Another
observation 1s that all occasions are occurring at locations near the cost and extending
northeast from Abu Dhabi city along the coastline towards Sharjah and Ajman. While no
events west of Abu Dhabi city are reported, Fujairah i1s out side the study area as no
desalination plants have been designated in these areas. Such events are reported to receive
public attention due to their visual impact on coastal communities. They are associated with
small general-purpose tankers that could possibly navigate in the shallow depths without
getting wrecked. Much larger events occurring from larger tankers and oil terminal accidents
that would have an impact at less developed locations are possibly not reported due to the
remoteness of the occasions and the less direct impact on areas of high population centers.

Therefore, the oil spill risk assessment addressed in this study and hence the
considered zones are selected to cover the crowded navigation routs and oil loading
terminals. The navigation of Shallow depth non-restricted GP tankers is partially addressed

by oil spills from zones 1. 6,9, and 12 at 10 to SO km offshore.
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The oil spill modes of release are very erratic and governed with a case by case
special features associated with the cause of release, tanker size, sea state, oil type, site
conditions and other factors. Therefore, further numerical tests were made to investigate the
effect of release mode on slick migration.

Two modes of release; continuous and intermittent, were tested using the SA model
against armival time and location. Both cases showed very close results with about 1 hour
deviation in the simulated travel times out of a three-week simulation. Both spills impacted
the same location. Furthermore, the release discharge rate was investigated using 10.5 and
0.5 m’/s respectively. Both results have also showed identical arrival times and final
destinations. Table (6.3) summarizes the output of the above tests on the stated parameters.

Such results rule out the need to use different discharge rates in the current study.
Hence, any estimate of oil release would fulfill the requirement of reporting the arrival time

and still serve the current objectives.

Table 6.3 Shore arrival time using different release modes

Type | Raw(@m)s) | Amount (m)] Amval () | ickniess (mm)
g -0 3| e () SR (R ohe M i)
Continuous 0.5 907 200 431 5.6
Intermittent | day 10.5 907 200 432 15.5
Intermittent | day | 0.5 43 200 433 0.67

The dates of the reported oil spill accidents indicate that winter season conditions are
more critical for oil spill occurrence. The stronger residual currents observed in the winter
hydrodynamic simulation results compared to the summer currents (Ch.3) would result in
shorter travel times of the migrating slicks. Another fact is that winter conditions produce
less losses from the oil slick due to retarded evaporation which counts for more than 25% of
the losses and hence would have more damaging potential. Hence. winter conditions are
adopted on basis of extreme case scenarios.

Simulations are applied on a set of hypothetical oil spills located at the center point of
each zone. The source of oil spills at all zones consider medium crude (Venezuelan) with an

intermittent 1 day release and an average discharge rate of 0.5m”s.
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6.2.2 Approaches of Identifying Critical Trajectorieg
Considering the worst extreme cases and observing the historical records of wind conditions
in the gulf, constant wind with magnitude of 7m/s is applied.

Thirteen consecutive wind directions are applied starting from the west (270 degree)
and ending with the east (90 degree) with 15 degrees increment one at a time. Three
additional incremental wind fields are considered to account for the deflection caused by the
Coriolis effect in the southern western quadrant.

A set of oil spill events are simultaneously released from all 12 zones (figure 6.2) and
subjected to incremental wind fields. The travel times of different slicks hitting the
neighborhood of various desalination plants are reported for each wind field. The results of
the thirteen incremental wind fields are analyzed and sorted in terms of the shortest arrival
times associated with slicks generated from various zones to a given desalination plant. In
such manner, the arrival time would be conservative over any other indirect wind
combination. Using the shortest arrival times in association with each source zone, a shortest-
arrival-time contour map is produced for each destination (desalination plant).

The above approach however, produces some cases of uncertainty as the oil slicks in
some incidents did not hit the desalination plant directly and needed additional time for
along-shore movement. While in other cases, some islands located in the course of migrating
slicks extend the arrival time significantly. Another case related to this approach, is the
overlap of new slicks reaching the shore following earlier ones that have spread along the
shoreline. In such case, some approximation is made to estimate the arrival time of the new
spill to the destination in the presence of the older one. To overcome such implications. the
visual judgment is directed to report somehow underestimated travel time for conservative
determination.

