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AB STRACT 

Th current study i directed towards the de elopment of oi l  spi l l  hazard contour maps 

for the prediction of oi l  pi l l  travel times and cri tical wind directions in association with 

major trategic desa l ination plant in United Arab Emirates. Five desal ination plants in 

are elected a long the AE coa t l ine to be the potential destination points of oi l spi l l  

hazard . The e plant are AI- huwayhat, A I -Mirfa, Umm AlNar & Taweelah, Jebel Al i  

and AI-Layah. 

In order to reach the set target, a coastal h ydrau l ics simulation model i s  employed 

to adopt the real sea- tate dynamic condi tions. The hydrodynamic simu lated results are 

tuned and tested again t actual documented measurements of tides and currents. The 

imulated flQ\,v pattern of the surface c urrents produced by the model is a lso compared 

wi th common cited patterns. 

Oi l  spi l l  s imulation is then conducted employing the resolved flo\\ field and other 

hydrodynamic results .  The oil spi l l  model parameters are tested to veri fy their sensit ivity 

for final model  etup .  val idation of the model performance is  a l so carried out uti l izing 

wel l documented actual observations of o i l  spi l l  incidents in the Arabian Gulf. At that 

tage, the coupled hydrodynamic and oi l  spi l l  model are set to perform a series of  

s imulations on  hypothetical o i l  spi l l s  based on extreme case conditions. The study area is  

d iv ided into zones co\ ering the oi l  export loading terminals and the o i l  tanker rout . The 

shortest travel ing t imes of the o i l  spi l l  from vari ous zones to each desa l tnation plant are 

identified i n  association with the crit ical  wind directing the o i l  s l ick to that p lant. At last, 

the imulated tra\ ·el t imes and critical wind direct ions are used to produce hazard contour 

maps for shortest arri \ "al times and crit ical wind directions for the five selected 

desa l ination p lants. 

Key words :  Arabi an Gulf, numerical model i ng, hydrodynamic model ing, oil spi l l  

model ing, spi l l  hazard maps. 
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1.1 Backgrou n d  

C HAPTER 1 

INTRODUCTION 

The Arabian Gu lf  i s  a semi-enc losed, tropical,  marginal sea located at the southeastern end 

o f  the Arabian Peninsula with an average length o f  1 000 km and a width that varies 

between 5 5  and 3 40 km, havi ng an area of 240 000 km2 . The Gu lf water borders the United 

Arab Emirates, Qatar, Bahrain,  Saudi Arabia, Kuwait, I raq, I ran, and Oman (figure 1 ) . 

!\ur.wd.lh • 

SAUDI 
Riyadh * 

IRA N 
K rmJn. 

ARABIA 

Figure 1 . 1  Arabian Gu l f region 

Za 

The Gu lf, which affords one of  the busi est and most important shipping lanes i n  the 

world, is a shallow embayment wi th a m ean depth of 35 m and is connected thought th� 

S trai ts of  Honnuz with the Gu lf  of  Oman. The bathymetry i s  markedly asymmetrical ,  with 

deeper water along the I ranian coast and sha l low water on the Arabian side (Chu et a l .  
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1 9  ) .  The Gulf l ie entirely north of the Tropic of Cancer, so it is strictly sub-tropical ,  

though i t s  location withIn the large, arid, Ea t Asian land mass means that the cl imate is 

more fiercely tropical in summer and more temperate in winter than most seas of 

equ i  alent latitude. In the ummer, i t  experiences very high temperatures, whi le in the 

\\fi nter, water and air temperatures fa l l  to wel l  below values associated with tropical marine 

e osystems (Sheppard \ 993) .  

From a historic point of view people have been attracted to  the shore of the 

Arabian Gulf for mil lennia. An early maritime civ i l ization, Dilmun ,  prospered some 4000-

5000 years ago, encompas ing what is known as Bahrain now and the eastern coast of 

audi  Arabia. Before the tenth century AD, the Arabs had establ ished a trade network 

extending from the gul f as far eastward as Chi na, Using stitched, lateen rigged craft,  

cargoes of texti le and spices were accompanied by the exchange of new ideas, science, and 

rel igion. Such voyages \vere made possible through the Arab's sophisticated knowledge of 

astronomy and navigation ( Tibbetts, 1 97 1 ;  Price et a l .  1 982; Severin, 1 982) .  Nowadays, 

there is sti l l  some trade using the tradi tional craft that is now equipped with diesel motors, 

bet\veen the Gulf, Pakistan and East A frica ( Price 1 993 ) .  

The discovery o f  oi l i n  the 1 930s and 1 940s w a s  principal ly responsible for the 

immense economic wealth and geopol i t ical importance of the region today. Oil current ly 

upplies about 40% of the world energy, and recent est imates suggest that the Middle East 

has O\-ef 65% of the world petroleum reserves. The countries bordering the Arabian Gu lf  

produce a lmost 6 bi l l ion barrel s  ( 798 mi l l ion metri c tones) of o i l  a year, about 27% of  the 

world's production in 1 993 ( World Resources Inst i  tute, 1 996). 

The same waterway serves its old role in l inking the Gulf States to the outer world 

by being the major route of transport ing the produced o i l  to the world market. Histori ca l ly. 

about hal f  of the o i l  tran ported through the global marine em'ironment has come through 

the Arabian Gulf countnes from 1 993 to 1 980 with an annual average of 59% (Gupta et a l .  

1 993) .  Linden e t  a\. 1 990, reported that the Gu lf  is among the busiest tanker navigation 

routs. For instance, there are 20 000-35 000 individual tanker passages annual ly  at the 

tra i ts of Hormuz. 

Due to th is  hea\'y traffic, transported oil consti tutes the most signi ficant source of 

o i l  pol l ution in the Gulf. The annual o i l  input i s  4 000 MT from tanker accidents. About 14 
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tanker accidents of arious kinds occur annua l ly  in the Arabian Gulf and at least 1 3% of 

the e release oi l  ( Linden et a I . 1 990) .  Thirty-nine confirmed incidents of oil pol l ution, out of 

a tota l 422 reported incidents were recorded from May 1 98 1  to June 1 987 in the Gulf 

where the incidents varied from ighting of o i l  sheens to oil wel l blow-out. The volume 

vaned from a trickle to 500 000 barrels  (68 000 tones) reported from the owruz o i l  wel l 

blov. -out due to mil i tary action (L inden et a! .  1 990) .Beside the dramat ic and wel l ­

publ icized catastrophic oi l  spi l ls, a substantial amount of oil enter the marine and coasta l 

waters o f  the Arabian Gu lf  from a variety of  ources: bal last water di scharges, fueling 

p i l l s, p latform blow-outs, pipeline leaks, and natural seeps ( Pearson, Al-Ghais et a1 . 1 994 ) .  

A study conducted by  the world information system in 1 98 I on o i l  poll ution of  the 

Arabian Gu lf  e t imated that more than 1 .5 m i l l ion tones of oi l  would pol l ute the Gulf 

water between 1 98 I and 1 989. I n  fact this estimate was surpas ed In 1 985 i tse lf. The 

hazards o f  oi l  pol lution in the Arabian Gulf ha e increased sign ificantly over the past few 

decades owing to increased urbanization, industria lization, oil production and 

tran portation and pol itica l  tension. 

The negati\"e impact of oil spi l l s  in the Arabian Gulf is pronounced because of 

expected adverse impacts on desali nation p lants on the coast .  Continuous need for 

desa l inated water supplies di ctates the prevention of pol lution of source waters . 

A summary o f  accidental tanker spi l l s  in the Region since 1 974 is given in the 
Table ( 1 . 1 )  below. 

Table 1 . 1  Major tanker spi l l s  of over 5 ,000 tones in the Region inee 1974.  
source: www. ito f.eom 

Quantity Vessel Name Country Year Cause 
spilled (tOnes) (type 

'OVA 70,000 CRUDE IRAN 1 985 COLLI  ION 

ASS I M I  52 ,500 CRUDE OMA 1 983 FI R E/E XPLOS ION 

PERICLES GC 46,000 CRUDE QATAR 1 983 F IRE/E XP LOS IO� 

S E Kl 1 6,000 CRUD E  UAE 1 994 OLLI 10 

PONTOO 300 5 500 FUEL UAE 1 998 lN KD\G 
(CARGO) 
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In addition, it is e timated that 840 000 tones of oi l  entered the manne 

environment during the Gu lf  War in 1 99 1  ( source: www . i topfcom). More recently there 

have been concerns about the number of i l legal discharges from the large volume of  

h ipping within the region and the frequency of oi l  spi l l s  resulting from sub-standard 

ve els which were i l lega l l  transporting oi l  from Iraq.  Unofficial records show that 

nearl y 26,000 tones of oil entered the marine envi ronment from these i l legal operations 

( ource: w\vv; . itopfcom ) 

1 .2 Problem Sign ificance 

I n  recent years, there has been a growi ng concern over the increasing contamination of 

water bodies and adjacent shorel ine areas cau ed by oil spi l l s . This concern is magnified in 

the Arabi an Gulf where the surrounding countries produce and export more than 6 bi l l ion 

bbl of crude oil per annum to the world market via the Arabian Gulf waterv.'ay, the major 

tran port route for the uper tankers. Another incentive is the lack of fresh water resources 

i n  this dynamical ly  de eloping region which has d ictated the employment of desal ination 

technology with mega plants along the Arabian Gu lf  shorel ine. The Arabian Gulf  coastal 

and marine environment is becoming increasingly important in ful fil l ing social and 

economic de\ elopment and trategic objectives of i ts member states. Coastal uses and other 

human activities have strongly burdened the Gu lf  environment, with the extent and scale 

varying geographical ly. The Arabian Gulf is a natura l ly  stressed environment. and at the 

same t ime has been subj ected to unprecedented development pressures over the past two to 

three decades (Price & Shepperd, 1 99 1 ); see figure 1 .2 .  

Figure 1 . 2 Oil and gas fie lds i n  the Arabian Gulf 
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Being a coa tal community, the related renewable and non-renewable  resources 

remam the corner tone for l i fe and de elopment in the Gulf  States since they contribute to 

food. tran port, industrial ,  recreational and other needs of local people. 

The Gulf waters play a particularly vital role in providing most of the population 

\vi th fresh water from de a l ination plants. The region's oil and gas are of course the major 

non-l Iving re ources, but increa ingly important i s  c lean sea water for desal ination. D uring 

the ulf \var ubstantial effort was directed at preventing oi l  from reaching the intakes of 

desal ination p lants. In Ju ly, 1 997, diesel fuel spi l led from a grounded barge in Sharjah, 

AE entered the intake of a desal ination plant, and contaminated the water supply of an 

estimated half mi l l ion people. 

In  recent year there has been a growing concern over the increasing contamination 

of water bodies and adj acent shoreline areas by oil spi l l s  in  general and in the Arabian Gu lf  

in  part icular. Activities related to the oi l  industry, main ly  oil exploration and transport i n  

the region have increased the risk of  oi l spi l l  accidents. O i l  spil lage into the marine 

environment represents a very complex situation to deal with as it is high ly dependant on 

the s a state, and the type and the scale  of spi l led o i l .  From an environmental and health 

point of view, an o i l  spi l l  accident is very harmful to the marine and the heal th of  mankind. 

Despite the long-term damage to aquatic environment, a major oil spi l l  wi l l  immediate ly  

cause contam ination of the shorel ine which causes malfunctioning of desal ination plants, 

and fou l  harbor faci l i t ies and vessel . 

To combat such accidents, many government agencIes have prepared oi l  �pi l l  

contingency plans. An important component of  these plans I S  the use of mathematical  

model to predict the oi l  s l ick motion and distribution of  oil partic le concentration. Such 

models act as real time prediction tools  during an oil spi l l  inCIdent when quick response is 

needed. The real ization of the adver e effects of spi l l ed o i l  in the water bodies has foc used 

attention on the behavior of oil spi l l s .  Over the past few years. considerable research has 

been directed towards the development of such mathematical model- to describe the 

behaVIOr and fate of  pol l utants such as oi l  and oi l  products. This research has been 

motivated primari l y  by the practical consideration that the successfu l  model would be of 

great \'a lue in ringing the warning bell for harbors, and power and desal ination plants that 

may be affected. An efficient model would a l so help in selecting locations for the 

1 -5 



deployment of the oi l  p i l l  containment, col l ection and combat system such as booming, 

di per ing and burning in order to mitigate the effects of the pol l utant on the environment. 

n i ted Arab Emirate 

Power and water are the most important sectors in the UAE after oil and gas. An increa e 

o f  7 ,000 W in the power generation wi l l  be required over the next 1 0  year for the whole 

of the UAE .  The investment on the e sectors i s  e timated to be around S30 bi l l ion over the 

next 5- 1 0  years. There is currently a rapid rate of growth in the demand for water for Abu 

Dhabi and its urrounding regions. This increase is being driven by population growth, 

Increasing consumption per capita and increasing requirement for water in irrigation. 

( ource: \vww.trade.uktradelnvest.gov. u klwater/abu dhabi/) . 

The total gross water produced from al l desal ination plants in the UAE, excluding 

the remote areas in 200 1 was approximately 86,000 Mi l l ion Imperial Gal lons (MIG) of 

desal inated water. More recent figures of  the desalination capacity are sti l l  higher and 

future scheduled expan ions wi l l  fol low. The Umm Al Nar desal ination plant wi l l  increase 

it fresh water production capacity from 70 mi l l ion gal lons to 1 00 mi l l ion gal lons a fter its 

l atest expansion. schedu led on the ISlo f  June 2 005.  The Al-Taweelah desal ination p lant 

produces 95 mi l l ion gal lons of fresh water per day Al Marfa plant produces 38 .7  mi l l ion 

gallons per day. whi le Bainounah p lant  produces 1 5  mi l l ion gal lons per day ( source: 

www.water-technology.netlprojects u m ml). A lso along the coast whi le facing northeast, 

the Jebel A l i  Power and Desal ination Station, serving Dubai State, has a total desal ination 

capaci ty of 1 8  mi l l ion gal lons per day ( source :www.dewa.gov .ae). Al l  these huge p lants 

are l ocated along the coast, and are extending their intake termmals to pump-in sal ine water 

from the G u l f waters to the desal ination p lants. 

The strategic dependence on desalination plants in the United Arab EmIrates to 

ecure fresh water is not a choice. Hence, stri ct measures to secure continuous supply of 

clean water to this industry is a very serious commitment that should be continuously 

ful fi l led by protecting the intakes of the desal inat ion plants from pol l utants, namely the oi l  

spi l l  risk. 
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1 .3 Objective 

The obj ectives of the research the is are as fol lows: 

• etting up and calibrating the hydrodynamic numerical  model for the Arabian Gulf  

region \\li th pecial reference to  the UAE coastal region u ing M IKE3 software. 

• etting-up and val idating the o i l  spi l l  model for the Arabian Gulf  region based on the 

flow fi eld produced from the hydrodynamic simulation. 

• Evaluat ing the de eloped crise scenarios using the o i l  spi l l  model ,  identifying cri t ica l  

scenarios, and evaluating the risk associated with o i l  spi l l s  on the intake points of 

elected desal ination plants based on trajectory and arrival t ime. 

• Developing risk alarm map of arrival t ime based on the model ing results of spi l l s  

initiated a t  locations (zones ) adjacent to  the  UAE coast .  

1 .4 Methodology 

• Literature revIew to survey the international and regional efforts made 1D 

hydrodynamics and oi l  spi l l  modeling and types of  models .  

• Col lect physical data; bathymetry, tide, wind, current, in itial temperature and 

a l inity fields. 

• et up of the numerical hydrodynamic model for the Arabian Gulf region. 

• Tune the hydrodynamic model to s imulate t idal fl uctuation that resembles what is 

een in Abu-Dhabi and Dubai harbors. 

• Tune the current flow pattern to the general directions recovered from publ i shed 

avai lable observations. 

• Conduct sensitivity anal}' i on the oi l  spi l l  model to identify critical parameters and 

their effect on model performance and conduct validation rudy for the spi l l  

analysis model ba ed o n  publ i shed observations 

• et-up the numerical spi l l  ana lysis model for the Arabian Gulf  region and determine 

the spi l l  analysis simulation inputs (e.g. amount re leased, mode of release, duration. 

wind condition, etc. ) 

• Divide the Arabian Gu lf  area adj acent to the UAE coast into several zones and 

apply oi l  spi l lage. 
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• Identify major desal ination plants along the AE coast as destination points of the 

impa t a sessment process. 

• E al uate simulation result and detennine the arrival t ime of various scenarios. 
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CHAPTER 2 
LITERATURE REVIEW 

2.1 Arabian Gulf Hydrodyn amic Characteris t i c  and Modeli n g  

The oceanic region compnsed of the Gu lf, Strai t  of  Honnuz, and the Gulfof Oman is  one of 

the mo t i mportant wateru:ays in the world.  I n  peak periods, one ship passes the Strai t  of 

Honnuz every 6 min (AI-Hajri 1 990), and approximately  60 % of the world's marine 

tran port of oil occur at this region. Surpri s ingly, the number of direct oceanographic 

ob ervati ns from this region is  sma l l .  Investigations have been undertaken by individual  

countri e in  their coa ta l  waters, but  only two basin-wide studies are v,idely c i ted . Emery 

( 1 956)  reported on a 1 94 summer cru ise by the Gennan ship Meteor, and Brewer & Dyrssen 

( 1 9  5 )  reported on the 1 976 wintert ime expedit ion of the Atlantis from Woods Hole 

Oceanographic Insti tution. The primary reason for the unavai labi l i ty of basin-wide data i s  the 

pol i t ica l  unrest between the countries bordering the Gulf  that prevents scientific access . 

. A.mong other studies, the Mt M itchel l expedition, launched on February 1 992 

preceding the second Gulf war, was named after the research vessel M t  Mitchel l provided by 

the ational Oceanic  and Atmospheric Administration (NOAA) in  an international program 

to tudy the effects of the oi l  spi l l  that resu l ted from the hosti l i ty acts in the region.  The 

cru ise lasted from 26 February to 1 2  J une 1 992 . Reynolds ( 1 993 ) described the physical 

oceanograph y  related findings of the M t  Michel  expedition in the Gulf. .  The Mt M itche l l  

tudy was broad in scope. and provided valuable information on  areas of  interest and gave a 

hol i stic description of  the hydrodynamics of the Gu lf. 

In what fol lows, a description of the physical characteristics of the Arabian Gul f and 

Its phy ical  oceanography and meteorology are presented. The review has been col lected 

from Grasshoff ( 1 956) ,  Hughes and Hunter ( 1 97 9 ) ,  Hunter ( 1 982 a,b) ,  Emery ( 1 956), Evans­

Robert ( 1 98 1 ), IM C OS ( 1 98 1 ), Pers ian Gul f P i lot ( 1 967 ) Sugden ( 1 963 ) ,  Lehr ( 1 984) 

Reynolds ( 1 993 ).  Privett ( 1 959 ), E l shorbagy et al .  ( 2004a), Lardner et a l .  ( 1 993) ,  Sheppard 

( 1 993 ) and SpaUlding et a l .  ( 1 993 ) .  
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2 . 2  Bathymetry 

The Arabian u l f  i located between 24° and 3 0° latitude. The bathymetry of the Gu lf  as 

een in figure 2 . 1 i ha l low in the orth- West and the Western coast which include the 

Arabian State . Inter-tidal areas are extensive with very gradual s lopes from the supra- l i ttoral 

to everal Ian off hore. In several areas, upli fted rocky areas (commonly reef) frequent ly add 

rel ief  to a genera l ly  very level terrain ( heppard, 1 993). The broad region of  shal low water 

off the coa t of the nited Arab Emi rate features many sma l l  is lands and lagoons. This area 

i a region of intense evaporation, and a sign ificant contribution to the deep c i rculation of the 

Gu l f  i made there. 