In order to verify the first approach and to minimize the effect of observed cases of
uncertainty, a second approach is investigated to produce the shortest arrival time and critical
wind direction. In this approach, the exact angle between the source and the destination was
measured and the Coriolis effect is considered to specify the wind direction in order to direct
the slick hitting the destination exactly. However, the calculated angle is modified using trial
and error approach to account for the trajectory deflection taking place once the slick enters

the shallow areas close to the shore (see fig 6.1c).
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Figure 6.2 Locations of oil spill sources and destinations

The second approach produces either similar or shorter travel time in cases of unrestricted
slick courses, while it has proved that visual approximation adopted in cases of oil
overlapping in the first approach has been underestimated. The second approach has also
over ruled all the uncertainties of the first approach. Therefore the results of the second
approach are considered in producing the final contour maps of the travel time and wind
direction for the five desalination plants.

Upon inspection of the early versions of contour maps. it was decided to introduce 3
supplementary zones (13, 14, 15) in several maps in order to refine the coarse resolution of

travel time and wind direction observed in some areas (see figure 6.3).
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Figure 6.3 Supplementary enhancement zones

A 30 day simulation period using winter conditions is conducted in all considered scenanos
from January 19 to February 18. The results of a total number of 64 simulations are analyzed
and tabulated and contour maps are produced for travel time and associated wind directions

for each desalination plant. Such contour maps are presented and described for each

desalination plant in the following sections.

It is worth noting here that due to interpolation confusions, values for wind directions from
the first quadrant has been added to 360° in order to be able to represent them correctly in the
contour map. Hence to obtain the right direction for a wind value that exceeds 360°, 360°

should be subtracted.
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6.2.3 Shuwayhat Desalination Plant

Located at about 28km Southwest Jebel Dhanna oil loading terminal, Shuwayhat
desalination plant has the shortest oil travel time as it is the closest destination point to
the source representing zonel2. Oil spills propagation from other sources is always
delayed by the presence of Sir Bany-Yas Island forming a natural barrier. Delay time has

a maximum value of 49 hrs.

Table 6.4 Critical arrival times and corresponding wind direction for Shuwayhat
desalination plant

$ :

1 472 19.66 26
v 421 17.54 19
S 359 14.95 1

- 259 13.87 347
5 320 1333 330
6 322 13.41 26
7 236 09.83 353
8 233 09.70 328
9 210 08.75 28
10 146 06.08 8
11 119 04.95 330
12 2l 00.87 352

Travel time contours range from 50 to 450 hrs. (approximately 2-19 days) over
the modeled area. Large travel times (greater than 300 hrs) are occurring from the
northemn eastern comer in association with northeastern wind (40°). Most critical travel
times associated with spills originated from the northem areas straight above the plant are
brought about by the northwestem winds (330°). Wind direction contours are forming a

hand fan shape with its origin at the shuwayhat plant.
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Figure 6.4a Shortest arrival times to Shuwayhat desalination plant
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Figure 6.4b Critical wind direction in association to oil zones targeting Shuwayhat
(note: values exceeding 360° should be reduced by 360°)



6.2.4 Mirfa Desalination Plant

Located Southwest of Abu AlAbiad Island, Mirfa desalination plant receives a
considerable protection from most of the spills targeting the plant from the source zones
which in temn delays the arrival time of oil spills to the plant to a maximum value of 65

hrs. The supplementary zone # 14 was introduced to the contour map in order to improve

the Mirfa arrival ime contour map.
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4

Travel time contours range from 80 to 360 hrs (approximately 3-16 days) over the
modeled area. Large travel times (greater than 280 hrs) are occurring from the northem
region of the study area with critical forcing of wind directions ranging from 255 to 360°.
Winds originating at the forth quadrant and at part of the first quadrant are most criuical to

drive oil slicks to the plant as it dominates over the entire study area from northwest to

north.
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Figure 6.5a Shortest arrival times to Mirfa desalination plant
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Figure 6.5b Critical wind direction in association with shortest arrival times to Mirfa
Plant (note: values exceeding 360° should be reduced by 360°)
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6.2.5 Abu Dhabi Desalination Plants:

Two mega desalination plants of Abu Dhabi (Umm AlNar and Taweelah) are serving the
emirates of AbuDhabi, the capital of the UAE. As they are relatively located in the same
area, they are considered here as one destination. The location of Mina Zayed is selected
as a destination to give conservative estimate of the shortest arrival time to both plants
that are located inside the lagoon system of AbuDhabi. Simulations from the

supplementary zone #15 was introduced to improve the resolution of arrival time contour

map.

Taweelah

Mina Zayed \

Figure 6.6 Approximate location of Mina Zayed, Taweelah and Umm AlNar desalination
plants in Abu Dhabi

Table 6.6 critical arrival ime and wind direction to Abu Dhabi in association with zones
zone . |Traveltime |Traveltime |Winddirection
P iSES(hrs) G5 ‘ (days) | (clockwise from North)
1 234 09.75 6
2 203 08.45 348
8 222 09.25 322
4 267 11.12 303
S 327 13.62 290
6 118 04.91 351
7 203 08.54 285
8 306 12.75 272
9 57 02.37 296
10 176 07.33 258
I1 292 12.16 252
12 268 11.16 233
15 466 19.41 283
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Figure 6.7a Shortest arrival times to Abu Dhabi desalination plant
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Figure 6.7b Critical wind direction in association with shortest arrival times to Abu Dhabi

des. Plants (note: values exceeding 360° should be reduced by 360°)
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Travel time contours range from 100 to 450 hrs (approximately 4-19 days) over
the modeled area. Large travel times (greater than 400 hrs) are occurring from the
northwestern corer in association with northwestern wind (280°). The wind direction
contour lines are evenly distributed towards the northeast and southwest from 240 to 360°
except for the two far comers comprising the minimum and the maximum effective
directions. The even distribution suggests that all wind directions originating at the fourth
quadrant and part of the first and third quadrants are thought to have equal importance

and hence Abu Dhabi plants have the widest critical wind direction range among other

plants.

6.2.6 Jebel-Ali Desalination Plant:

Approximately 100 km Northeast of AbuDhabi, Jabal-Al desalination plant is located
with its 180 million gallons per day capacity, being the only desalination plant serving
Dubai Emirate. A supplementary zone #13 is introduced to improve the contour of travel
time northeast of Jebel-Ali Desalination plant. It is thought at this stage that the
introduction of other supplementary zones at the west and northwest would further

improve the travel time contours in that area.

Table 6.7 Critical arrival time and wind direction to Jebel Ah n assocnauon with zones

Zone o [ Travel time ~Tra‘f'% ¢ | Wind direction
B Sl e @b | (clodkwiss fray
1 159 06.62 357
2 140 05.83 325
3 182 07.58 297
4 265 11.04 281
5 329 17.70 274
p 67 02.79 314
7 249 10.37 255
8 337 14.04 256
9 164 06.83 238
10 267 11.12 235
1 272 11.33 239
12 396 16.50 224
13 231 09.62 356
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Figure 6.8a Shortest arrival times to Jebel-Ali desalination plant
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Figure 6.8b Critical wind direction in association with shortest arrival times to Jebel-Al
des. plant (note: values exceeding 360° should be reduced by 360°)
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Travel time contours range from 80 to 360 hrs (approximately 3-15 days) over the
modeled area. Large travel times (greater than 300 hrs) are occurring from the northern
western comer in association with northwestern wind (270°). Travel times associated
with spills originated from the northwestern to northern areas straight above the plant are

brought about by the northwestern winds (240-315°). Contours are again fanning around

the origin at Jebel Al

6.2.7 Layah Desalination Plant:

Located in Sharjah Emirate, Layah desalination plant supplies fresh water to well over
500 000 persons. A supplementary zone # 13 was used to improve the Contour map of
arrival time for Layah desalination plant.