SAUDI 
ARABIA 

IRAN 

Figure 2 . 1 Arabian Gu lf  Bathymetry 

D 

An i solated trough extends orthward from the Strai t  of Hormuz along the I raman 

coast approximately 1 00 km. The trough col l ects denser bottom water and interferes \\ lth 

existing bottom flow slowing i t  down. The s lope of the Gu lf  floor is gent le  leading to the 

deepest trough which is> 1 00 m depth. 
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2.3 Fre h water exchange a n d  evaporation 

Mo t of the river inflow into the Arabian Gul f occur at the north end of the Gulf primari l y  

on  the Iranian side 

The hatt A I -Arab the col lecting point for three major nvers: the Tigris and 

Euphrates rivers together provide an annual average of 708 m3 so l and the Karun adds 748 m3 

-I. Thu the total a erage outflow of Shatt Al Arab is  1 456 m3 so l . Other major rivers are the 

Handijan wi th 203 m3 .', the H i l leh 444 m3 s·', and the Mand 1 387 m3 s·l(Reynolds, 1 993 ) .  

The total river runoff i s  l.lx 1 02 km3yr_', equivalent to 46 em yr-' of depth. These values 

need to be verified due to the fact that the annual runoff from Shatt Al Arab has decreased 

sub tantia l l y  over the past 20 years after the construction of some huge dams along most of 

the river . Annual rainfa l l  in the arid c l imate of the Gu lf  region has an insigni ficant rol e  in 

the fresh water budget o f  the Gu lf  as it fal Is is in the order o f  7 em yr-l ( Reynolds, 1 993 ) see 

figure (2 .2 ) .  

1UVER.S OF THE NORTHERN GULF 
AlKut 

ANNUAL MEAN (cmIyr) 
EVAPORATION 14O-S00 
RIVER RUNOFF 10-46 

RAIN 3-8 

Figure 2.2 Rivers of  the northern Gu lf  ( Reynolds, 1 993) 

Evaporation in the Gul f is much higher than both rivers' inflow and precipitation. 

Est imates of evaporation vary from 500 to 1 44 em yr.'. The l ower figure from Privett ( 1 959) 

is  in agreement v.:i th M eshal & Hassan ( 1986) who estimated 200 em �T·'. Measurements 
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indicate that even though the water temperature is considerably higher in ummer, most 

evaporation occurs in wintertime. This is mainly referred to the higher wind speeds in the 

wint r ea on. Evaporation of fresh water enhances mixing by increasing the sa l inity and 

den ity of the urface water thu reducing the surface stabil ity 

The Gu lf  ha mi ld winters and very hot summers with temperatures ranging from 

0 0  in winter to 45-50 0 in summer. Water temperatures increase from 1 8  C( in February 

to 30-33 ° In ugu t. The shal low waters of the gulf are wel l  mixed, \ hl le the deeper 

water can ha e vertical temperature difference of 4 °C (Spaulding, 1 993 ) .  

2.4 \Vi n d  

Being the most evident feature of the weather system. the winds in  the Gul f are wel l  

recognized a s  the pri nc ipal driv ing force of  o i l  on the sea surface. The Gul f i s  located i n  the 

arid  region between latitudes 24°-30°, in which the earth's deserts are most ly  located. This 

region marks the boundary between tropical c irculation and the relating weather systems of 

mid- lati tudes. Descending dry a ir  i n  these lat itudes produces c lear skie and arid conditions. 

I n  the north, the local c l imate is  i nfluenced by the mountainous nature of  the surrounding 

topography. The Taurus and Pontic mountains of Turkey, the Caucasus Mountains in I ran. 

and A l -H igaz Mountains of the Arabian Peninsula together with the Tigris-Euphrates Val ley. 

form a northwest- outheast axis that strongly tracks extra-tropical storms to a southeast 

direction. 

The c l imate in the Gu lf  of Oman is  markedly different from the c l Imate in the 

Arabian Gu lf. Vv'hi le the Gulf  is affected mainly by the extra-tropical weather -ystems from 

the northwest, the Gu lf  of  Oman is at the northern edge of the tropical weather ' y  tern in the 

Arabian ea and the Indian ocean. This monsoon circu lation produce southerl : wind in the 

summer and strong northerl ies in the winter (Reynolds. 1 993 ) .  The Strait - of Hormuz  

approximates tbe boundary between the two systems.  

The most wel l  known and famous weather phenomenon in the Gulf  1 - the Shomo! 

(meaning north in Arabic) ,  which i s  a northwesterly wind which occurs year round during 

winter and summer. The winter Shamal i s  a wind that sets with great abruptness and force. 

and i s  related to re lating weather system in the orth West. I t  seldom exceeds 1 0  m S· l  but 

lasts several days. The summer Shamal i s  practical l y  continuous from earl y June through 

2-4 



July and i a ociated with the relative trengths of  the Indian and Arabian thermal lows. The 

winter hamal brings some of the strongest winds and highest seas of the season. During the 

great hamal.  \ hich occur during June and Jul y, wind speeds can reach I S  m S· I . 

Generally the hamal winds come predominantly from the northwest throughout the 

year and display no sea onal reversal . At the lower end of the Gulf, the predominant winds 

orne from the southwe t during May through eptember and are called Suhail i .  Sea breeze 

occur within 30 \em from the coast but generally have wind speeds of 5 m S· I or less 

( paulding, 1 993) .  Wind driven flows can be strong in the shallow waters of the western side 

of the Gul f  including the AE coast l ine. These flows are directed to the southeast. parallel to 

the coa t in re ponse to the northwesterl y  w inds. 

2 .5 C u rre n ts 

The water motion can be re lated to three driv ing forces: tidal forces, wind forces, and 

den i ty di fferences. The lGnetic energy of the water veloci ty can be partitioned among the 

three terms approximately as 1 00, 1 0, 1  respectively.  Each type of currents has a different 

scal i ng t ime: tidal currents 'ary over few hours at diurnal or semi-diurnal periods; wind­

driven currents develop a ubside 0 er a few days; and density driven currents take weeks to 

change in response to seasonal forcing ( Reynolds, 1 993) .  

The currents due to tidal motion in  the Gulf  are dominated by b, S2, K,  and 0 ,  
consti tuents (Hydrographer o f  Navy, 1 976) .  The resonance ampli fication o f  tidal current 

patterns are complex having an amphidromic point near either end for the semi -diurnal tide 

and one in the center for the diurnal tide. The t ides rotate anti-clockwise around these points 

for all constituents. They vary from semi -diurnal to diurnal ,  and back to semi-diurnal as one 

moves from the lower to the upper Gulf  ( Figure2 . 2 )  ( Spaulding. 1 993 ) .  Lehr, ( 1 984) ,  states 

that "The t idal range i large. with values larger than 1 m  everywhere". Tides are important in 

stirring and mix ing waters vertical l y  and on horizontal scale of 1 0  km, but they do not make 

an i mportant contribution to the residual c irculation of the Gulf. Tidal currents averaged over 

a day or more has negl igible 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 1 0  km and t ime less than 24 hrs. The strong 

tidal currents also create a bottom turbulent friction layer. 
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Figure 2 .3  Classification of tides in the Arabian Gu lf  ( adapted: Delft H ydraul ics Lab. Report) 

2 . 6  Re i d u a l  C i rcu lation 

Residual currents are mainly responsible for the net transport of pol l utants. The residual 

currents in  the Gulf  have been attributed to two principal factor : wind forcing \\ hich when 

coupled with Coriol is  force, generates a net anti-clockwise circulation. and the effect of 

den ity gradients su tained by evaporation and rediative heat transfer and to a le -ser extent 

by fre h water inflow at the north end of the Gulf. The relative importance or- these h\ O 

mechanisms has been the subject of  a disagreement in the l iterature. Hughes & Hunter ( 1 9uO) 

argued that  the wind-driven currents made the major contribution, but  Hunter ubsequent ly  

concl uded that the circulation was probably  dominated by densi ty-dm en flow. 

geostrophical l y  balanced across the Gulf and frictional ly balanced in the direction of the 

flow. Galt et al . ( 1 983) using depth average model agreed with this assessment in the 

southern hal f of the Gulf, but concluded that wind-driven circulation p lus the effects of fresh­

water inflow dominates the northern half. 
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Lardn r et a J . { l 988a, b )  and more recently Al-Rabeh et a l .  ( 1 990) computed the 

verti al tru cture f the flow generated by the monthly averaged wi nds in the region. I t  was 

found that the urface flow is  considerabl y  stronger and more uniform in direction than the 

depth average flow. Furthermore, the magn itude of this surface current is  consistent over 

mo t of  the Gu lf  with the empirical values found by Hunter ( 1 982)  from analysis of ship-drift 

data .  A ubsequent imulation o f  urface and bottom currents at the Safaniya sea region ( AI ­

Rabeh and Gunav. 1 99 1 ) ,  and dri ft of experimental  buoy, (Henaidi ,  1 984) .  using actual wind 

mea urements, ( ekirge et a l .  1 9  9),  has  yielded good agreement wi th observations. Thus 

there i a general agreement that wind forcing dominates the surface flow in the region 

adj acent to the audi coastline. The density-gradient effects are more signi ficant at the lower 

hal f  of  the Gu lf  and near the Strait of  Hormuz. The net fresh water to the atmosphere i s  

replaced by a urface inflow in the Strait  of Hormuz. Throughout the year and against 

preva i l i ng hamal winds, relat ively low-sal inity water enters through the trait of Hormuz to 

freshen the hyper-sal ine water. H igh evaporation increases the density of the surface water so 

that i t  inks to exit as a high-sa l ini ty under current .  It was stated by Reynolds, 1 993 that h igh 

evaporation i n  the broad coastal areas on the coast of the Emirates pro\']des much o f  the 

sal i ne bottom water that feeds the bottom outflow through the deeper portion of the Strait of 

Hormuz ( Reynolds, 1 993) .  Lardner and Das ( 1 99 1 )  argued later that wind-driven currents 

dom inate the whole Gulf except at the Strait of Hormuz and the vicinity of Shatt AI-Arab. 

In a more recent tudy E lshorbagy et a l . (2004b) stated that the effe-:t of wind forcing 

not ob erved \'ery c lose to the Straits of  Hornluz and that a lmost the entire northern and 

central port ions of the Gulf shows southward c urrent generated by the \\ ind forcing with 

a lmost no vi sual effect from the density driving force. An important, secondary current in the 

Gul f is a coasta l .  reverse circ ulation a long the I ranian coast which is mamly dri \ en by the 

density di fferences that result from river runoff ( Reynolds, 1 993 ) .  In a simulation conducted 

by Lardner et al ( 1 993) ,  the c irculation in the northern portion of the Gulf  was described to 

comprise coastal jets directed towards the southeast on both the Saudi and the Iranian coasts, 

whi l e  in the central region the surface speeds are much smal ler. This is onsistent with the 

observed behavior of the drifter buoys released during the Mt M itchel l  �' rui se which took 

place between February and June 1 992 and reported to hard ly  move at all over the 3 month 
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period. Lardner et a I ,  1 993 al 0 reported in  their s imulation that the surface jet current along 

the audi oast continues around Qatar peninsula and joins the flow along the Emirates coast. 

It appears from this picture that the urface flow is genera l ly  dominated by wind forcing 

e ept at hatt AI-Arab due to den i ty changes from the river inflow and at the Straits of 

Hormuz whi h include trong tidal currents and acti e density gradients main ly fed by the 

Emirate coast contribution of hea\'y sa l i ne water and along the I ranian coast as far as the 

Qatar penin  u la. 

I t  is  concluded from the abo\-e 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 

therma l ly  driven currents (A I- Rabeh et a I . ,  1 992 ) .  It is also concluded that wind data is the 

pnn ipal parameter necessary for accurate spi l l  forecasting. 

The residence time for the Arabian Gu lf  basin has been studied by number of 

c ienti t ( Hughes & Hunter, ( 1 979) ' H u nter, ( 1 98 3 ), E lshorbagy et. a 1 . ,  (2004) .  An estimate 

of 2-5 years was suggested by those studies. However, other field measurements by John and 

Olson, ( 1 998)  revealed that the mean outflow ranged between 350-500 days. The rate of  

e chan,2;e and the c ircu lation in  the S trai t  of Hormuz plays a key role in  under tanding the 

basin-wide behayior of the gul f.  

2 . 7  H yd rodynamic a n d  Oil  S p i l l l\1 od e l i n g  

2 .7 . 1  Hydrodynamic Model ing Studies 

Modeling efforts can be divided between t ida l  models and estuarine c irculation models .  Most 

of the early studies conducted on the physical processes of the Arabian Gulf (AI -Rabeh et a l .  

1 990. Lardner & Das, 1 99 1 ) focused on the mean flow characterization under extreme 

seasonal conditions. Such studies pro\- ide valuable information in the context of long-term 

under tanding and implementation of environmental management issues. HO\\'ever in the 

cases of sudden environmental d isasters l ike acc idental oil spi l lage, tidal flow dynamics are 

cruc ia l ly  i mportant. Real-t ime models  are needed to forecast and report the pol l utant 

movement in order to direct the mitigation efforts. Reynolds ( 1 993 ) I isted three 

comprehensive mathematical models that were avai lable during the Mt Mi tchell expedition 

and used for estuarine circu lation model i ng. The first was developed by the US aval 

oceanographic Office ( Horton et al . ,  1 992) which they described as a three dimensional ,  
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primi t ive-equation circulation 

turbu lent-closure ub-models. 

model with complete thermodynamic and imbedded 

e ,t is the Cathol ic Un iversity of America model (Chao et a ! .  

1 992)  that uses 20 km grid size and 1 1  levels in a diagnostic formulation. Lastly, King Fahad 

niver ity of  Petroleum and Mineral ( KFUPM) in Al-Dahran, Saudi Arabia ( Lardner et 

al . 1 9  7 ;  Lardner et al . 1 988a b; Lardner et a 1 . 1 99 1 ;  Lardner et a I . 1 993 ), that cover the Gul f 

with a rectangular grid of 1 0  km size. It i s  three dimen ional but has the option to be nm i n  

two-dimensional vertically integrated mode. The algori thm uses a mode- pl itt ing method by 

whi h the depth-averaged equations are first solved for the barotropic mode, and then the 

momentum equation are stepped forward to compute the elocity proti les. The bottom 

friction and advective terms are computed for use in the average-depth equations on the next 

tep. 

In  a more recent publ ication (AI -Rabeh et a l .  2000), the team working 1TI the KFCPM has 

launched a new software package for model ing the hydrodynamics for the :\rabian Gulf  and 

in arbi trary smal l  sub-regions in the Gulf. GULFH YDRO Version 2.0 is a modification of the 

later software de cribed by Reynolds, 1 993 and has been released a a single package 

comprising of  h\'O models cal led H YDRO 1 and H YDR02. The main difference between the 

tv;'o models i the grid size, whi Ie HYDRO 1 has a 1 0  km grid, whi le HYDR02 has 5 km 

grid .  H YDR02 is designed to provide more deta i l ed computation of flo\\' in a selected sub­

region of the Gulf  using a fine grid size spec ified by the user. This property impro\'ement in 

HYDR02 gives the flexibi l ity to the user to focus on the required study area, which was not 

avai lable in other previous models .  It i s  well understood that the higher resolution always 

comes on the expense of the CPU computational t ime and the storage reqUirements. 

Other commercial packages are avai lable for use, ( M IKE3,  DELFT3 D ) . uch 

softwares are programmed to be user fri endly with Windows interface and with exceptional 

statistical and graphical capabi l i ties. However more efforts, training in add) [ion to more data 

are needed to al low using them professional ly. For example, not as in [he ArabIan Gu lf  

KF PM models, the user of  such commercial softwares needs to  specd': bathymetry and 

shorel ine, physical characteri tics, ini t ia l  condit ions, boundary condition , environmental 

conditions, and t idal specifications for the simulation. Also, the need to tune the parameters 

and cal ibrate the model in a real condition status requires much understanding of the physical 
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meamng of  the parameters and much effort 10 work with them. Also the need for the 

apab i l i ty of j udgment and optimization play a key role. 

2 .7 .2  Oil  p i l l  Proces es and Modeling 

There i a vital need to understand and veri fy the oil spi l l  performance in the manne 

en ironment of the Gu lf  in order to enable cienti ts and environmental response agencies to 

act efficient ly in oi l  spi l l  occasions. 

The numerical model ing of o i l  spil l  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 c lose interdependence among the 

weathering processes. 

p i l l  models are divided into three major components: input, trajectory and fate 

a lgorithms and output .  The i nput modules are normal ly  subdivided into 1\\'0 components: o i l  

data and environmental data. The o i l  information defines the spi l l  scenario to include oi l  type 

and physical-chemical properties, release schedule,  location and start/end times. Definition of 

the wind, current, and temperature fields in  space and t ime constitute the typical 

environmental typical parameter . This data can be derived from other models or field 

observations and in ei ther case, accurate spi l l  predictions require high qual ity environmental 

data that is carefu l l y  integrated into the spi l l  model . The output module is norma l ly  a 

presentation of the spatia l  extent of the o i l  p i l l  ( eg .  surface/subsurface oi l )  and the oi  1 mass 

balance by the environmental compartments (eg. surface, atmosphere, subsurface. etc . )  and 

components as a function of time. 

The heart of oil spi l l  models is a series of a lgori thms that repre ent the processes 

de cribing the transport and fate of oil released into the environment. The fate is most 

commonl y  described by the fol lowing processes: advection, spreading, evaporation, 

dispersion, d Issol ution. emulsification, photo-oxidation, biodegradation, slllking/ 

sedimentation .  Each of  these algorithms is typica l l y  formu lated on an individual basis with 

l inkages made to rel ate processes and environmental parameters as necessary (Spauld ing, 

1 988) .  However. since there is  a significant lack of data for rel iable analytical formulation to 

be establ ished for many of the weathering processes, it is impractical to include a l l  of them in 

an oil spi l l  simulation model .  I t  would be more useful to include the most sign ificant 
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proce e ,  I .e . ,  tho e accounting for the bulk of  the oi l ,  whi le omitting others so that 

uncertamty in the outcome can be reduced ( hen et a l . ,  1 987) .  

In th fol lowing part a pre entation of the development of each algorithm is provided . 

dvection 

Oil moves horizontal ly  In the marine environment under forcing from wind waves, and 

urrents. Being itse l f  a flUId with a density only sl ightly less than that of water, oi l is also 

tran ported vertica l ly  in the water column in the form of  droplets of \·arious sizes. Both 

vert ical and horizontal current hears are therefore important factors in the net motion of oi l  

at ea .  Current fields are general ly considered to be the vectoral sum of wind, t idal ,  density, 

and pre ure gradient i nduced currents. Of  these various components, the wind-induced drift 

i often the most important factor determining surface o i l  s l ick trajectories over t ime scale 

greater than one day.  The extremely s imple empirical approach, which assumes that the 

surface drift current is approximately 3 -4% of the wind velocity at 1 0m height above the 

water urface, has been used by most exist ing models and continues to be the most widely  

accepted methodology. A deflection angle of  20  degrees was suggest d i n  the northern 

hemisphere ( Stolzenbach et a \ .  1 977) .  A deflection angle of 3 degrees and drift factor o f  0.03 

was used in the A A model (Spaulding et a ! . ,  1 992)  which is based on experimentation in the 

orwegian Sea (Reed et a 1 . .  1 99 1 ), The dri ft deflection angle is due to the corio l i s  forcing and 

is directed to the right of the wind direction in the northern hemisphere and to the left in the 

southern hemisphere. Audunson et a l . , (  1 980) assumed a wind dri ft factor of 0.027 and a 

deflection angle of 1 2  degrees for the north sea. Samuel s et a! . ( 1 982 )  suggest a variable 

deflectlOn angle being a function of wind speed between 0 and 20 degrees. 

AI -Rabeh et a l .  ( 1 993) stated that " In modeling oi l  spi l l  transport in the Gu lf, o i l  spi l l  

model employing the wind-dri ft factor approach used values for the wind dri ft factor and 

deflection angle that were originally found suitab le for other water bodies. This has resulted 

in poor prediction. G iven the empirical nature o f  the approach it is necessary that suitable  

values for these crit ical  parameters be deri ed for the Gulf'. On the ba is of  least square 

method ana lysis of the motion of the M E PA buoys ( Henaidi, 1 984), it was found that the 

optimal values for the Arabian Gulf for these two parameters are: a dri ft factor of 0.03 1 and a 

deflection drift  angle of 26.03 degrees (AI-Rabeh, 1 994) .  

2- 1 1  



preading 

preading determines the areal e tent of spi l l ed oil and effects the \"anous weathering 

proce es influenced by the urface area, i nc luding evaporation, dissolution, dispersion, and 

photo-oxidation. preading is nOtmal l y  considered to be controlled by the driving forces of 

gravit  and urface tension and the retarding forces of inertia and \iscosity. Various 

re earcher have investigated this process and several methods are avai lable for use in  its 

modeling. Fay s ( 1 969, 1 97 1 )  three-regime spreading theory is the most \\ldely used (Huang, 

1 9  3) .  Other methods i nclude variations of Fay's  spreading theory. In 1\1ackay' s  algorithm 

two expressions are used for the spreading of the thick slick and the tOlal area of the thick 

and thin sl icks (Mackay and Leinonen, 1 977;  Mackay et al . ,  1 980a, b) .  For the thick s l ick, 

spreading consi ts of two parts one a loss of  area due to oi l  flowing from the thick to the thin 

l icks and the second corresponds to Fay ' s  gravity-viscous phase of spreading (Fay, 1 969, 

1 97 1 ) . 

Based on extensive research on spreading scenarios the fol lowing dire(tions where made 

by Reed et a1. ( 1 999) .  For i nstantaneous spi l l s, Fay-type spreading models may provide 

adequate predictions of the fi l m  thickness in the thick part of the shc�, where the major 

fraction of  the oi l  volume is found. S uch models are appropriate at least during the early 

stages of release. For continuous spi l l s  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 

spi l l s .  

It was a lso stated that, theoretical and experimental studies o f  oi l  spreading from sub-

ea b lowouts were ini t iated in  the early 80's  (Fannelop and Sjoen, 1 9  0:  Mi lgram, 1 983 ;  

Mi lgram and  Burgess, 1 984), and refi nements of  these models have c(\ntinued up to the 

present (Swan and Moros, 1 993 ; Rey and Brandvik, 1 997; Zheng and Yapa, 1 997 ) .  This 

recent work impl ies that predictions of  the surface spreading may be maJe with acceptable 

accuracy for sub-sea blowouts from moderate water depths. However. for releases from 

greater depths more than 500 m, modi fications based on buoyant pl ume theory should be 

considered. More recently, Chebbi (200 1 )  conducted ana lysis 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 o lution for the unidirectional spread. H is  study extended in an attempt to develop 

a ound theoretical treatment for the axisymmetric spread geometry. 

Evaporation 

E timate of evaporation losses are required in order to asses the l i fetime of the spi l l .  

Evaporation typical ly accounts for 20-40% of  spi l led o i l  mass balance (Gundlach & Boehm, 

1 9  1 )  and is trongly influenced by spi l l  area, s l ick thickness, oil vapor pressure, and mass 

transfer coefficient. pi l l  area is determ ined by spreading. Whi l e  both vapor pressure and 

rna transfer coefficient depend on wind speed (Spaulding, 1 988 ), Fingas ( 1 997, 1 999) 

argues that wind speed is not a relevant parameter. Vapor pressure changes as hydrocarbon 

fraction are lost into the atmosphere. The two methods currentl y  in u e to characterize 

evaporation rate are the pseudo-component approach and an analytical approach .  In the 

pseudo-component approach, o i l  is characterized by a set of hydrocarbon components 

grouped by molecular weight (Spaulding et a l .  1 982a) or by boi l ing point fraction (Payne et 

a 1 .  1 984b) .  This al lows different fractions of the o i l  to evaporate at different rates and the 

den i ty of the slick to change as a function of time. 

The analytic approach describes vapor pressure as a function of temperature and 

amount e aporated ( Mackay et al. 1 980a ) .  Both approaches use a similar mass transfer 

concept, expressing the mass transfer coeffic ient as a function of wind speed, vapor pressure, 

spi l l  size and temperature. Payne et a 1 .  ( 1 984a) described oi l  composition in terms of both 

spec i fic components and pseudo-components. This approach permits calculation of both the 

remaining o i l  mass and i ts chemical composition and physical properties. 

Jones ( 1 997) has modified this method by introducing an empirical relation between 

molar volumes and boi l ing 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 spec i fic gravity of 

the boi l ing point cuts. More recently, Fingas ( 1 997, 1 999) has proposed a simple empiri cal 

method deri ved from smal l -scale  pan evaporation experiments. 

The pseudo-component method proposed by Spaulding et a l .  ( 1 982a) and the later by 

Payne et a 1 .  ( l 984b) seems to be the most rel i able and flexible of the discussed methods. 

However the computational intensity and the high data requirements of the method may sti l l  

j usti fy a search for simpler methods. 
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Di sol ution 

Di solution i most acti e hort ly after a spi l l  and affects some of the same hydrocarbon 

fraction as evaporation. Howe er dissol ution accounts for much less oi l  loss than 

evaporation and is genera l l  two or more order of magnitude smal ler ( Harrison et a l .  1 975 )  

a l though exact measurement are d ifficult to  obtain, even in the laboratory. Other modeling 

approache depend on combining the disso lution to other processes such as evaporation 

( Wi l l iam et a l .  1 975) .  I 0 combining disso lu tion to dispersion ( paulding et al . 1 982a) 

approach is  taken because of the difficulty to d istinguish between disso lution ad dispersion 

in the field whi le together are expected to account for about 1 to 1 0% of the mass of an o i l  

p i l l  ( Mackay et  a l .  19  Ob) .  Payne et  a l .  ( 1 984b) model d issolution is in much the same way 

a evaporation \',; th a components approach. 

Dispersion 

atural d ispersion computat ion is required for the assessment of the l i fe t ime of an o i l  spi l l .  

The rate o f  natural dispersion of o i l  droplets i n  the water column depends o n  the sea state, but 

i s  al 0 i nfluenced by the o i l  related parameters, such as oil film thickness and oil properties 

( den i ty, surface tension and iscosity) .  Emuls ification wi l l  contribute sign ificant ly to the 

per istence of oil spi l ls .  main ly  due to sharp increase in viscosity and the increase in sl ick 

thicknes with water content which leads to retarding the spreading, increase in \'o lume and 

hence red uce the natural vert ical dispersion of o i l  droplets in the water column. 

The simplest and most primi t ive approach appl ied in estimating the dispersion uses 

tabulation of dispersion as a function of the sea state ( temperature. wind, waves. etc . . .  ) and 

time after the spi l l .  Otherwise, loss of o i l  from the surface s l ick due to natural dispersion can 

be computed by equations origina l ly  proposed by Mackay et al . ( 1 980a,b). This approach 

formulates a two stage di spersion process. The equations describing this process treat 

di persion from thin  and thick sl ick separately, agree qual i tati\"ely with observed behavior. 

In some models ( Payne et a ! .  1 987: Reed et al. 1 989c). only the thick portion of the 

sl ick is considered. By neglecting transfer of o i l  from the thick to the thin portion of the s l ick. 

the e models may underestimate the overall dispersion rate (Reed et al . 1 999).  

Delvigne and Sweeney ( 1 98 8 )  conducted investigations of natural dispersion of 

surface o i l  due to brealcing waves in a small laboratory flume and in a larger te t basin. On 
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thi ba 1 , an empirical relation was derived for the entrainment rate (dispersed mass per unit 

area ) a a function of oi l  typ and breaking energy. This method is the most common in use 

toda ( Reed et al. 1 999) .  

Ernu l  ification 

Water droplets are di spersed into the oi l ,  forming what i cal led 'chocolate mousse ' ,  a blend 

of o i l  and ea water brown to orange in color of increased i scosity and volume. The process 

of it formation is termed emulsification ( Spaulding, 1 988) .  Emulsification is computed with 

an impl ic i t  a lgorithm original l y  proposed by Mackay et al .  ( 1 980a, b) .  Prediction of 

ernul  i fication and the associated viscosity changes re l ies on these empirical observations 

( Reed et a l .  1 999) .  

The algorithm contains two parameters, defining the water uptake and the maximum 

water content. Both parameters may be derived from laboratory experiments, but the 

parameter for the water uptake rate must in some way be scaled to field conditions and 

di fferent sea states ( Reed et a l .  1 999) .  Experim ental studies of emulsification for di fferent 

cru de oi ls  have revealed that both the water uptake and maximum \'·aier content vary 

ign i ficantly from one crude to another, and these parameters are also influenced by the state 

of weathering of the o i l s  (Da l ing and Brandvik,  1 988 ) .  The mechanism by which this process 

occur is not wel l understood although it has been determined that turbulence, oi l  

compo it ion and temperature are important. 

In generaL the maximum water content tends to decrease with the viscosity of the 

parent o i l .  The differences in the water uptake rate might be related to chemical make-up of 

the o i l  ( i .e .  the content of resins, waxes and asphaltenes) .  Emulsion stabi l ity is  a measure of 

the decrease in the water content of an emuls ion when kept in stagnant conditions. Meso-

table emulsions wi l l  10 e some water when kept at rest for 24 hrs. ,  while unstable emulsions 

w i l l  10 e practical ly  a l l  the water when kept at rest for the same period. Another important 

observation is that whi le  the apparent viscosity of stable emulsion may be two to three order 

of m agni tudes larger than the viscosity of the parent o i l ,  the apparent viscositie of unstable 

emu lSIOns are typical l y  no more than one order of magnitude greater than that of the parent 

o i l  ( Reed et a1 . 1 999) .  
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Biodegradation 

A I ng tenn proces that continues for years after the spi l l  occurs, and is affected by a variety 

of organi ms. 0 mathematical models ha e been developed to describe the crude oi l  

biodegradation in the marine environment, al though a group of  studies have been undertaken 

on the characteri tic of petroleum degrading micro-organisms (ZoBel l ,  1 973 ;Horowitz and 

tla , 1 977 Atla , 1 9  1 ) . The results of the control led lab experiment are not always 

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

Photo-oxidation: 

I t  i the process by which oil, \ i th energy from sunlight, undergoes oxidation, and polar, 

water o lub le, oxygenated products are generated ( Payne and Phil ips, 1 985a,  b) .  This process 

unimportant in the fir t few days of the spil l  but may be noticeable after a weak or more 

paulding, 1 988) .  A conceptual expression for its rate ha e been used by Kolpak et a l .  

( 1 977)  based on extrapolation of  laboratory results to open ocean sl icks but  the approach 

remain unverified.  

2.8  Types of oi l :  

ariou types of oi l  act  di fferent ly when spi l l ed in  the open sea. D ue to di fferent physical 

properties ( e.g. vi cosity. \'olat i l i ty, toxicity) and the ambient surrounding conditions ( e .g. 

\:vind, temperature, sea tate) the extent of oi l  movement and degree o f  weathering differs and 

hence the expected hann to the environment and c leanup expense d iffer. Table 2 . 1 shows the 

types of oil a long with their impact and how each type can affect the shorel ine in oil spi l l  

incidents, remedie and cleanup are also mentioned. 
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Table 2 . 1 Different type of oi l  and their estimated impact 

( ource: www.resp nse.restoration.noaa.gov) 

Type 
Type l :  - Highly  volati le  ( should evaporate within 1 -2 days) 

Fuel , Ga o l ine) - High concentration of toxic (soluble compounds) 

- Local ized, severe impacts to water column and inter-t idal 

resources. 

- No c leanup possible 

Type2 : Light Oil  (D iesel, - Moderately  volati le '  will leave residue ( up to one third of the 

0.2 Fuel O i l ,  Light Crudes spi l l  amount) after a few days 

- Wi l l  o i l  inter-tidal resources with long-term contamination 

potential .  

- Cleanup can be very effective 

Type3 : M edium Oi ls  (Most - About one third wi l l  evaporate within 24 hours 

Crude Oils)  - Oi l  contamination of inter-tidal areas can be severe and 

long-term 

Type 4: Heavy Oi ls  (Hea\"-y 

rude Oi ls)  

- Oi l  i mpacts to waterfowl and fur-bearing mammals can 

be severe 

- Cl ean up most effective if conducted quickly 

- Heavy oils with l i ttle or no evaporation or dissolution 

- Heavy contamination of inter-tidal areas l ikely 

- Severe impacts to waterfowl and fur-bearing mammals  

- Long-term contamination of sediments possible 

- Weathers very slowly 

hore l ine cleanup very di fficult 

2- 1 7  



2.9 Oi l  p i l l  in  tbe  UAE 

The documented hi story presented in the "ROPME Oil p i l l  Incidents report, 1 965-2002" 

ount ver 1 40 ca es of oil spi l l ing in the ROPME sea area. The AE waters received 1 5  

inc ident . The main reason is being the substandard ships, essels, and tankers carrying crude 

and refined oil products loaded in the UAE or j ust passing in their way out of the Gulf. It is 

c learly under tood that oil spi l l  inc idents are an across-border phenomenon that could take 

p lace in one location while i ts negative impacts would travel to reach far locations in other 

countrie . Figure (3 .4) represents rough locations of o i l  i ncidents in the region adjacent to the 

AE coast. Table (2 .2 )  states the inc idents of o i l  spil l s  in the UAE. 

F igure 2 .4 Rough locations of o i l  i ncidents in  the Gulf region adjacent to the AE Coast. 

(Adopted from the MEMAC-ROPME report-2003)  
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Table 2 .2  Oil p i l l  in the U E (adopted from the MEMAC-ROPME report-2003 ) 

YEAR NAME AMOUNT SPILLED 

(US GALLONS) 

7353 

0 

1 9  7 TEXA 0 ARlBBEA 2283470 

1 987 AKARI UNKNOWN 

1 98 HAPPY KARl  UNKNOWN 

1 9  KARAM E M AERSK 1 1 80000 

1 989 TROPICAL LION 420 1 68 

1 994 EKl 4705882 

1 997 GM MOS- I I  6 1 7647 

1 997 ZAPPA 225 1 470000 

1 998 LB 300 1 764706 

1 998 M ILAD- l M INOR 

1 999 INES 1 0200 

2000 AL JAZ IYAH 88235 

2000 ZAINAB 4 1 1 600 
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CHAPTER 3 
M I KE3 HYDRO DYNAMIC FLOW M O DEL 

MIKE 3 , a 3D  model ing software package (educational version) produced by the DHI  

WATER & E VIRO TME T -Denmark- was selected for the present study. It is a user­

friend1y, ful ly dynamic. 3 D  model ing system that uses Cartesian ( rect i l inear) grids. The 

fol lowing section describes the technical i n formation of the hydrodynamic module 

MIKE3 H D  of the oftware. Major parts o f  th is  description are adopted from the 

software manual ( MIKE3 User guide Documentation) 

3. 1 General Description of Modu les 

MIKE3 simulates unsteady flow with slgma layer system taking into account density 

variations, bathymetry and external forcing such as meteorology, t idal elevations 

currents and other hydrographic conditions. The hydrodynamic model is dynamica l ly  

coupled wi th the temperature and sal in i ty modules which are resolved by ad\'ection­

dispersion proces es. 

The hydrodynamic module (HD)  is the core of the MIKE 3 modeling system. I t  

pro\ldes the hydrodynamic basis for computat ions performed in other modules, namely 

the spi l l  analysis module. The spi l l  analysis module (SA) wil l  be d iscussed in much detai l  

in  the next chapter. 

M I KE 3iH D  soh'es the time-dependent c lassical conservation equations of mass 

and momentum in three dimensions, the so-cal led Reynolds-averaged avier-Stokes 

equation , where the f10w is decomposed into mean quantities and turbulent f1uctuations. 

The flow field and pressure variation are computed Ln response to a variety of 

forcing functions, when provided wi th  the bathymetry, bed resistance, wind field,  

hydrographic boundary conditions. 

The c losure 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 sal inity 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 variations in sal inity 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  on ervation Equation of Ma s and Momentum 

The go erning continuity and momentum equations are as fol lows (Chao et al . ,2000). 

ontinuity equation : 

au + av + oW = 0 
ax 0' az 

Momentum equatIon in -direction : 

Momentum equation in y-direction: 

Hydrostatic pressure equation : 

oP - + pg  = 0  
c::: 

( 3 . 1 )  

(3 .4 ) 

where U, if and W are time-averaged veloci ty components in  the longi tudinal (x), Lateral 

(v). and vertical (.:) directions, respectively; t i the time; p is the densit: of water: P i 

the time averaged pressure; g i s  the gravitational acceleration: llh is the coefficient of  

horizontal eddy \'iscosity; 7� and  7y are the horizontal shear stresse result ing from 

vert ical  turbulent momentum transport; D is the coriol is parameter, D =2� :;in 4>, where w 

is the angular speed of the Earth ' s  rotation and 4> is the geographical latitude. 

The vertical axis is  represented by a- layers that divide the water column 10 para l lel 

layers . The momentum balance in  the vertical direction is i ntroduced into the model by  

equating the pressure gradient with hydrostatic pressure. 
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Often estuarine and coa tal hydraulics and oceanography imply variations in the 

den i ty due to varying salinities and temperatures. As even small differences in density 

may have a deci i e influence on the flow propertie this is an important part of MIKE 3 .  

3 . 1 .2 dvection-Disper ion chemes: 

M I KE 3 includes four advection-dispersion schemes: 

• Q lCKE T/ HARP, is especia l ly  su i table for simulations with teep density 

gradients. I t  is a fu l ly  three-dimensional scheme 

• QUICKESTIUL TlMA TE scheme with directional spl i tt ing. 

• I M PLE UPWIND scheme using directional spl i tting 

• 3 D  UPWIND cherne. 

The chemes applying directional spl i tting, i .e .  QUICKESTIULTIMA TE and simple 

U PW IND, have a bui ld-in internal loop over components which increase the 

computational speed when both sal inity and temperature variations have been selected. 

For the ful l y  3D schemes, i .e .  QU ICKEST/S HARP and 3D UPWIND, the internal loop 

over components may optional ly  be selected to increase computational speed at the 

expen e of requiring more memory. 

In this study the S IMPLE UPWIND scheme is selected based upon the fact of regular 

density gradients in the Arabian Gu lf  and optimal computational speed and memory 

requirement. 

The description of initial and open boundary conditions as wel l  as proper choices 

of di persJOn factors are very important tasks d uring the model cal ibration process. 

The transport equation for salt is formulated as :  

I D(pS) _ a [ VT es ) 
- - - - -

P Dr ax] u r  ex, 

and s imi larly, the transport equation for temperature is 
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v,'here is the al inity and T i the temperature, and QH is the Heat Exchange ( for 

simpl ic ity . the ource/sink term for the respective equation, is not displayed in  the 

above equations). The disper ion of sal inity and temperature is assumed to be 

proportional to the effective Eddy Viscosi ty with the factor of proportional i ty being l loT, 

the di per ion factor. I1T is the PrandtllSchmidt number. Val ues of I1T greater than one 

imply that di ffu ive transport is weaker for sa lt/temperature than for momentum. 

3 . 1 .3 Turbu lence Closure Module 

The turbulence is modeled in terms of an Eddy Viscosity and a bed shear stress. The 

turbulent fl uctuations (Reynolds stresses) are modeled employing the Boussinesq eddy 

vi cosity concept. In M IKE 3 the eddy viscosity ( turbulent closures) can be spec ified as 

one of five different models, These are: 

• constant eddy iscosity 

• magorinsky sub-grid scale model 

• k-model 

• k-E model 

• mixed Smagorinsky/k- E model 

The fol lowing is the k-E turbulence model description used in the study: 

To e l iminate the shortcomings of the k-model, the length scale speci fication 

inherent in this model can be replaced by a transport equation for a turbulent quanti ty. 