Table 6.8 critical arrival time and wind direction to Layah in association with zones

AR A rs) |(days) = |{(clockwise from North) -
1 119 04.95 351
2 115 04.79 310
3 171 07.12 282
4 259 10.79 271
5 331 §3049 264
6 62 02.58 268
7 261 10.87 248
8 352 14.66 248
9 225 09.37 215
10 302 12.58 227
11 407 16.95 233
12 455 18.95 220
13 167 06.95 346

Travel time contours range from 120 to 440 hrs (approximately 5-18 days) over
the modeled area. Large travel times (greater than 400 hrs) are occurming from the west
and northwestern comer in association with northwestern wind (270°). The travel time
contours are denser in the west, and the 120-80 hrs smallest contour covers the area near
the plant. Again the application of supplementary zones has refined the contour

distribution. The wind direction of 270° is the most critical direction acting at the area

above the plant.

6-18



(kilometer)

(kilometer)

350

300

250

200

150

100

50

0 50 100 150 200 250 300 350 400 450
(ilometer)

Figure 6.9a Shortest arrival times to Layah desalination plant
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Figure 6.9b Critical wind direction in association with shortest arrival times to Layah des.
Plant (note: values exceeding 360° should be reduced by 360°)
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CHAPTER 7
SUMMA RY AND RECOMMENDATIONS

The current study has aimed to produce a set of 10 hazard contour maps for the prediction
of oil spill travel time and critical wind direction in association with five selected mega
desalination plants along the UAE coast. Al-Shuwayhat, Al-Mirfa. Umm AlNar and
Taweelah, Jebel Ali and Al-Layah were selected as the most vital plants and their
locations where set as observation points. To achieve such a task. three stages were
carefully designed to form the operational frame work of the study: the hydrodynamic
simulation, the oil spill simulation, and the impact assessment in terms of the contour
maps processing and production.

Advanced modeling techniques were employed to simulate the 3D dynamics of
water motion and oil weathering and transport in the Arabian Gulf.

The hydrodynamic model is set based on light of previous work conducted in the
Gulf and a comprehensive review of literature on the topic. The hydrodynamic model
was further tuned and validated against actual field data of tides and currents. Also the
comparison of the model results with published articles describing summer and winter
residual surface currents showed to be in agreement.

In the oil spill model, sensitivity analysis is conducted to identify the model
parameters. The assigned model setup was tested against the available information on Al
Ahmadi oil spill travel time, spreading and shore impact. The model proved to be
performing fairly in agreement with the published data.

The stage of impact assessment comprised of assigning a set of 12 zones covering
the oil tankers routs and loading terminals in the area adjacent to the UAE coastline.
Three additional zones supplemented the original zones during the first stage of
reviewing the output of contour maps in order to improve its resolution. The testing of oil
releasing conditions yielded the decision to use intermittent oil spill. Extreme case
scenario approach was adopted and winter conditions were found statistically more

critical for oil spills to occur. Two approaches were tested to ensure a refined production
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of traVel time. The direct approach from source to destination is adopted as it has ruled
out the indirect approach implications and uncertainties.

By assigning a constant wind field over the study area, a total number of 64
simulations were conducted to produce the contour maps for the five desalination plants.
Two maps were produced for each plant, the first reports the shortest arrival times from
different source points and the second shows the critical wind direction that causes the oil
spill to hit the plant in association with its counterpart arrival time.

The produced maps are of practical and direct benefit for the operators of the
desalination plants and the water authorities and further, the environmental agencies in
the United Arab Emirates. The source/destination travel time of an oil slick at any time is
directly spotted and the associated critical wind direction is pointed out by locating the
spill on the contour maps. Such identification will enable the desalination plant operators

to prepare in advance for combating oil spill incidents.

It’s worth noting that wind effect is found to dominate the trajectory of oil spill in the
entire area of simulation with an exception at the Straits of Hormuz. The residual currents
are found to dominate the spills originated in Hormuz vicinity. The application of an ol
spill at that area shows that the surface currents flowing out of the Arabian Gulf are quite
considerable. This area is not considered in the study due to the complications of
prevailing dynamics taking place over there and the produced contours may not

necessarily yield accurate representation of the events originated there.

The current study could be further expanded using the same model and setup to
produce more sophisticated contour maps in terms of larger study area. various wind
magnitudes, and assigned to other potential coastal resources. Also the application of
summer prevailing water and environmental conditions and other simulation periods
would be important to address. Finally other models reflecting the effect of weathering
processes on the migrating slick can be further investigated. The produced map$ hence

can be linked to different oil types as well as critical weathering parameters.
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