The most extensively used quant i ty is the isotropic energy dissipation rate. E 

(3 .7)  

which combined with the Kolmogorov-Prandtl expression leads to 

( 3 . 8 )  
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ell i an empirical constant to be determined from experiments .  The k- E turbulence 

c lo  ure, which has been implemented in MIKE 3, is the one suggested by Rodi ( 1 9  0), 

ak ak a ( \'r Ck ) [ Ozlj au J ) Oz'{ J3 Vr a¢ - + ll - = - - - + \ ' --- --' + g - - - £ 
a & ..,  .., r ax .., ax ' .., t . 'j ex, O"A ex . / ex, j O"r ex, 

( 3 .9 )  

\\ here Clf:,  C_ E ,  C3E' (J/v (JE and (5T are empirical constants. {3 I S  the volumetric 

expan-ion coefficient and f i s  the buoyancy sca lar quanti ty. 

3 . 1 .4 Heat F lux Module 

The heat exchange module is  used for s imulation of  heat transfer between the water body 

and the atmosphere. 

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

• ensible heat flux  (or the heat fl ux due to Convect ion ) 

• latent heat flux (or the heat loss due to Vaporizat ion ) 

• net Shon Wave Radiation 

• net Long Wave Radiation 

Each process is  further described here 

Com ection 

The ensib le  heat fl ux .  q� (or the heat fl ux due to convection) depends on the type of 

boundary layer between the sea surface and the atmosphere. General ly th i s  boundary 

layer IS turbu lent implYing the fol lowing relationship 
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where 

P alrCalrCc H -lOm ( T" aler - Tal r ) for Talr > T" ale r 

Pal rCalrCc H 'JOm ( T" alCI - Tal r ) for TaJr � T" aler 

ralr I the a ir  den i ty ( kg/m3) 

Ca,r i the pecific heat of air, 1 007 J ( kg · OK) 

C, i the pec ific heat of water, 4 1  6 J ( kg · OK) 

WlOm i the wind speed 1 0 m  above the sea surface 

T" i the ab olute temperature of the sea 

T air i the absolute temperature of the a ir  

Cc i s  the sensible transfer coefficient, given as 1 .4 1  . 1 0.
3 

The convective heat flux typically varies between 0 - 1 00 W/m2. 

Vaporizat ion 

( 3 . 1 0) 

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

(3 . 1 1 ) 

where 

L is the latent heat of vapori ation, 2 . 5 . 1 06 J/kg 

Ce i s  the moisture coefficIent 1 .32 ' 1 03 

W2m is  the w ind speed 2 m above the sea surface 

Qwaler is the water vapour density c lose to the surface 

Qalr is the water vapor density in the atmosphere constant in Dalton ' s  la\\ . ( a l ) , and the 

wind coeffic ient in Dalton's law ( b l )  are user speci fied coefficients, al is dimensionless 

and b l  is in slm 
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en itivity anal y  i of a l  and b l has yielded the fol lowing val ues to give the best 

agreement with Al-Rabeh et aL, 1 993 average flow pattern using average June wind. 

b l = 0.9 m 

hort Wa\ e Radiation 

Radiation from the sun consists of electromagnetic waves with wave lengths varying 

from 1 ,000 to 30.000 . Most of this is absorbed in the ozone layer, l eaving only a 

fract ion of  the energy to reach the surface of the Earth. Furthennore the spectrum 

changes when unrays pass through the atmosphere. Most of the infrared and u l traviolet 

compound i absorbed such that the solar radiation on the Earth mainly consists of l ight 

with wave lengths between 4 000 and 9 000 A. This radiation is  normal ly  termed short 

wave radiation. The intensity depends on the d istance to the sun, decl ination angle and 

latitude, extraterrestria l  radiation and the c loudiness and amount of  water vapor in the 

atmosphere. 

Di stance between the Earth and the Sun 

The ratio between the mean distance, ro to the Sun and the actual distance, r IS given by 

Eo �('; ) ' � I .OOO l l O + O.OJ422 1 cos (tl + O.00 1 280sin (r) 

+ 0.0007 1 9  cos(21)+ 0.000077 sin (2 1 ) 

I n  \\I'hich r i s  defined by 

r = 27r(dn - 1 ) 
365 

and  dn i s  the J ul ian day of  the year. 
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olar Decl ination and Day Length 

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

radiation. The easonal radiation is  governed by the decl ination angle, which can be 

expres ed by 

5 = 0 .0069 1 - 0.3999 1 2 cos ([" )+ 0.0725 7  sin ([" ) 
- 0.006758 cos (21)+ 0.000907 sin (2[") 
- 0.002697 co (3[") + 0.00 1 4  sin (3[") 

( 3 . 1 4 ) 

The day length, d anes w i th d. For a gwen lat i tude (positive on the northern 

hemi ph ere) the day length is given by 

24 
J d = - arccos {- tan(¢) tan(5)} (3 . 1 5) 

7l 

and the unrise angle, Wsr i s  

OJsr = arccos{- tan(¢) tan (5)} (3 . 1 6) 

Extraterrestrial Radiation 

The intensity of hort wave radiation on the surface paral le l  to the surface of the Earth 

change with the angle of incident. The highest intensity is  in zeni th and the lowest 

duri ng sunrise and sunset. Integrated over one day the extraterrestrial intensity in short 

wave radiation on the surface can be derived as 

( 3 . 1 7) 

\vhere q,c i s  a solar con tant. 
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Radiation under cloudy kies 

For detennination of dally radiation under c loudy skies, H, the fol lowing relation i used 

H II 
H- = Q � +  b� v 

o i\ a 

Q , = 0. 1 + 0.�4 !l - ,Vd 
-'fa b ,  = 0.38 + 0.08 -=-- 1/  

( 3 . 1 8 ) 

in \\ hich n i s  the number of bright sunshine hours Nd the length of the day. The over-bars 

refer to the mean annual value . 

The constants a�. b2 known as sun constants in Ang trom 's  law are required as inputs in  

the heat flux  module to  count for the c loudiness e ffect on short wave radiation. 

Based on the local Arabian Gu lf  day conditions an average number of bright sunshine 

hours (n )  = 1 2  hours, and an average length of  the day (Nd) = 1 4  hour . The fol lowing 

value were obtained from the above formulation for a2 , b2 are used with the heat flux  

module.a2 = 0.305 ,  b1 = 0 .4  7 3 

Beer' Law 

The attenuation of the hght intensity is described through the modified Beer's la\\ as: 

t 3 . 1 9) 

where 

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

10 is the in tensity just btiow the water surface 

{3 is a q uantity that takes into account that a fraction of the l ight energy ( the infrared) i s  

absorbed near the surfal.. c 
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A i the l ight extinction coefficient 

Typical  value for {3 and A are 0.2-0.6 and 0 .5- 1 .4 

value  for (3 = 0.3 ,  and A = 1 were used respectively. 

· 1  m ,  respectively. Typical defau l t  

For the hort wave and long wave calculations the relative humidity and c loudiness are 

to be pecified in the heat flux module .  E lshorbagy et a i . ,  (2004) used values for the 

rel ative humidity to be 53%in summer and 60% in winter, and c leame s coefficient of  

65% for the Arabian Gulf. 

Long Wave Radiation 

A body or a surface emits electromagnetic energy at a l l  wavelengths of the spectrum. The 

long wave radiation consists of 'i aves with wavelengths between 9,000 and 25,000 A .  
The radiation in this interval i s  termed infrared radiation and i s  emitted from the 

atmosphere and the sea surface. The long wave remittance from the surface to the 

atrno phere minus the long wave radiation from the atmosphere to the sea surface i s  

ca l led the net long wave radiation and i s  dependent on  the c loudiness, air temperature, 

vapor pressure in the air and relative humidity. In M I KE  3 the net outgoing long wave 

radiation i s  given by 

where a .  b, c and d are coefficients given as: 

a = 0.56: b = 0.77 mb- '; c = 0. 1 0; d = .90 

ed i s  the vapor pressure at dew point temperature measured in mb 

n i s  the number of sunshine hours 

d i the number of possible sunshine hours 

asb i s  Stefan Boltzman's given as 5 .6697 . 1 0-8 W/(m
2 . °K4) 

Ta1r is the air temperature 
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3.2 H D  M od u le D a ta a n d  Setup 

3 .2 . 1 Bathymetry 

U i ng the bathymetry editor of M I KE 3 ,  the bathymetry of the study area was constructed 

to the M I KE 3 format by using digital format data publi shed in the OAA final report of 

the Mt-Mitchel l cruise in the Arabian Gu lf  which took place during February-May 1 992 . 

Figure ( 3 . 1 )  hows the water depths of  the Arabian Gulf. 

Arabian Gulf Bathymetry 
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Figure 3 . 1  Arabian Gu lf  Bathymetry 

3 .2 .2  G rid Generation for H ydrodynamics 
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U i ng the Bathymetry Editor of the M I KE3 software, a Cartesian ( recti l i near ) grid of  3 

km spaci ng was adopted over the entire region of study (Fig. 3 .2 ) .  This relatively h igh 

model i ng resol ut ion enables the poss ib i l ity o f  i nvestigat ing deta i l s  of coastl i ne flow. 
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Figure 3 . 2  Computational Grid 

3 .2 . 3  In i tia l  Salt and Temperature Fields 

Prior to starti ng of the s imulation, M I KE 3 reqUIres knowledge of the in i t ia l  

sa l in i tyltemperature distribution. MIKE3 Type3 (3D) data fi les are prepared for in i t ia l  

a l in i ty and temperature using the d igi tizing tool in M I KE3 to couple the G u l f  

bathymetry wi th the data. The end product i s  a 3 D  fi le  describing the properties in  a 

yert ical  system of 5 layers of 20 m depth each .  Sal ini ty and temperature fields were 

produced for both winter and summer according to the avai lable data, The data used for 

sal in i ty and temperature are pub l ished in the fi nal NOAA report on the Mt-Mi tchel l  

cru i se in  the G u l f  during the February-May 1 992. Furthermore, the di spersion was 

considered to be proportional to the veloci ty, and dispersion factors were taken equal  to 

0.0 1 m2/s in the horizontal and vertical directions, and were found to satisfy the 

computational stabi l ity requirements set forth in the software manua l .  
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Figure 3 .3 Winter, Temperature & Sal inity fields ( Adopted from Reynolds, 1 993 ) .  

3 . 2 . 4  Init ia l  Boundary alt  and Temperature Time Series 

For the baroclinic forcing of M IKE3,  the variation of sal i ni ty/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 i s  

adopted from the Mt-Mitchel l  cruise oceanographic contour resu l ts ( Reynolds, 1 99 3 )  at 

Strai t  of Honnuz vicinity and is i nterpolated to cover the total depth (+ 1 04m) at the 

location.  

3 .2 . 5  Tidal Boundary 

The t ida l  i nduced flow into the model area was forced wi th the principal semi -diurnal. 

M2 and S2 and di urna! K 1 and 0 1 ,  constituents ( see Table  3 . 1 ) . These components were 

elected as they were found dominat ing the t idal motions in the Gulf  (Hydrographer of 

avy, 1 976) .  

Table 3 . 1  The hamlOnic tidal constituents 

Tidal Constituent 
Phase (Rm) 

Ampl itude (gO)  

M2 S2 K1 - 0 1  

0.76 0.29 0.29 0 .29 

299 3 3 5  5 7  5 5  
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The Tidal boundary fi le was produced using the MIKE tidal prediction tool based on the 

Bri t i  h Admira l ty tables (Arr 200 1 )  for the location of "Didamar" ( fig. 3 .2 )  at the Straits 

of Horm uz at 56 .35°,26.5°,  longjtude and latitude respectively. 

3 . 2 .6  Wind Field 

Due to lack of  comprehensive data on wind field variation in time and space for the ent i re 

Arabian Gu lf, a simpl ification has been adopted by introducing a wind that is constant i n  

time and space for the hydrodynamic s imulation. A l -Rabeh et a l .  1 99 1  used average 

effective monthly wind velocities values and directions in the Gulf  based on the 

a umption that for any gjven wind direction and for any month the wind speed is 

exponentia l ly  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 i n  Table 3 .2 which is adopted from the previous source. A constant wind drag 

coefficient value of 0 .0026 was used. 

Table  3 .2 Arabian Gu lf  average effective month ly  wind velocities 

season .... 

Speed (ms-i) Direction e) � 

January 5 . 324 1 4 1 . 7 

February 5 .487 1 3 1 .7 

M arch 5 .006 1 32 .5  

Apri l 4 .483 1 28.5 

May 4 . 724 1 1 8 .5 

June 4 .892 1 27 .7  

Ju ly 3 .892 1 22 .8  

Augu st 3 .000 1 26.3 

September 3 .465 1 32 .8  

October 3 . 296 1 43.4 

o ember 4 .689 1 47 .8  

December 4 . 784 1 35 .9 

Annual 4 .47 1 1 32 .7  
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otice that the direction of  the wind in M lKE3 is given In degrees blowing fro m  

( relati e to  true north ( ee Figure 3 .4 ) .  Hence the above value of  wind direction was 

added to 1 0 degree to make up for this change in wind direction definition. 

N o rt h  

Figure 3 .4 Defiru tion o f  wind direction. 

3 .2 .7  River Inflo\v 

I t  has been stated i n  the introduction chapter that most of  the river inflow into the G u l f  

occurs a t  the northern end. Table  3 . 3  sununarizes the river inflows used in the model . The 

d ischarge data and location is  adopted from Reynolds, 1 993 (see figure 2 .2) .  

Table 3 . 3  M aj or rivers into the northern Gulf 

Speed HOT. Dir. Ver. Dir. Temp. 
(m/s) degree) (degree) ee) 

Shatt-AI 1 456 0.5 90 90 0 20 

Arab 

Hendij an 203 0. 5 1 80 90 0 20 

H i l leh 4M 0.5 270 90 0 20 

M and 1 38� 0.5 1 80 90 0 20 
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The ffects of river can be inc luded in the simulation. M I KE3 enables the user to 

identi fy up to a total ofJOO sources. For each source the infonnation specified i s  

• The I cation ( in  grid coordinates) .  It must be placed at a computational point (a 

wet grid point, not on land or below seabed) .  

• The discharge (or magnitude) ( in  m3/s), the flow speed ( in  m1s) and the direction 

at which it i s  discharged . 

• The value of possible sa l in i ty/temperature at the source 

3 .2. Heat Exchange Parameters 

The heat fl ux module is a very i mportant tool in seas such as the Arabian Gu lf  where 

evaporation plays an important role  in the water movement especial ly in the sha l low 

areas such as the UAE coast . Based on the theoretical background review in  the first 

section of this chapter, the val ues used in the heat flux module are l isted in table 3 .4 .  

Table 3 .4 heat flux module parameters 

Parameter Value 

Constant a l  i n  Dalton ' s  law 0 .5  

Wind coefficient b l  in Dalton ' s  law 0.9 

Sun constant in a2 Angstrom's  law 0 .305 

Sun constant in b2 Angstrom's  law 0.473 

D i splacement summer time 0 

Standard meridian for time zone 24 

Beta i n  Beer' s law 0.3 

Light extinction coefficient 1 

Relative humidity 60 % 

Clearness coefficient 65% 

Air temperature i s  considered constant w ith a value of 30 degrees Cels ius 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 

i mulation. Ba ed on the oftv are manual recommendation the empirical coefficients 

entering the k-E turbulence model are based on innumerable experiments and therefore, 

changing these values should be avoided i f  possible. As such, no change was made to 

these val ues. The empirical recommended values are l isted in table ( 3 . 5 ) .  Eddy viscosity 

I imi ts in the horizontal plane of 5x 1 06cm2 Is and in the vertical plane of 0. 1 x 1 06cm2 Is are 

considered. 

Table 3 . 5  Empirical constants in the k- E Turbulence Model 

1 .44 l .92 o 1 .3 0.9 

3.3 Hyd rodyn amic Simulat ion Res u l ts and T u n ing:  

3 .3 . 1  Computed and Measured Tides 

Computed water l evels at Abu Dhabi and Dubai are compared to measured values from 

E lshorbagy et a! . 2004a. Abu Dhabi data represents the early summer season in Apri l ,  

whi le  Dubai compares for the winter season in  November ( see figure 3 . 5 ) .  

The comparison time period was chosen based on  the actual measurements data t ime 

periods. Both comparisons show fair agreement between the measured data and the 

model water height resul ts 
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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-Mitchel l  located 

at Latitude 2622.36 and Longitude 5345 .87  is used. The M2 point l ies 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 1 0  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 magn itude and this may 

be attributed to passing ships or winds different from that considered for the study. 

3- 1 8  



Msrd vs Model U M2 

oo .---------------���----------------------------� 
40 

� E 20 
� O t-���y,�**����Hh�#+�������������� '- Msrd U ' Cf+4*f---\-j1 911992 0 00  - Model U � l� 

! J c 

I i :.1...-1 �-��--

. 
Time 

Msrd vs Model V M2 

�r---------------------------��--------�--------� 
20 
10 

.. � 0 +-��������4R����������������-
g, 31�B +=-��;!L-

� : tJ. ___ _ 

Time 

Figure 3 .6  Comparison of measured and model current components U and V 

3 .3 .3  Arabian Gulf  Residual Flow Pattern 

- Msrd V 
- Modei V I 

The monthly average wind speed and direction have been used; 5 . 5  m1s with NW angle 

3 1 1 degrees for winter and 3 .OrnIs 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 . �  Wind and Density driven one month residual surface flow for a) Winter and b )  Summer. 
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The model-predicted a erage surface flow pattern agrees with the wel l known 

general flow pattern features of the Arabian Gu lf  reported in past studies ( Reynolds 1 993 ,  

E l  horbagy et  a ! .  2004b). In the southern part, the counter clockwise gyre up to Qatar 

penin ula i een. Iso in the northern hal f the south westerly jet flow along the Saudi 

and I ranian coasts i seen whi l e  the central and upper portion of the north hal f  of  the Gul  f 

i dommated by re latively calm waters wi th currents hardly exceeding l Ocm/s. 

S u m mer: The princ ipal flov feeding the current movement originates along the deep 

water of the southern part of the Iranian coast. The surface flow along the Arabian coast 

a lway fol lows the coastl ine, directed towards the southeast along the Saudi and Qatar 

cost, turning outh fol lowing the Qatar peninsula coast then combi ned v.ith the southern 

counter-c locl0.vi e gyre. The c urrent turns east a long the UAE coast, dri \ en by the wind 

effect on the shal low waters then north-easterly towards the mouth of the Gul f at Strait of 

H ormuz. I t  rever es back to the east w i th the in-c urrents to combine the gyre again. On 

the Iranian side of the Gulf, an upward north-western current is active in the southern 

deep water to the northern end turning west at the shal low upper region of the Gulf then 

reach ing the Saudi coast feeding the coasta l  jet d i rected southeast in the northern half of  

the Gu lf  towards the southeast .  The near-shore c urrent i s  downward south-east current 

probably  due to the river influx to the Gu lf.  The central portion of the northern half of the 

G u l f  i characterized wi th cal m  waters 

\"i n ter: The surface currents have high er fl uxes than summer. The general pattern IS the 

same except some features probabl y  related to h igher magnitude of the wmd field lD the 

w inter. The main current entering the Gu lf  along the deep waters of the Iranian coa t i s  

d irected along the G u l f  axes towards the centra l part o f  the upper half o f  the Gulf  then 

spl i tting very c learly at the upper end of the Gul f to almost equal portions to the east and 

west. The western current received by the Saudi coast spl i ts aga in  to north and 'outh 

fl uxes. Currents flow along the Kuwait i  costs are then directed c 1ock-\\ l se to feed the 

I ranian coastl ine flow while the south portion fol l ows downward the south-eastern track 

to Qatar and the UAE coasts with h igher fl uxes again jo ining the central gyre at the 

southern part. The eastern current received by the Iranian coast tota l l y  fol lows the coast 
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outh-eastern down ards til l reaching the mam flow at the Gulf  Axe and IS agam 

redi rected 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 vicini ty. In-out waters with steep bathymetric 

gradients and relatively narrow boundary are factor adding to the complexity and flow 

turbu lence. In conc lusion, the residual currents predicted by the model are found to be in 

fair  agreement with the historical and model ing information of the Arabian Gulf. 
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CHAPTER 4 

OIL SPI L L  MODEL 

This chapter is d i  ided into three parts; the first describes the spi l l  analysis model 

"M lKE3- A", its solution technique, and the numerical formulation of the o i l  spi l l  fate 

and transport. The second part targets the identi fication of various model parameters by 

means of sensi tivity analysis simulations in addition to assessing the model performance 

in association with di fferent crude o i l  types. The last part of this chapter covers the 

model val idation by testing its performance against the Al Ahmadi oi l  spi l l  incident. The 

results of val idation along with tables and fi gures are presented. 

4. 1 M I KE 3  SA N u merical Model 

This section describes the physio-chemical processes for the oil  spi l l  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 oi l  pol lutant defined according to i ts disti l lation 

properti es and chemical structure (alkane or aromatic) .  The pol lutant is transported as 

discrete partic les by a random walk tracking scheme calculating the displacement of each 

part ic le  as the sum of an advective determinist ic  component and an independent, random 

Marko ian component which statistical ly approximates the random and or chaotic nature 

of  t ime-averaged tidal mixing ( MIKE 3  M anual Documents, 2002 ) .  Such calculations 

determine the changes of the physical propert ies ( weathering) and describe the movement 

( traj ectory) and performance of oi l  spi l l ed at the sea. MIKE3 calculates. besides transport 

due to advection and random walk, the properties of spreading, e\'aporation, natural 

dispersion, emulsification and disso lution. The resul ts of these properties are described 

in l inear scale (mi l l imeters) o f  the sl ick thickness, A set o f  powerful graphical 

presentation tools are a ailable for pre and post-processing and for data and results 

m ani pu lation. 
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4. 1 . 1  Basic Equations 

M IKE3  A module solves the so-called Fokker-Planck equation for suspended o i l  

substances in tv, 0 dimensions through the introduction o f  consistent random walk p artic le 

method : 

aJ 8� ( l  ) a - - -- - B  B - - A 
a 

- a 2 
,I. ]A J 

a 
( , J ) I x, x ,  x, 

(4 . 1 ) 

A(f,t) is a known dri ft vector representing the deterministic forces which act to change 

J(t) .  E(t) is a known diffusion tensor characteriz ing the random forces andJ= c h, where c 

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 di screte path and mass are fol lowed and recorded as a 

function of  time relati ve to the reference grid system fixed in space. 

The Fokker-P lanck equation for suspended o i l  substances is solved by the Lagrangian 

Discrete Parcel  Method (LDPM) .  The weathering processes are soh'ed by the Runga­

Kutta fourth order method. 

4 . 1 .2 AdvectionlDiffusion 

The surface current velocity is based on a nearly logarithmic vertical \ elocity profi le  and 

the wind component is added to the current veloci ty vectorial ly in order to detennine the 

total surface drift velocity 

H orizontal d i ffusion due to turbu lent fluctuat ion of the dri ft velocity I S  simulated, based 

on the random walk analysis (Dimou & Adams, 1 993 .  The fomlUJa- for the random 

longitudinal and transversal dispersion are : 

1 T D D", - E E = LX "J 

2 DyX Dfy 
where 

B = tensor o f  force 

Dxx, D,) Dyx, D�� are dispersion coefficients in a Cartesian system 

In the special cases where 
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o y = Dyx = 0, ie DL = D>..x and DT = Dyy the displacements In the horizontal and 

trans ersal directions are: 

M = r . J6DL I ,  

T = r · J6DT 

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

4 . l . 3 E aporation 

(4. 3 )  

The evaporation proc ss is modeled b y  the pseudocomponent approach in which o i l  i s  

described by a set of fractions. The rate of evaporation adopted in the model was 

expressed by Spaulding et aL ,  ( 1 982,a) and Payne et al . ,  ( 1 984,b) where a set of 

hydrocarbons are grouped by their molecular weight as :  

d� psa, M, � = Ke -' - Xmol - Am' dt ' RT , ' p . 0' , 

where 

dVel / dt = the evaporation rate of component i 

Ke) = the m ass transfer coefficient of component i 

P IS31 = the apor pressure of component i 

R = the gas constant 

TOIl = oil temperature 

Xmoll  = the mole fractLOn of  component i 

MI = the m olecular weight of component i 

PI = the o i l  density of component i 

A = sl ick area 

And according to Mackay and Matsugu ( 1 973 ) Kel is estimated by 

Kej = O.029D -: I I  Sc,- �- U 0 7  

where 

Ds = sl ick diameter 

SCI = Schmidt number for component i 

u = wind speed at 1 0  meters above the sea surface 

(4 .4) 

(4 . 5 )  

The sl ick d iameter i s  calculated by simply assuming a c i rcular shape for the patch .  
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4. 1 .4 atural Dispersion 

Crude o i ls or its refined products after spi l lage at sea are dispersed by the forming of 

small  drop lets of o i l  to be incorporated in the water column. Besides e\ aporation the rate 

o f  natural dispersion largely detennines the l i fe of an o i l  spi l l .  The model uses a 

fonnation o f  Mackay et al ( I 980) to compute the entrainment or dispersion on the water 

column .  The fraction of sea surface o i l  dispersed in the water col umn is calculated as a 

lost fraction of sea surface oi l  per hour given by: 

(4 .6) 

where Da is  the fraction of sea surface dispersed oi l  per hour and Db is the fraction of  the 

d ispersed oil not returning to the o i l  s l ick,  expressed by 

D = Kd . (l + ur 
a a 3600 

(4 .7 )  

where Kda is a constant expressing the  relationship between dispersed amount and the 

amount of o i l  in the surface s l ick and is taken by the model to be equal to 0. 1 1 . 

and Db is  the fraction of  dispersed o i l  not returning to the s l ick calculated by 

where 

/loi l  = oi l  i scoslty 

8 = sl ick thickness 

)Qw = oi l -water Interfacial tension 

the rate of  upwell ing of dispersed oi l  droplets can thus be calculated as 

dVoil = D (1 - D )*  V dt a b oil 

where Voll = spi l led volume of  o i l  
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4. 1 . 5  Mechanical spreading 

Fay' s  ( 1 97 1 )  spreading theory is used to model the s l ick area growth. The gravity-viscous 

formulation determines the spreading rate as fol lows : 

-A = K · A 3 � d 1 [ V . J 43 dl A A 

where 

Ka = Constant (s- l ) 

4 . 1 .6 D1SSolution 

(4 . 1 0) 

Using the assumption that the actual concentration of  hydrocarbons is negl igible 

compared to the sol ubi l i ty, the model uses the rate of  d issolution expressed by Payne et 

a l . , ( 1 9  4b) simi lar to the component approach to calculating evaporation as : 

dVds, SOl M, 
-- = Ks · C · Xmol · - · A  

dt I 
I P, 

Where 

Clsa! = solub i lity of component i (mglkg water) 

Xmo ll = mole fraction of component i 

M I = molar fraction o f  component i 

PI = density of component i 

AoI1 = spi l l ed oi l area 

The mass transfer coefficient for dissolut ion is estimated to : 

KSI = 2 . 36  . 1 06. E ,  

(4 . 1 1 ) 

Where E is the solubi l i ty enhancement factor and equals 1 .4 ,  2 .2 ,  and 1 . 8 for alkanes. 

aromatics and olefins respectively.  

M ixture solubil i ty are calculated by assuming the solubi lity is propomonal to the mole 

fraction with a correction factor in the solubi l i ty of enhancement factor ( E )  as discussed 

by Leinonen ( 1 9  7 )  who showed that this enhancement factor is necessary in order to 

predict real istic solubi l i ty and the above values of ( E )  were obtained expenmental l ;  

( M ackay et a l . ,  1 980b) .  

4-5 



CHAPTER S 

DE S A L I NAT I O N  PLAN T S  AN D SO URCE ZON I N G 

Thi chapter aim to define points of potential importance to the impact of oi l  spi l l s  with 

reference to de al ination plant intakes a long the UAE coast. Further more, zones are laid out 

to cm er the portIon of  the Arabian Gulf water body adjacent to the UA£ ' Information on the 

location of  oil load ing term inal and navigation routes of oi l  tanker are considered in 

identifying the zoning sy tern distribution.  

5. 1 De a l i n a tion Pla n ts Selection 

Intake of  a selected number of  strategic desal ination plants along the CAE coast main ly  in 

Abu-Dhabi D ubai and Sharjah are cons idered as coastal points of interest in the spi l l  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 o i l  

to  these specified locations. Table ( 5 . 1 )  l i sts the selected desal ination p lants, coordinates and 

production capacity in mi l l ion gal lons per day: 

T b l  � I S I d d r h UAE a e ) .  e ecte esa matlon pi ants a ong t e coast 

Emirate Intake Location Coordinates in UlM-39 
. ' . 

I Easting (m) ... Northing (m) 
' ", 

Abu-Dhabi Umm A I-1'\ar 854 1 53 2 70583 1 

Abu-Dhabi Taweelah 87 1 950 2 744052 

Abu-Dhabi Mirfa 748700 2670000 

Abu-Dhabi Shuwaihat 640254 2663548 

D ubal Jebel A l i  937689 2 797633 

S harjah Layyah 943657 2 809438 
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4 . 1 . 7 Emulsification 

A re ul t  of the emulsification is a large increase in the volume of the oil slick and a 

i gni ficant increase in the density and viscosity o f  o i l .  

The incorporation of water is expressed as : 

d Y  
- = R - R 
dr I 2 (4 . 1 2) 

\\.'h re R I is the rate of  uptake. It wi l l  increase wi th increasing temperature and wind 

speed 

(1 + )1 R = K U (r - 1 ' ) I I _ max _ floil 

Where 

u = wind speed 

Ymax = max imum water content 

= actual water content 

K l  = emulsification constant (K l = 5 . 1 0-7 [kg/m 3 ] )  

f.l.oll = o i l  viscosity 

(4. 1 3 ) 

R2 i s  the rate ohvater release. I t  decreases wi th increasing content of asphaltenes, wax 

and surfactants in the oil and with increasing o i l  v iscosity. This is expressed by: 

, .  R , = K, ---'------
- - A; . Wa., · floil 

Where 

As = content of asphaltenes in o i l  [wt %] 

W ax = content of wax in  the o i l  [v,rt%] 

K2 = emulsion coefficient (K2 = 1 . 2 * 1 0.5 [ kg ( wt%)/S
2
] )  

4 . 2  O i l  Spil l  Sensit ivity Analysis 

(4. 1 4) 

Sensiti ity analysis is conducted on various selected parameters based on background 

information of their relevance to o i l  spi l l  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 moni toring the results .  Eventually. a l ist of cri tical 
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parameters should be short-listed and extensive study wi l l  be performed to \'alidate the 

model for oil spi l l  trajectory based on published l i terature on oil spi l l  incidents in the 

rabian Gulf. The strategy of selecting the values of active parameters is based on the 

extreme impact in terms of surface total oil s l ick trajectory and spreading. The 

v.. eathering parameters used by the model are evaporation, emulsification, di ssolution and 

vertical dispersion. Weathering alues wi l l  be only  of qual itati e importance, and no 

v al idation will be conducted for them. 

The fol lowing includes de cription of the prel iminary basic simulation setup uti l ized in 

conducting the sensitivity analysis and parameter investigations. 

4 . 2 . 1 Source and Source Flux 

A single oi l  source releasi ng 5 particles per t ime step is assigned at grid location ( 1 50, 

0 )  j ust east of the north end of the Qatar peninsula. The attempt of using 1 00  partic les 

per t ime step resul ted in increasing the simulation t ime and produced a smoother slick 

wi th no significant d ifference in predicted traj ectory or weathering values. I t  is decided to 

adopt continuous release for the sensit ivity analysis and to use 5 partic les per time step . A 

continuous source fl ux of I m3 .s· 1 is employed which produced 86400 m3 of  oil  per day, 

and is ranked as a major o i l  spil l .  

4 . 2 . 2  D ispersion Criteria: TO Wind, Continuous Source Conditions 

This section is meant to serve two purposes . The first, is to ident ify the dispersion 

mechanism to use. The second is to estimate the o i l  spi l l  trajector) due to dispersion. 

density currents and, tidal currents without including the wind ad\ ection. Tills second 

purpose w i l l  be discussed later with the results of active wind field.  

Dispersion cri teria i s  investigated by first adopting it  to be proport lonal to the 

current (referred to here as case I) and then to be independent of the current ( referred to 

as case I I ) .  The case of dispersion being independent from current I S most \\ldely used 

and is suggested in a veri fied case-study by Proctor et al . ( 1 994) in the Arabian Gulf 

region where the oi l dispersion (di ffusion) constants in the horizontal and verncal are Dh 

= 1 0m2.s· l , Dv =0.005m�. s- l , respectively The same horizontal value was adopted by Al­

Rabeh et a l .  ( 1 989) .  These same values are adopted in  the simu lation. and the dispersion 

is assumed independent o f  current .  The logarithmic velocity profi le was selected to 
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describe the elocity change with depth. Comparison of simulation results is shown 

belov. (Table  4 . 1 )  

Table  4 . 1 Re ul ts o f  total oi l  dispersion:  al l  d imensions are in grid number 

( Each gnd has an area of 9 km2) 

Dispersion Value Tot. area Tot width Tot Length .. �r'Qil thickness (mm) 

Proportional 1 0, 1 0,0.005 83 2 3 1  32  

I ndependent 1 0, 1  0,0.005 357  1 2  34 5 . 52 

In  case of the dispersion proportional to current, results show that the slick was 

elongated in  shape with maximum width of 2 cel ls  (6 km) and a total area of 83 cel l s  ( 342 

km� )  ( see fig 4 . 1 )  is  occupied at the end of a 1 4  day simulation . On the other hand, in the 

case \\-'here d ispersion is independent of current, the results of the slick dispersion were 

m uch larger and of  an el liptical shape, w ith a total area of 357  cel l s  (32 1 3  km
2
) at the end 

of a 1 4-day simulation, and the width exceeding 1 2  cells (36km) .  The effective length  of 

both slicks was almost equal ;  where the independent dispersion was 93km whi le  the 

proportional dispersion was 1 02km. 

Total o i l  thickness was m uch l arger with velocity-dependent dispersion, 

exceeding 32 nun, while in the independent dispersion; it was more real istic, barely 

above S . 5mm.  At the end of  the s imulation, both cases showed that maximum oi l  

thickness location i n  the slick to be rel at ively the same on the leading edge. The location 

of m ax imum oil thickness at 7 days was general ly near the source. In the dispersion 

proportional to current case, the max im um oil thickness at 7 days is shi fted about 30  km 

downstream more than the independent dispersion. Dispersion independent from the 

current I S  adopted for the sensit ivity s imulations as well as for the final SImulations. 

At the end of the 1 -+  day simu lation, the fol lowing is the p lot for the dispersion of 

considered cases. A proportionality ratio of 1 i n  al l  three dimensions is  considered in case 

I 

Inspecting the results, one can observe that the thickness lost b) evaporation was 

6 t imes higher in case I I  than case 1 .  A lso emulsi fication was 6 t imes higher in  case I I  and 

the same ratio was in dissolution and vertical dispersion. In Conc lusion : 
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.:. The case of dispersion independent from current produced a total spread area almost 

1 0  t imes the area co ered in the case were the dispersion was proportional to the 

currents . 

• :. ase I I  produced much higher rates o f  weathering, about 6 times the rates of case 1 .  
From the abo e findings, i t  i s  dec ided to employ dispersion independent from current 

10 the sensitivit and actual case scenarios based on the conservative approach of  

employing the extreme conditions for o i l  spi l l  impact. 

C ase I 

"" 

,.., 

Figure 4. 1 Oi l  Dispersion criteria, 1 4  Day age (Case I :  Dispersion proportional to current 

Case I I :  Dispersion independent o f  current) 
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4.2 .3 Wmd field 

orthwesterly wind field, constant in time and space, of 5m.s· l i s  used for the entire area 

o f  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 ad ection. Lardner and Das ( 1 99 1 ) indicated that, the advection in the Gu l f  is 

entirely dominated by wind, except for the orth end at Shat Al  Arab and the South end 

at the trait of Hormoz. It is worth stat ing that, the wind magnitude and friction 

coefficient are of e treme importance. This is due to the fact that winds transport o i l  

spi l ls 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 mls and the 

dominatmg "Shamal" wind is blowing north westerly a l l  over the year with -4 to+ 1 0 

degrees range. The mean effective wind speed varies between a minimum of 3 .0m.s· 1 in 

August and a maximum of 5 .487 ms· 1 in February (AI -Rabeh et a1 . ,  1 99 1 )  ( Proctor et aI . ,  

1 994) .  

A wind field of  magnitude 5m.s·1 is used in this sensitiv i ty study. The wind is 

constant in space and t ime over the entire model area and directed 3 1 5  degree 

( northwesterly) along the axes of the Arabian Gulf. A constant deflection angle of 1 5  

degrees is  considered to the right (Coriol is  E ffect, northern hemisphere) .  Wind friction is 

a tuning value and wi l l  be discussed in the model tuning chapter; a constant value of 

0 .0026 is used in the sensit ivity study. 

Table 4.2 Results of total oil spreading due to wind change: all dimensions are in cel l  

Scenario Value (m/s) Tot. area Tot. width Tot. Length Max. Oil thick(mm) 

No-Wind 0 357  1 2  34 5 . 5 2  
Const . wind 5 589 1 2  7 1  1 1 .06 

Applyi ng the wind field resul ted in the i ncrease of the sl ick co\'ered area due to 
, 

the added advection force induced by wind field. 40% increase in the area being 5300krn-

and the total effective length to be 3 1 2krn with an increase of 52%, while the slick width 

remained unchanged at 36krn. The sl ick maximum total thickness increased 55% to 

1 1 . 06rnm from 5 . 52mm in the simulation without wind. This Increase could be 

understood due to the effect of breaking waves generated by WInd. [ t  is stated by 
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( hoe 1 999),  that 5n s is approximately the threshold for generating breaking waves. The 

maximum thicknes In wind conditions simulation was located upstream at grid point 

( 1 53 76), whi le in the no-wind conditions simu lation the maximum thickness of the slick 

'.'.:as located at the leading edge at ( 1 77,5 7) .  

: 4C  � � 
,._ J ' 

1 
.'J � 

. 

. 1;.<' : 

A 

... . ...... . . . -

B 

-----

�� -� 

Figure 4 .2  Wind conditions effect, Day 1 4  Oil s l ick (A:  No wind condi t ions. B :  5 mJ S  

constant wind field) 

Results of  weathering parameters show that : 
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.:. Evaporation loss at the end of  1 4  day increased 1 00% from 0. 1 4  to 0 .279mm 

indicating the c lear effect of  wind presence on increasing evaporation rate . 

• :. Emulsi fication formation thickness increased 1 00% from 4.54 to 9 .3 8mm indicating 

the c lear effect of  \ ind presence on increasing emulsi fication rate . 

• :. Dis  o lution reduce b 1 0  t imes to 3 .8E-7 from 3 .3E-6mm 

.:. Vertical dispersion greater 30  times due to breaking wa es effect 

In conclusion, the perfonnance of oi l  with wind presence is much more active. The wind 

field effect is very clear on oil sl ick shape, dimensions and weathenng rates. Results 

show t\vice the length of the no wind slick, evaporation and emulsi fication are doubled 

with wind, while vertical dispersion is 30 times greater and dissolution reduced ten t imes. 

In a study at the Saudi Gulf  coast AI-Rabeh et .a ! .  ( 1 992) stated that sensi t ivi ty 

analysis showed clear1y that the tidal currents contribute very l inle to net transport for 

periods more than 24hr and that the wind driven currents alone are mainly responsible for 

the net transport of  pol lutants. Lardner and Das( l 99 1 )  also stated that the density driven 

currents are small  except in the vicinity of Shatt A I -Arab and Straits of Hormuz. 

However, i t  is noticed that in  the area adjacent to the UAE were the simulation took place 

that the no-wind case showed qui te considerable oil dispersion, although it was doubled 

when the wind was inc luded. This c learly h ighl ights the effect of the density dri ven 

currents and to a smal ler extent the tidal currents in the study area. This is possibly due to 

the shal low 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 o i l  spi l l  parameters are selected to test their effect on the spi l l  

ana lysis model .  Table 4 . 3  l ists the selected parameters o f  the basic and test setup values 

that would be in\ estigated for their effect on spi l l  analysis  (SA)  model performance 

Shore Current Zone 

The value of shore current zone is investigated for their effect on spi l l  traj ectory. Change 

o f  shore current zone depth value showed no e ffect at a l l  when changing from Sm to 2m, 

resul ts are typical to the basic wind setup. 
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Table 4 .3  Sensiti ity analysis parameters 

No. Basic setup 

m 5 2 

2 Depth of wind m 5 1 0  

3 Wind friction ( Drag) Const. 0.02 0.03 

4 C loudiness % 1 0  30 

5 A lbedo (reflecti ity) % 0. 1 4  0 .3  

6 Oi l emmissivity % 0.82 0 .972 

7 Emulsion water uptake kg! m3 5 .00E-7 5 . 00E-6 

Emulsion water release Kg! S2 1 .20E-5 1 .20E-6 

9 Entrainment o i l - in-water interfacial tension Dyne/cm 20 1 0  

C loudiness 

Among air properties, c loudiness value is investigated to estimate i ts effect. A value of 

1 0% was used with the basic model setup. 

C loudiness was increased from 1 0% to 3 0% to evaluate its effect on heat fl ux .  The 

c hange did not show any effect on results for total oil spi l l  thickness, shape, or 

dimensions, nor. on the weathering values . Results show maximum oi l  thickness wi th the 

same value of 1 1 .06 mm at the end 0 f 1 4  days as in the basic setup .  

Albedo 

As for heat transport, the Albedo (reflectivity) value, which is  an ind ication of the o i l  

color ( the lower the value the darker is  the o i l )  the default value of  0 . 1 4  stated by the 

model is used. Albedo value was increased about 50% to 0 .3  from 0. 1 4  (the value of the 

basic setup) to investigate the effect on heat flux .  Looking into the results and comparing 

revealed no change. 

Oi l  Emmissivity 

The effect of the o i l  emrnissivity 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 i ts value from 0.82 of the basic setup to 0.972 (Sabins, 1 997) and re\'iewing the 
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resu lts, the change in  alue proved no effect on o i l  sl ick. In conclusion, changing the 

emmisslvl t  alue shows no effect on sl ick shape, dimensions or weathering alues. 

Ernu l  IOn water uptake and water release 

The fom1at ion of water- in-oi l  is one o f  the most important processes affecting a surface 

s l ick .  It represents a posi tive flux in which a new component, water, enters the sl ick.  The 

model of Macka et a l .  ( 1 980)  is adopted in the software which is fairly simple and 

deri ved from exten ive experimentation. The Water uptake emulsi fication constant of 

S .00E-7 kg/m] and \: ater release emulsion coefficient of 1 .20E-S kg/s2 constant values 

are used ( DH I  SA M anual, 2002) .  Investigations are made by altering theses values as 

they are uspected to affect the water-in-oi l  emu lsion stabi l ity. 

Water uptake constant was investigated by increasing i ts value from S .00E-7 to S . 00E-6 

of  the basic setup to al low for formation of thicker emulsion. 

The results shows that the oil sl ick 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 ih day of simulation and at the end of the 1 4  

day imu lation. 

In conclusion, no effect is shown due to increasing water uptake constant on the 

o i l  slick shape, dimensions, or weathering  (emulsion thic kness) .  

The other parameter of  emulsion formation, water release coefficient value was 

red uced from 1 .20E-S to 1 .20E-6 of the basic setup. The reduction was suspected to show 

larger tru ckness of emulsion, as this parameter should produce conditions for more stable 

emuls ion as the tendency to release water from emulsion is decreased . 

o effect of  reducing water release constant value was witnessed. The oi l  s l ick 

m aintained the typical shape, dimension, m aximum thickn ess and weathering rates. 

In conclusion, reducing water release constant value in the emulsification 

dialogue has no effect on oil s l ick spread thickness or, weathering rates. 

Vertical dispersion 

Vertical dispersion I S  sti l l  a very poorly understood process, and the mathematical 

description of it  is sti l l  in an early phase of development ( Mackay et al, . 1 980). The 

importance of dispersion for a part icular spi l l  of crude oil under certain weather 

condi tions, and di fferences in dispersion behavior of different crude oi ls,  can only be 

evaluated in a qual itative way. There are fai rly reasonable "best estimates" derived from 
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observat ions of  historical spi l l s  ( B laikley et a l . l 977), which determine the rate of 

di spersIOn at  sea to be 0-5% oi l  lost per day depending on the sea state. 

Oi I - in -\\ ater interfacial tension alue is important in calculating the vertical 

d isper Ion of oi l  droplets in the water column. A lRabeh et al .  ( 1 992 ) stated that, due to 

high sal in i ty and low energy of the Arabian Gulf, less oi l  is expected to enter the water 

co lum n  a compared to less sal ine and more energetic seas such as the ;"\orth Sea. 

O i l -in-water interfacial tension typical value suggested by (Mackay et aI. ,  1 980)  is 

20-30 dyne/cm.  A alue 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 is suspected to reduce the vert ical dispersion due to the stronger interfacial tension 

that should have al lowed for less oil leave the parent oil slick to be dispersed vertical ly  in 

the water column. 

Results showed the value of vertical dispersion reduced with almost 48% from 

4.40E- mrn to 2 .96E-7 at the end of the simulation 1 4  days in the wind condit ion 

s imulations, sti l l  showed no e ffect on the oi 1 s l ick spreading, shape. or dimensions. In  

conclusion no effect of  oi l - in-water interfacial tension on sl ick shape and d imensions 

Depth of  wind 

Change of  depth o f  wind in the wind dialogue from 5 m to 1 0  m .  results showed no 

change in a l l  compari sons and came to be typical to wind enforced basic setup. 

In  conclusion no effect has been witnessed from depth of wind al tering. 

Wind dri ft coefficient 

This is being an exploratory study that reports the effect of increasmg the wind dri ft 

coefficient on oi l  s l ick development. An increase of  wind dri ft  coeffic ient (wind frict ion 

constant)  from 0.02 to 0.03 (33 % increase) resul ted in a 1 4% increa e in s l ick area and 

1 6 . 5% mcrease in sl ick length, and also resul ted in a reduction of s l ick width by 1 6 . 5°'0 .  

Total oi l  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 : 

.:. Evaporat ion:  24 % reduction was encountered . 

• :. Emulsi fication thickness was less by 32% with 6.39mm at the end o f  1 4  days . 

• :. D isso lut ion 1 5% reduction is witnessed with the dri ft increased value . 

• :. Vertical dispersion 40% reduction is witnessed with the drift increa-ed alue. 
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In  conclusion the increase of  the surface wind dri ft  coefficient from 0.02 to 0.03 

resulted in increasing the sl ick area, l ength, and reduction of sl ick width and reduced all 

weathering rates. 

4 .2 . 5  ensiti i ty to Crude Oi l Types 

Due to lag of characterization data of crudes produced in the Arabian Gulf. Two 

representative types medium and, l ight crude oil (see Table 4.4) are evaluated by 

capering the simulation results with the default  setup included in the software provider 

manual (ORI  water and environment ) .  The types of crudes used are adopted from 

l i terature (Yang and Wang, 1 977) .  

Table 4 .4 Selected crude oil  samples and their  characteristics 

Oil sample General c�teristics 
',JF'J 

Venezuelan Crude Medium, aromatic ,  high volume of transport 

igerian Crude Light,  paraffinic, low in metals 

Table (4 . 5 )  shows the characterization of crude cuts based on boi l ing 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 composi t ion.  

Another set of  input parameters known to affect the spi lled oi l  weathering rates is used 

with the relevant crude type in the s imulation in order to further evaluate their effect on 

o i l  s l ick trajectory. The values of these parameters are presented below In Table (4 .6) .  

I t  is important to note that due to lack of  data on the addressed crude types, 

representative values of these parameters are adopted from Canada Em Ironment Website 

(v.'WW.etc-cte.ec .gc.ca)  as they are selected based on category c lassi ficat ion and are not 

spec i fical ly true for the types of crude addressed. The representative \'alues are for the 

Arabian medium and l ight crudes. The main task of the study as stated earlier is focused 

on the o i l  s l ick traj ectory and the parameters affecting the weathering rates are only 

addressed based on the possibi l ity if their variation could affect the oi l  spi l l  traj ectory. 

The resu lts of the three simulation cases are presented in the fol lowing paragraph. Table 

(4 . 7 )  summarizes the 14 day age tra jectory and weathering values of  the oi l  s l ick. 
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Table 4 .5  Hydrocarbon cuts data for selected crudes 

Average Dds: Venezuelan 

69-230 7 1 0  1 0  1 5  
( 6-C 1 2 )  

2 Paraffm 230-405 770 1 5  
(C 1 3- 2 5 )  

3 Cycloparaffin 70-230 8 1 0  1 5  20 
(C6-C 1 3 )  

4 Cycloparaffin 230-405 900 20 50  
(C l 3 -C2 3 )  

5 Aromatic 80-240 940 5 5 
( mono- & dl-
cychc)(C6-C l l )  

6 Aromatic PoJy- 240-400 1 000 2 3 
cyclic ( C I 2-C l S ) 

7 'apbtbeno- 1 80-400 980 1 5  7 
Aromatic 

(C9-C25) 

Residual 400 1 0 1 0  25 1 5  

Table 4 .6 Characteristics of medium and l ight crudes used in o i l  spi l l  simulation 

, 

Parameter 

' - L 
1., 

,;;, 

Maximum water content (% wt) 
Wax content ( °'0 wt)  

Asphaltenes content ( %  wt) 
Oil-salt v,,'ater interfacial tension (dyn e/cm) 

Kinematic viscosity at38 °C (c  St )  

W eatherin 2: 

Crude type 

Default Medium Light 

0 .85 0.8 - 0.9 1 1 

5 . 7  3 .6 6 

0.05 0.048 0.07 

20 20A 20 

3 . 64 9 7 

Evaporation value of  the l ight  crude is  the h ighest among the three types due to the 

presence o f  l ight components in larger amounts in the l i ght crude characterization groups 

so that the oil tends to escape by evaporation at ambient temperatures. The reverse 
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composit ion l S  the case with the medium crude, and hence it has less loss in  the 

e aporation 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  S ummary results a t  1 4  day, o i l  sl ick traj ectory and weathering 

Unit Cmde type 

Default Medium Light 
Traj ectory Area (km2) 530 1  530 1  530 1 

Max. Length ( km )  2 1 3  2 1 3  2 1 3  

Max. Width (km) 36 36 36 

Min .  Thickness (rrun ) 0.03 0.03 0.03 

Max .  Thicknes� (mm) 1 1 .06 1 0. 73 1 6 . 78 

Weathering Evaporat ion (rrun ) 0.279 0.33 OA 1 

Dissolution (rrun ) 4x l 0-7 5 x l 0-7 5x 1 0-7 

Emulsi fication (rrun ) 9.38 9 . 1 1 5 . 24 

Dispersion. (rrun ) 4x l 0-7 3x l 0-7 l Ax l O-7 

Dissolution values are typical due to the very l im i ted contribution of  this process 

to total mass balance special ly  after passing the early hours of o i l  spi l l ing. 

Emulsification of the l ight crude disp lays a higher value of 1 5 .24 rrun than the medium 

crude which has a value of  9. 1 .  This i s  most probably  due to the higher content of 

Asphaltenes 0 .0 in the l ight crude which tends to form stable emulsion than the medium 

crude v·:hich 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 hav ing a value two t imes the l ight crude. This is  due to 

the condit ion of the l iberal heavier l ess emuls ified crude, whi le  the presence o f  l ight 

crude is more i ncorporated in stable emulsion and losses in the evaporation process. 

Trajectory 

A continuous s l ick i s  formed of elongated along its ax is and expanding its width as it 

moves downstream . The trajectory and spreading of the three combinations is typical . 

The total area after 1 4  days, the max imum length and width and the min imum thickness 
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at the leading edge are all the same. The value of  max imum thickness of the oil  varies 

considerabl y  as it  is located upstream only near the source. This di fference in oi l  

thickness i s  not reflected on the traj ectory or spreading of  the oil  sl ick. 

I t  i conc luded from the abo e analysis that the o i l  slick movement is solely dependent on 

the enviromnental conditions, namely the wind conditions which ha e clearly showed a 

sub tantial e ffect in  driving and direct ing the o i l  s l ick trajectory. To a lesser extent are the 

density and tidal advecti e currents. H ence, accurate wind data is essential for accurate 

traj ectory predictions. On the other hand, the change of the physical and chemical 

properties o f  the oil had a direct effect on the weathering rates only. Despi te the logical 

e pectation of the interrelat ionship between the weathering processes activities and the 

retardation and decay of the o i l  s l ick with time. The manipulation of the values governing 

these processes re ealed to be o f  insignificant e ffect on the oi l  sl ick trajectory and spread. 

And hence the spreading results shou ld  be taken with caution as it is understood that the 

change o f  the relative oil density -due to the change of the oi l  type and density- should 

directly affect the oil spi l l  spreading. 

4 . 2 . 6  Sensi t iv i ty Analysis Conc lusion 

Despite the e ffect of  a number of  the tested sensi tivity parameters on various weathering 

rates, none o f  the parameters tested in the sensit ivity study has a significant effect on the 

o i l  spi l l  traj ectory except for the wind. The wind driven currents are the dominating force 

in the o i l  spi l l  movement in the gulf. It is well  known that the oi l  moves on the sea 

surface due to the combined action o f  wind generated currents, wind induced waves, and 

by direct w ind shear. This fact  is wel l  documented in previous publ ished artIcles in the 

Arabian Gulf.  The sensi tivity study shows that the density currents in the region adj acent 

to the CAE coast are of potential importance for oi l  s l ick movement. Information found 

on wind parameters during l i terature search conducted earlier is usually incomplete. The 

sensit ivity analysis indicates that accurate wind data is essential for accurate traj ectory 

prediction. The wind parameters include comprehensive wind data in terms of magn itUde 

and direction in space and t ime d uring the s imulation period, wind dri ft  coefficient ei ther 

constant or v ariable, and wind d ri ft  angle.  Lack of information cal led for the val idation of 

the spi l l  analysis model by using a range of data that was publ ished on the Arabian Gulf 

and comparing the produced trajectory to a wel l documented trajectory of an oil sp i l lage 

occasion in the region.  
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M IKE 3- A model appl ies Fay's Gravity-Viscous ( 1 97 1 )  formula for radial spreading 

v hich was modified by Mackay ( 1 980)  as 

� = K . A 1 3 [ Voil ] 4 3  

dt .4 A . or! 
where :  

V = R �  1 oil oil 7r I, 

and K". is a constant speci fied internal ly  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 o i l  in the original Fay equation. 

Reed et. al .  ( 1 999), stated that "The resulting spreading rate in the Mackey's thin­

thick modi fication on Fay's  spreading formula is  therefore independent of the initial oil 

density and insensitive to subsequent changes in density caused by evaporation and 

emulsi fication ' . This statement c larifies the typical trajectory of o i l  despite the obvious 

changes in  weathering rates. 

4.3 S p i l l  A n a lysis M odel Val id ation 

The combined hydrodynamics and spi l l  analysis models are evaluated against the 

available information and sightings on AL-AHM AD I  oil spi l l  that occurred over the 

period of J anuary-May 1 99 1  in the state of Kuwai t in the upper part of the Arabian Gulf  

( fig. 4 .3 ) adopted from AI-Rabeh et  a l .  ( 1 992 ) .  

As a result of host i l ities erupted in the area, oi l  was released into the waters of  the 

Arabi an Gulf. AI-Rabeh et al . ( 1 992) stated that the volume of oi l  released may have been 

as l arge as 6x 1 06 barrels. Most of the o i l  was released at or near Mina AI-Ahmadi 25 km 
south of  Kuwait city. This act caused an environmental damage of catastrophic 

dimensions, inundating well over 550 km of the Saudi coast l ine. S ubstantial damage \\ as 

caused to environmental ly  sensitive habitat and cleanup requirements were m assi \ e. 

Among several authors who have described and modeled the occasion, the traj ectory 

model ( GU LFSLIK I I )  used by King Fahd University of Petroleum and Minerals 

( KFUPM, AI-Rabeh et aI . ,  1 992) provided reasonably  accurate predictions and ha\-e 

extensively documented the actual trajectory of the spi l l .  The detai ls of their work are 

used for the validation of  the spi l l  analysis model to be used in this study. 
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Figure 4.3 Location of Min  a AI-Ahmadi 

The fol lowing is a description of the o i l  spi l l  parameters used in the model for simulating 

the oil  s l ick trajectory. The actual trajectory is presented for comparison. Typical values 

o f  the input parameters are adopted unless stated otherwise. In that case the aid of other 

artic les or publ ications of relevance wi l l  be sought to veri fy the required information and 

reference w i l l  be c i ted where ever necessary. 

4.3 . 1 AI-Ahmadi Oi l Spi l l  

Being the l argest o i l  spi l l  incident in  history (approx imately 3 . 5  - 10  mil l ion barrels) ,  AI­

Ahmadi oi l  spi l l  has put the highly diverse Saudi coast l ine natural and art ificial resources 

i n  j eopardy. The fol lowing is a review of the King Fahd University of Petroleum and 

M inerals ( KFUPM) effort to simulate the o i l  spi l l  trajectory along with actual s ightings 

for model validation.  

Source location 

Based on the description and the information avai lable in AI-Rabeh et al., ( 1 992), Oi l was 

del iberately released from several locations off the coastal area of Kuwait state III 

addi t ion to M ina AI -Ahmadi itself. The o i l  pumped from the export terminals at M ina Al-
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AhmadI ingle Mooring Point (SMP)  at the sea island terminal located 29 07 48 09E 

tarted on January 1 9, 1 99 1 , the major leak was stopped on January 28. 1 99 1 .  Other north 

and south p iers were damaged and started leaking oi l  late in January 1 99 1 . Mina AI­

hmadi terminals released oi l  at  an estimated rate of 6000 barrels hr· l . 

Mina AI-Bakr released o i l  from the southern terminal located 29 4 1 N  48 09E 

tarted on J anuary 26, 1 99 1  and continued after March 6, 1 99 1 . The amount released was 

e t imated to be minor. A total of eight tankers leaked o i l  into the Gulf waters at the same 

t ime period with a total estimated amo unt o f 3 . 5  mi l l ion barrels of crude o i l .  The location 

of M ina I -Ahmadi at 29 07N 48 09E is selected as the source location for the simulat ion 

Oi l Flux and Duration 

To analyze the transport and fate of AI-Ahmadi o i l  spi l l ,  a continuous spi l l  v. as 

Introduced on January 1 9, 1 99 1  with an hourly release of  27390 barrels of heavy crude 

for a period of 1 44 hours. Thus the total spi l l  size is about 4 mi l l ion barrels was used in 

the art ic le study. 

Wind Data 

The \vind parameters include comprehensive wind data in terms of magnitude and 

d i rection in space and time during the s imulation period, wind drift coefficient ei ther 

constant or variable, and wind dri ft angle (Coriol is) .  Data provided by Saudi Aramco and 

M eteorology and Environmental Protection Agency of  Saudi Arabia were used to 

determ ine, on a monthly basis, the average speed of the wind from each of the eight 

cardinal d irections and the percentage of t ime for which these eight \\ inds blew. The 

calculated average monthly wind veloc i ty and direction presented in the KFUP M ,  AI­

Rabeh et aI . ,  1 992 article are presented in table (4 .8)  to simu late the wind advection in the 

long-term. For the real-t ime model the input of the average dai ly  wind velocity is used 

instead. this data was not avai lable. 

Table 4 .8 Average e ffective monthly wind velocit ies 

Month Wind velocity &Effective wind direction 

J an 5 . 324 

Feb 

'v1 ar 

5 .48 

5 .006 

1 3 1 . 7 

1 32 . 5  
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De cription of Currents 

The simulation results of MIKE3 H D  model for currents in the western Gul f  area-as 

d iscussed earl ier in the hydrodynamics calibration part confinns to the general circulation 

to\ ards the southeast. This is typical to earl ier findings recovered by the model ( H YDRO 

1 ,  Lardner et aI . ,  1 993 ) used by the KFUPM to produce the Gulf hydrodynamic current 

c irculation for Al-Alunadi oi l  spi l l .  There is a general agreement that wind forcing 

dominates the surface flow in this region of  the Gul f adjacent to the Saudi coast l ine. 

Thus, AI-Ahmadi oil  spi l l  moved southeasterly almost parallel to the Saudi coast, due to 

the prevai l ing northwesterly wind regime in the area. 

Actual Oi l Spi l l  Trajectory 

Al-Rabeh et a l .  1 992 sated that "Comparisons between predicted trajectories and actual 

s ight i ngs show tbat GULFSLIK II is reasonably  accurate". Figures 4.4 & -+.5 represent 

the actual and predicted trajectories of the o i l  spi l l  over the period from January 1 9, 1 99 1  

to M arch 1 8, 1 99 1 . 
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Figure 4.4 AI-Ahmadi actual trajectory of l ead ing edge as reported by Al Rabeh et al, 

1 992 from the beginning of release 

4-23 



4 .3 .2  Al Ahmadi o i l  spi l l  s imulation using M I KE 3  SA 

The spi l l  analysis simulation covers the case study period from J anuary 1 9, 1 99 1  to 

M arch 1 8 , 1 99 1 . using a simulation time step of 300 seconds and saving the results at a 

t ime interval of 1 hour. The SA model is using the current field produced from a previous 

h drodynamic simulation typical to the validated setup in the hydrodynamic part 

reviewed earlier. 

ind Data 

An angle o f  1 80 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 orthwestem wind direction . .  

Optimal values for wind deflection angle (y') and wind drag coefficient ({3) for the Gulf 

suggested by  Al-Rabeh, ( 1 994) to be 26.05 degrees to the right of the wind direction and 

0 .03 1 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 + 1 80 - 26.05 (4 . 1 5 ) 
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Figure 4.5 Predicted o i l  traj ectory KFUPM model 

The average wind veloci t ies in table (4 .9)  are used to prepare the wind data fi le 

\vhich is  taken to be constant in  space. The data prepared covered the simulation period 

between January 1 9, 1 99 1  and M arch 1 8 , 1 99 1 .  

Table 4.9 Al Ahmadi spi l l  S imulation wind data 

Month Wind velocity Wind direction 

Jan 5 . 3 24 295 .67 

Feb 5 .487 285 .67 

M ar 5 .006 286.47 
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I t  i worth noting that the use of such coarse data is expected to cause some 

disagreement between the simu lated in this study and the one based on average dai ly  

, i nd velocity and direction for the same period, depending on  the normal ization constant 

alue that \: as used to produce the average monthly effective wind veloci ty vector. 

Later in the MEPA report on AI-Ahmadi oi l  spi l l ,  izari and Olsen ( 1 993 ), stated that "A 

serie of European weather fronts passed through the Gulf Area during much of February, 

reversed the pre ai l ing orthwest winds to Southeast and held the spi l l  front from 

mo ing south". This  piece o f  information is c learly neither stated nor considered in the 

preparation of the monthly average effective wind data profile in the KFUPM artic le, 

despite the fact that the predicted trajectory showed a considerable slow down of the spi l l  

movement towards the Southeast i n  the first half of February. A lso, the spi l l  traj ectory 

h as occasionally been reversed to the Northwest in the second half of the month.  Such 

information would cause the predicted trajectory by M I KE3 to deviate during the first 

hal f  of Febru ary and more considerable deviation is expected during the second half of  

the  same m onth. Hence, the prediction validity of  the used wind data is expected to  be 

l im i ted to the period prior to early February only. This highl i ghts the vi tality o f  using 

precise wind data in  successful ly predicting the trajectory of an oil spi l l .  

O i l  data 

Due to lack of data on heavy Kuwaiti and Iraqi crudes characterization and breakdown, 

the medium Venezuelan crude oil was arbitrari ly selected . This simpl i fication was 

j ustified based on the fact that the sensitivity analysis on M IKE3 showed that the type of 

crude did not affect the trajectory. S imi lar to the case study condition of release, a rate of 

l .65  m3/s release of oi l  was used for the same duration of  1 44 hours or 5da s producing 

an o i l  spi l l  of  size 7x l 05m3 equivalent to 4x l 06 barrels .  The release point was 25  km 

south of Kuwait city at the location of Mina AI-Ahmadi at 29 07N 48 09E.  Table (4 . 1 0) 

l i sts  the o i l  parameters used for the spi l l  analysis model setup considered in the validation 

process. 
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Table 4 . 1 0  SA Parameters for val idation simu lation 

m ax imum water content 

a phaltenes content 

wa content 

dis o lution mass 

coefficient 

85% 

0.07 % 

6 %  

transl 2 .3x  1 0-6 

o i l -water interfacial tension 20 dyne/cm 

o i l  d i ffusion coefficients 1 0, 1 0, 0.005 (x,y,z) m2/s 

k inematic i scosity/ref. temp 9 cs / 38degree 

o i l  ernmissi ity 0.82 

\vater ernmissivity 0.95 

air emmissivity 0.82 

evaporation constant 0.029 

4 . 3 . 3  Results of  Al Ahmadi o i l  spi l l  simulation using M IK E3 SA 

s ing M IKE3 SA model with the simulation revealed the fol lowing resul ts of the leading 

edge location with time. The location recovered from the actual o i l  spi l l  sighting, 

KFUPM GULFSLIKI I  model and M IKE3 SA model are compared in table (4 . 1 1 )  at five 

stations along the Saudi coast. 

Tab le 4. 1 1  A I -Ahmadi oil spi l l ,  Actual and predicted trajectory comparison 

D� of actual oil Predicted date of 

siE1;1ting 

AI-Ahmadi(Start) January 1 9, 1 99 1  J anuary 1 9, 1 99 1  January 1 9. 1 99 1  

Khafj i January 25 ,  1 99 1  J anuary 26, 1 99 1  January 26. 1 99 1  

Safaniya January 29, 1 99 1  January 30, 1 99 1  January 30. 1 99 1  

Ras Al Ghar February 08, 1 99 1  February 09, 1 99 1  February 07. 1 99 1  

Abu Al i  February 1 4, 1 99 1  February 1 3 , 1 99 1  February 09. 1 99 1  

Ras Tanura March 1 8, 1 99 1  M arch 1 8, 1 99 1  February 1 : . 1 99 1  
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4 .3 .4 Discussion and onclusion 

Trajectory 

M IKE3 SA is showing fair agreement to sight ing dates and track of both, the actual and 

predicted findings in the first three stations of Kbafji ,  Safaniya, and Ras AI-Gar unt i l  the 

end of the first week of February (Figures 4 .6a, 4 .6b,  and 4.6c). Deviat ion from the 

KFUPM predicted sighting dates starts to increase with time after that date. This  was 

e 'pected, as stated earlier, based on the l imi tation of using the average effective monthly  

wind data by M IKE3 instead of  the dai ly average used for prediction in  the KFUPM 

model . Yet, the predominant average effect ive monthly wind data produced a fair  

prediction during the first 1 9  days of the spil l  period. The deviation was amplified due to 

the effect o f  the less frequent reversed southeastern wind front documented in the M EPA 

report b izari and Olsen, ( 1 993)  which occurred after February 7 .  1 99 1  and acted to 

retard the propagation of the spi ll further southeast . The absence of this occasional 

reversed wind data caused M IKE3 SA to carry over the simulation with the average 

e ffective monthly w ind data and drive the spi l l  further southeast (see figure 4.6 .d) while 

the actual spi l l  was held back with the reversed wind forcing. 

In general the predicted M IKE3 SA trajectory resembles the prediction of  the 

KFUP model track which does not come into i nterference with Abu-Ali is land but else 

i s  dri fted to the east and the retardation of  the traj ectory i s  only due to the reversed wind 

d irection, while the actual trajectory retardation was part ial ly due to the fact  that the spi l l  

w as held northeast o f  Abu-Ali (Spaulding, 1 993 ) for a long t ime before i t  started c irc l ing 

around the is land and again moving southwest. 

A lthough i t  is speculated that a constant value of the spreading rate ( KA)  in calm 

water is considered in  the model, the good agreement between the simulated (AI  Ahmadi )  

o i l  spi l l  trajectory wi th observations suggests that the constant value used in the model I S  

appropriate to simu late 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 abi l ity o f  M IKE3 SA model current setup to accurately predict the oil spi l l  trajectory 

provided that accurate wind data is appl ied. 
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outheast Wind Front 

The effect of the southeast wind was further investigated to discover the mode of 

traj ectory. A set o f  speculated data based on the actual traj ectory was prepared to 

substitute the effective average month ly wind data during the period from February 5 ,  

1 99 1  to  March 1 8, 1 99 1  which showed the deviation occurrence form the actual spi l l  

track due  to  the revised \ ind effect, see table (4 . 1 2) .  

Table  4. 1 2  Speculated February wind data 

Date Wind velocity 

Feb 5 - Feb 1 7  1 .0 3 1 5  

Feb 1 8  - Feb 23 l .0 1 20 

Feb 24 - Mar 5 0 .5  290 

M ar 6 - Mar 1 0 . 5  3 1 5  

The simulation was conducted from J anuary 1 9, 1 99 1  to March 1 8 , 1 99 1 .  A 

combination of the effective average monthly  wind and the speculated February wind 

data was used. 

The results o f  the simulation showed that after the first week of February, a non­

prevai l ing southeastern wind front took p lace.  This caused lowering the velocity 

magnitude of  the north\\ estern wind in  the region and the trajectory of the oil spi l l  was 

reversed and delayed during the rest of  February and some of M arch when the net wind 

blow was in fa\'or of the northwestern wind which again caused the spi l l  to move slowly 

in  the southeast direction. Relati \'e!y, a trajectory simi l ar to the actual traj ectory plot is 

produced. 

The simulation results also showed that much more horizontal spreading took 

p lace during the holding conditions in February as this was typical ly found by Spaulding, 

( 1 993) .  The spi l l  moved northwest due to the southeast wind front which caused the spi l l  

to  impact the Saudi coast from latitude 28 40 ' to 27  20 '  from the period o f  February 1 1 , 

to M arch 1 8, 1 99 1 .  AI-Rabeh et aI . ,  ( 1 992) reported that the oi l  spi l l  impacted the Saudi 

shore l ine from lati tude 28 44 ' to 27.  The MIKE3-SA results showed that the impacted 

region along the Saudi coast was almost s imi lar to the actual. The extent of shorel ine 

impact is less in the simulation than actual; this is probably due to the di fference 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 

traj ectory in a typical manner to the actual trajectory and that the spi l l  holding and 

back ard movement was the cause for the spi l l  to reach the Saudi mainland coast. The 

findings re ealed that in case of two opposite wind fronts facing each other, the oil tends 

to spread horizontal ly  much faster and covers l arger areas in that region. The results are 

considered fair to reflect the effect of the southeastern wind front on AI-Ahmadi oi l  spi l l  

traj ectory. The set of  figures 4. 7a, 4 . 7b, 4 .7c and 4 .7d, show the o i l  spi l l  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  AI-Ahmadi oil spi l l  

duri ng the first 19  days of release due to  the consistency of the wind data being used with 

the prevai l ing wind conditions. Whi le  the trajectory deviation beyond that date was due 

to reversed actual wind data not reflected in the used wind data fi le. 

On the other hand, the results of the simulation for the combined data proved the 

competency of  M IKE3-SA to handle the trajectory efficiently provided the correct data is 

plugged in.  Start ing at Mina AI -Ahmadi on J anuary 1 9, 1 99 1 ,  moving downward paral lel 

to the Saudi coast the oi l  spi l l  reached Ras Tanura on March 1 7 . By this exact timing the 

predicted o i l  spi l l  is typical to the actual traj ectory. Also, the predicted shore line 

deposition using M IKE3-SA took p lace along the Saudi coast at latitude 28 40' to 27 20' 

\\ hile AI -Rabeh et aI . ,  ( 1 992) reported that the oil spi l l  impacted the Saudi shoreline from 

latitude 2 8  44' to 2 7  this l imi ted difference is  possibly due to the di fference in the 

est imated w ind data combination from actual . 
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It c an be concluded that the coupled M IKE3-HD and MIKE3-SA model with their 

current setups enj oys a reasonable degree of prediction competency that enables and 

j usti fies its use for the next p art of the study. That configured model is employed as a 

imulating tool to assess the impact o f  oi l  spi l ls  on desal ination plants a long the UAE 

coast. 
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CHAPTER S 

DE S A L IN A  TIO P L ANT S AND SOURCE ZOl\ L�G 

Thi s  chapter alms to define point of potentIal  importance to the impact of oi l  sp i l l s  with 

reference to desal i nation plant intakes a long the UAE coast.  Further more, zones are laid out 

to cover the portion of the Arabian G u l f  water body adjacent to the UAE. InformatIOn on the 

locations of o i l  loading term inals  and navigation routes of oil tanker are considered in  

Identi f11ng the zoning ystem distribution. 

- . 1 Desa l i n a ti o n  P l a n ts Select ion 

lntakes o f  a selected number o f  strategi c  desal ination p lants along the C AE coast mai n l y  in 

Abu-Dhab i ,  Dubai, and ShaIjah are considered as coastal points of i nterest in the spi l l  impact 

analysis.  A search has been conducted to determ ine the selection of points based on their 

production capacity and their geographical  location in an effort to eval uate the risk on the 

widest range of the AE coast.  The coordinates of the point are considered as observation 

poi n ts and time series is produced in the post processing stage to determine the arrival  of oi l  

to these spec i fi ed location . Tabl e  ( 5 . 1 )  l i sts the selected desalination plants, coordinates and 

production capacity in m i llion gal lons per day: 

Table 5 . 1 S e l ected desal ination 

854 1 53 2 70583 1 1 00 

Abu-Dhabi Taweelah 8 1 950 2744052 95 

Abu-Dhabi M irfa 748700 2670000 38.7 

Abu- Dhabi S huwaihat 64025 4  2663548 200 

D ubai Jebel Ali  93 7689 2 797633 1 88 

S harjah Layyah 943657 2 809438 40 
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Given the relatively close distance between Umm Al- ar and Taweela plants in Abu­

Dhabi Emirate i t  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 ob ervation points. 

I ran 

Shwayhat A I-Mana 

60 km 

--

U nited Arab 
Emirates 

--

R u b ' Kh o ll 
D �  S �  R r 

Saudi  Arabia 

Figure 5. 1 Locations of  the selected desal ination plants 
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5.2 Zon i n g  

zoni ng pattern has been produced for the area of  the Arabian Gul f adjacent to the UAE 

( ee fig 5 . 2 ) .  A ystem of 1 2  consecutive boxes of 75 km2 each constitutes the potential 

oil ource relea e zones. The adopted di  tribution was detennined based on t\ 0 

con traint , fir t, i the actual location distribution of the oil loading tenninals in the area, 

and second, the navigation routes fol lowed by the o i l  tankers. 

The use of the e two detenninants 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 spi l l  occurrence are enclosed by such zones. The infonnation used is 

recovered from the Admiralty Navigation Chart no. 2889 for the Arabian Gulf. Gupta et 

a l . ( 1 993 ) include a general ized plot describ ing the main navigation routes to be 

fol lowing the deep waters along the Iranian Coast. That plot agrees wel l with the 

Admira l ty Charts. 
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The navigation m the shal low waters i restricted to a wel l defined navigation 

network through which oil tankers are guided by pi lot tug boats in and out from the oi l  

load ing terminals. Figure ( 5 . 3 )  i l l ustrate the zoning boxes in association with navigation 

l ine and loading terminal . 
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Figure : .3  Zoning based on o i l  terminals  locations and navigation l ines 

( Reproduced from Admira l ty Chart no. 2889) 

Table 5 .2 describes the selec ted zones in terms of significance and point source. The 

po int source is taken to be the center pomt of each zone in grid point coordinates ( x ,y ) . the 

symbol ( � ) represents an o i l  loading terminal, whi le ( -- ) indicates a navigation 

route.  
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Table 5 .2  zone sign ificance and relati e oil spi l l  source 

Zone Significance .'. ,-::� �. J;o . < ,Batb�egy'o .���t �urce :; ; ;;,; � 0 0, ,'1 .r: �..: 
I -- (273, 1 08)  Deep 

2 -- (248, 1 08 )  Deep 
� 

3 -- (223, 1 08 )  Deep 
� 

-+ -- ( 1 98, 1 08 )  Deep 

5 -- ( 1 73 1 08)  Deep 
� 

6 -- (248 83) Deep 
..::::=.. 

7 -- ( 1 98,83) Shal low 

-- ( 1 73 83) Shal low 
� 

9 -- (223 ,58) Shal low 

1 0  -- ( 1 98,58) Shal low 
� 

1 1  -- ( 1 73 58)  Shal low 

1 2  -- ( 1 73 ,32) Shal low 
� 

Oil  spi l l s  generated at each point source wi l l  be evaluated based on the time it reaches the 

de al ination plant intake. Details on the oi l  spi l l  scenarios and the appl ied wind 

conditions along with the various simulation results wi l l  be the aim of  the tudy presented 

in the next chapter. 
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CHAPTER 6 
O I L  S P I L L  RESULTS A N D  IM PACT A SSES S M ENT ON 

DESA L I NATION P LA NTS 

Thi chapter is divided into two sect ions; the first presents a detai led description of a 

ample oil pi l l  event and the second presents the main assessment outputs of oil spi l l  

impact on major de al ination plants in the UAE represented by  contour maps of  shortest 

travel t imes and a sociated wind d irections. Based on oi l  spi l l  trajectory, the arrival 

duration of the oil slick from i t  source point to the target desal ination plant is recorded in 

as ociat ion with the wind direction. 

6. 1 Re u l ts of Sample Oil S p i l l  Event  

A hypothetical oi l spi l l  event with a continuous discharge rate of O.5m3/s was introduced at 

zone 5 (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 7rnJs 

magnitude is  appl ied. The trajectory and weathering rates are reported after 1 , 2 ,  and 3 weeks 

of spi l lage. The plots of traj ectory and weathering estimates are demonstrated as a 

representative typical case to show the abil ity of  the model to actual l y  estimate various 

parameters in an oil spi l l  occasion. Table  (6. 1 )  shows the spi l l  parameters for the spil l  center. 

and spi l l  leading edge at the end of the 1 5\ 2nd, and 3rd weeks. Figures (6 . 1 a), (6. 1 b), (6 . 1 c) 

represent the results extracted from the simulation at the end of week 1 , 2.  and 3 .  

The slick originating i n  the center point o f  zone 5 travels towards the CAE coast 

elongating in the direction of the wind and spreading lateral ly perpendicular to i ts 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 thicknes . I t  comprises 930 0 

of the oi l  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 l ess contribution. Evaporation is the h ighest 
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among them with a maximum of 2% at the end of the third week, while dissolution and 
di per ion are of minimal rate and trace values. 

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

The leading edge th ickness is the least among the slick area, having a maximum of 

0.0 1 55mm at the end of the first week and decreasing to O.00 1 3mm as the s l ick later reaches 

the shoreline. Emulsification percentage of the total thickness drops from 85 0 0 during the 

fir t and second weeks to 77% as it reaches the shorel ine. Losses due to evaporation at the 

leading edge are insignificant a it takes place at the early stages (hours or fev- days) of the 

oil pi l l  incident. 

Table 6. 1 Total oil thickness and weathering estimates in 

Locatior;t/in the sPiU Thickness (nun) , :.Weekl . d  llYeek2 \:  Week3 
' .. ' .-" . .  

Point of maximum Total 4.49 3 .99 5.09 

Emulsification 4 . 1 9  3 .37  4.32 

Evaporation 0.037 0.083 0. 1 1  

Dissolution 3 .5E-8 9 .87E-8 1 . 1 8E-7 

Dispersion 1 . 1  E-5 2 .48E-5 3 .49E-5 

Spi l l  center l ine Total 2 .82 1 .3 5  1 .08 

Emulsi fication 2.4 1 . 1 4 0.92 

Evaporation 0.00 1 5  3 .4E-5 I .4E-5 

Dissolution 7 .2E- 1 O  2 .67E- I 0  1 .8E- l 0  

Dispersion 2 .86E-6 2.89E-6 1 .9E-6 

Leadmg edge Total 0.0 1 55 0.0026 0.00 1 3  

Emulsi fication 0.0 1 32 0.0022 0.00 1 

Evaporation 6.5E-9 2.66E- I 0  1 .3E- 1 0  

Dissolution 3 .9E- 1 4  3 .36E- 1 5  l .7E- 1 5  

Dispersion 4 .25E- I 0  2 .56E- l 1  1 .7E- l 1 
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The l ick co ers an approximate total area of 1 3  000 lan2 as it reaches the shoreline 

The leadi ng dge of the slick i moving at an average velocity of 1 6.8  kmlday reaching the 

AE shorel ine at Jebel Al i  in approximately 433 hrs ( 1 8  days) . .  It is also clear that the slick 

direction i dominated by the 7rn1s wind field driving force. Currents are insignificant in  the 

total sl ick movement. A fter I I  days of release and about 80 km offshore the slick enters the 

hal low water which tend to distort the track of the slick deflecting i ts leading edge from 

outheast to the south. 
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6.2 Oi l  p i l l  I mpact As e ment on De a l i n a ti o n  Plants 

6.2 . 1 Relea e onditions 

In thi section oil spi l l  release conditions and wind parameters are discu sed and the target 

case cenario are outl ined. 

Oil p i l l  threat in the UAE is significant. Among numerous events of o i l  spi l lage in 

the AE water , orne events, reported with very l imited information, are reviewed herein to 

e tabli  h ba i for oil pi l l  scenarios rel ease characteristics. Table (6 .2)  l ists the date, location 

and the spi l led vol ume of major events during the last decade (Essa et al . .  2004) .  

Table 6.2 Reported oil  spi l l  events approximate location and volume spi l led 

Date Location 

Jan. 1 4, 200 1 1 .6 km O.S.  Jabal Al i  

Jan .  24,  2000 1 1 . 5  km E O.S. Abu Dhabi 

Jan. 7, 1 998 km O . .  Ajman 

Mar. 30, 1 99 1 6  km O.S.  Fujairah 

3 00-900 

5000- 1 000 

1 6000 

It i noticed that these reported events are al l  occurring in the winter season from 

January to March, which is characterized with strong winds and high sea conditions. Another 

ob ervation is that a l l  occasions are occurring at locations near the cost and extending 

northeast from Abu Dhabi city along the coastl ine towards Sharjah and Ajman. Whi le no 

events west of Abu Dhabi city are reported, Fuj airah is out side the tudy area as no 

desa lmation p lants have been designated in these areas. Such events are reported to receive 

publ ic attention due to their visual impact on coastal communities. They are a ociated with 

mall general-purpose tankers that could possibly navigate in the shal low depths without 

getting wrecked. Much larger events occurring from larger tankers and oil terminal accidents 

that would have an i mpact at less developed locations are possibly not reported due to the 

remotene s of the occasions and the less direct i mpact on areas of high population centers . 

Therefore, the oi l  spi l l  ri sk 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 Shal low depth non-restricted GP tankers is partially addressed 

by oil  spi l l s  from zones 1 ,  6, 9, and 1 2  at 1 0  to 5 0  km offshore. 
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The o i l  spi l l  modes of release are very erratic and governed v. lth a case by case 

pecial feature a sociated with the cause of re lease, tanker size, sea tate, oil type, site 

conditions and other factors. Therefore, further numerical tests were made to investigate the 

effect of relea e mode on slick migration. 

Two mode of release; continuous and intermittent, were tested using the SA model 

against arri val  time and location. Both cases howed very c lose resu l ts w ith about 1 hour 

deviation in the s lmulated travel times out of a three-week simulation. Both spi l l s  impacted 

the ame location. Furthermore, the re lease discharge rate was investigated using 1 0. 5  and 

0 .5  m3/ re pectively. Both results have also showed identical arri \'al t imes and final 

destinations. Tabl e  (6 .3)  summarizes the output of the above tests on the stated parameters. 

uch re u l t  rule out the need to use di fferent discharge rate in the current study. 

H ence, any estimate of oil release wou ld fulfi l l  the requirement of reporting the arrival t ime 

and t i l l  serve the current objectives. 

Table  6 .3  Shore arrival time using di fferent release modes 

Type Rate (m.j/s) Amount (mj) Arrival (hrs) Max. thickness (mm) 
,L. 

Continuous 0.5 907 200 43 1 5 .6 

I ntern1ittent 1 day 1 0.5  907 200 432 1 5 . S  

In termittent 1 day O. - 43 200 433 0.6� 

The dates of the reported oi l  spi l l  accidents indicate that winter sea -on conditions are 

more cri tica l  for o i l  spi l l  occurrence. The tronger residual  currents obse!\ ed in the w inter 

h ydrodynamic simulation results compared to the summer currents (Ch. 3 ) would resul t  in 

shorter travel t imes of the migrating s l icks. Another fact  i s  that winter conditions produce 

less losses from the o i l  l tck due to retarded evaporation w hich counts for more than 25°'0 of 

the losses and hence v. ould have more damaging potent ial . Hence, winter conditions are 

adopted on basis of extreme case scenarios. 

imulations are appl ied on a set of  hypothetical oil spi l l s  located at the center point of 

each zone. The source of oi l  spi l l s  at al l zones consider medium crude ( \'cnezuelan) wi th an 

intermi ttent 1 day release and an average di scharge rate of  0 . 5m3 s.  
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6 .2 .2  Approaches of Identifying Cri tical Trajectorie 

on idering the wor t extreme cases and observing the historical records of wind conditions 

in the gul f,  constant wind ith magnitude of 7m!s i appl ied. 

Thirteen con ecutive wind direction are appl ied starting from the west (270 degree) 

and ending with the east ( 90 degree) with 1 5  degrees increment one at a time. Three 

additional in remental wind fields are considered to account for the deflection caused by the 

Corio l is  effect in the southern western quadrant .  

A et of  o i l  spi l l  events are simultaneously  released from a l l  1 2  zones ( figure 6 .2 )  and 

ubj ected to incremental wind fields. The travel times of di fferent sl icks hitting the 

neighborhood of vari ous desal ination plants are reported for each wind field.  The resul ts of 

the thirteen incremental wind fields are analyzed and sorted in terms of the shortest arrival 

t imes a ociated with sl icks generated from various zones to a given desa l ination p lant. In  

uch manner, the arrival t ime would be conservative over any other indirect wind 

combination. Using the shortest arrival t imes in association with each source zone, a shortest­

arrival-t ime contour map is produced for each destination (desal ination plant). 

The above approach however, produces some cases of uncertainty as the oil s l icks in 

some inc idents did not hit the desal ination plant directly  and needed additional time for 

along-shore movement. Whi le  in other cases, some is lands located in the course of migrating 

l icks extend the arrival time sign i ficantly. Another case related to this approach, is  the 

overlap of new sl icks reaching the shore fol lowing earl ier ones that ha\'e spread along the 

shorel ine. In such case some approximation is made to estimate the arrival time of the new 

spi l l  to the destinat Ion in the presence of the older one. To overcome such impl ication . the 

visual j udgment is  d irected to report somehow underestimated travel time for conservative 

determination.  

In  order to \'erif) 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  th is  approach, the exact angle between the source and the destination was 

measured and the orio l i  effect is considered to spec ify the wind direction in order to direct 

the s l ick h itting the destination exact ly. However, the calculated angle is modified using trial 

and error approach to account for the trajectory deflection taking place once the s l ick enters 

the shal low areas c lose to the shore (see fig 6. 1 c) .  
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Figure 6.2 Locations of  oi l  spi l l  sources and destination 

The second approach produces ei ther s imi lar or shorter travel t ime in cases of  unrestricted 

s l ick courses, whi l e  it has proved that v isual approximation adopted in cases of oi l  

overlapping in the first approach has been underestimated . The second approach has also 

over ruled a l l  the uncertainties of the first approach. Therefore the re ults of the second 

approach are considered in producing the final contour maps of the rravel time and wind 

direction for the fi \'e desal ination plants, 

pon inspection of the early version of contour maps, it was deCided to introduce 3 

supplementary zones ( 1 3 ,  1 4, 1 5 ) 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 3 0  day s imulation period using winter conditions is conducted in a l l  considered scenanos 

from January 1 9  to February 1 8 . 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 desal ination plant. Such contour maps are presented and described for each 

desa l inat ion p lant in the fol lowing sections. 

I t  i s  worth not ing here that due to interpolation confusions, values for wind directions from 

the fi rst quadrant has been added to 3600 in order to be able to represent them correct ly  i n  the 

contour map. Hence to obtain the right direction for a wind value that exceed- 3600 3600 

shou ld  be subtracted. 
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6.2 .3  huwayhat De a l ination Plant 

Located at about 2 km Southwe t Jebel Dhanna oil loading tenninal , Shuwayhat 

desal ination p lant ha the shortest oi l  tra el t ime as i t  is  the closest destination point to 

the ource repre enting zone l 2. Oi l  p i l l  propagation from other sources is always 

delayed by the pre ence of ir Bany-Yas Is land fonning a natural barrier. Delay time has 

a maximum value of 49 hrs .  

Table 6 .4  ri tical arrival time and corresponding wind direction for Shuwayhat 
d r I esa matlOn p ant 

zone Travel time 
(hrs.) ; . .; 

1 472 
2 42 1 
3 359  
4 333  
5 320 
6 322  
7 236 

233 
9 2 1 0 
1 0  1 46 
1 1  1 1 9 
1 2  2 1  

Travel time Wind direction 
(days) (clockwise from North) 
1 9.66 26 
1 7.54 1 7  
1 4 .95 1 
1 3 .87 347 
1 3 .33 330 
1 3 .4 1 26 
09.83 353  
09.70 328  
08.75  28 
06.08 8 
04.95 330  
00.87 3 5 2  

Travel t ime contours range from 50 t o  450 hrs. (approximately 2- 1 9  days) over 

the modeled area. Large travel times ( greater than 300 hrs) are occurring from the 

northern eastern comer in association with northeastern wind (40°) .  Most critical travel 

times a sociated with spi l l s  originated from the northern areas straight above the plant are 

brought about by the northwestern winds (330°) .  Wind direction contours are fonning a 

hand fan shape with i ts  origin at the shuwayhat plant. 
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Figure 6 .4a Shortest arrival t imes to Shuwayhat desal ination plant 
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Figure 6.4b Critical wind direction in association to oil  zones targeting Shuwayhat 
(note: values exceeding 3 600 should be reduced by 3600) 

6- 1 1  



6 .2 .4 Mirfa De al ination Plant 

Located outhwe t of Abu AlAbiad I s land, Mirfa desal ination plant receIves a 

con iderable  protection from most of the spi l l s  targeting the plant from the ource zones 

which in tern delays the arrival time of o i l  spi l l s  to the plant to a maximum value of 65 

hr . The upplementary zone # 1 4  was introduced to the contour map in order to improve 

the Mirfa arrival t ime contour map. 

Table  6.5 critical arrival time and wind direction to Mirfa in association with each zone 
zone Travel time Travel time Wind direction 

da clockWise frOm North 
1 333  1 3 .87  1 3  
2 3 1  1 3 .25  356  
3 332  1 3 . 83 3 3 7  
4 3 1  1 3 .25  3 2 1 .5 
5 37  1 5 .75 306 
6 2 1 0  08 .75 7 
7 220 09. 1 6  3 1 5  

336 1 4 .00 297. 5  
9 1 1 04 .9 1 3 5 5  
1 0  1 40 05 .83 305 
1 1  1 95 08 . 1 2  280 
1 2  1 45 06.04 245 
1 4  70 02 .9 1 3 3 5  

Travel time contours range from 8 0  t o  360 hrs (approximately 3 - \ 6  days) o,'er the 

modeled area. Large travel times (greater than 280 hrs) are occurring from the northern 

region of the stud; area with crit ical forci ng of wind directions ranging from 255 to 360D• 

Winds originating at the forth q uadrant and at part of the first quadrant are most cri t ICal to 

drive 011 s l icks to the p lant as i t  dominates over the entire study area from north\\ est to 

north. 
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Figure 6 .5a  Shortest arriva l  t imes to M irfa desa l ination plant 
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Figure 6 .5b Crit ical wind direction in  association with shortest arrival t imes to M irfa 
Plant (note: values exceeding 3600 should be reduced by 3600) 
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6.2 .5 Abu Dhabi De a l ination Plants: 

Tv.o mega de a l ination plant or Abu Dhabi ( Umm AI ar and Taweelah) are serving the 
emirate of AbuDhabi the capital of the UAB. As they are relatively located in the same 
area, they are considered here a one destination. The location of M ina Zayed is selected 

a a de t ination to give conservati e estimate of the shortest arrival time to both plants 

that are located in ide the lagoon ystem of  AbuDhabi .  S imulations from the 

supplementary zone # 1 5  wa introduced to improve the resol ution of arrival time contour 

map. 

Taweelah 

M i n a  Zayed 
Umm AINar 

Figure 6 .6  Approximate location of Min a Zayed, Taweelah and U mm Al  Jar desal ination 
plants in Abu Dhabi 

Table 6 6 critical arrival time and wind direction to Abu Dhabi in  association with zones 
zone Travel time Travel time Wind direction 

(hrs.) (days) (clockwise from North) 
1 234 09.75 6 
2 203 08.45 348 
3 222 09.25 322 
4 267 1 1 . 1 2 303 
5 327 1 3 .62 290 
6 1 1 8 04.9 1 3 5 1 
7 205 08.54 285 
8 306 1 2 .75 272 
9 57 02 .37 296 
1 0  1 76 07.33 258 
I I  292 1 2 . 1 6  252 
1 2  26 1 1 . 1 6  233 
1 5  466 1 9.4 1 283 
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F igure 6 .7a Shortest arrival  t imes to Abu Dhabi desa l ination plant 
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Figure 6.7b Cri tica l  wind direction in  association with shortest arrival  t imes to Abu Dhabi 

des. Plants ( note: values exceed ing 360° should be reduced by 3 60°) 
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Travel time contours range from 1 00 to 450 hrs (approximately 4- 1 9  days) over 

the modeled area. Large travel times (greater than 400 hrs) are occurring from the 

north� e tern comer in association with northwestern wind (2800) .  The wind direction 

contour l ines are e enly distributed towards the northeast and southwest from 240 to 3600 

except for the two far comers compris ing the minimum and the maximum effective 

direct l n . 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 crit ical wind direction range among other 

plants. 

6.2.6 Jebel-Al i  Desal ination Plant: 

Approximately 1 00 krn ortheast of AbuDhabi, Jabal-Ali desal ination plant is located 

with it 1 0 mi l l ion gal lons per day capaci ty, being the onl y  desal ination plant serving 

Dubai Emirate. A supplementary zone # 1 3  is  in troduced to improve the contour of travel 

t ime northeast of Jebel-Ali Desal ination 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 d irection to Jebel-Al i in association with zones 

zone Travel time Travel'time Wind direction
.
�" 

." -� (days) _(clockwise from 'North) 
I 1 59 06.62 3 5 7  
2 1 40 05 .83 3 2 5  
3 1 2 07 .58 297 
4 265 1 1 .04 28 1 
5 329 1 7 . 70 274 
6 67 02.79 3 1 4  
7 249 1 0. 37  2 5 5  
8 337  1 4.04 256 
9 1 64 06.83 238  
1 0  267 1 1 . 1 2  2 3 5  
1 1  272 I 1 .33 2 3 9  
1 2  396 1 6 .50 224 
1 3  23 1 09.62 356  
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Figure 6.8a Shortest arrival times to lebel-Ali desal ination plant 
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Figure 6.8b Critical wind direction in association with shortest arrival times to lebel-Ali 
des. plant (note: values exceeding 360° should be reduced by 360°) 
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Tra el time contour range from 80 to 360 hrs ( approximately 3 - 1 5  days) 0 er the 

modeled area . Large tra\ el times (greater than 3 00 hrs ) are occurring from the northern 

we tern comer in a sociation with northwestern wind (270°). Travel times associated 

w ith spi l l s  originated from the northwe tern to northern areas straight above the plant are 

brought about by the northwestern winds (240-3 1 5° ) .  ontours are again fanning around 

the origin at Jebel A l i .  

6 .2 .7  Layah De al ination Plant: 

Located in Sharjah Emirate, Layah desal ination plant suppl ies fresh water to wel l over 

500 000 persons. A supplementary zone # 1 3  was used to i mprove the Contour map of 

arrival t ime for Layah de al ination plant. 

Tab le  6.8 crit ical arrival time and wind direction to Layah in association with zones 

zone " j.. Travel time Travel time Wind direction i 
(hIs.) (days) (clockwise from North) 

1 1 1 9 04.95 35 1 
2 1 1 5 04.79 3 1 0 
3 1 7 1  07. 1 2  282 
4 259 1 0. 79 27 1 

-
3 3 1  1 3 .79 264 

6 62 02.58 268 
7 26 1 1 0.87 248 

352 1 4 .66 248 
9 225 09.37  2 1 5  
1 0  302 1 2 .58 227 
1 1  407 1 6.95 233 
1 2  455 1 8 .95 220 
1 3  1 67 06.95 346 

Travel time contours range from 1 20 to 440 hrs (approximately 5- 1 8  days) over 

the modeled area. Large travel times (greater than 400 hrs) are occuning from the west 

and northwestern corner in association with northwestern wind (270°) .  The travel t ime 

contours are denser in the west, and the 1 20-80 hrs smallest contour covers the area near 

the p lant. Again the application of supplementary zones has refined the contour 

distribution. The \\ i nd d irection of 270° is the most crit ical direction acting at the area 

above the plant .  
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Figure 6.9a Shortest arrival  times to Layah desal ination plant 
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Figure 6.9b Critical wind direction in  association with shortest arrival times to Layah des. 

Plant ( note: va lues exceeding 3 600 should be reduced by 3 600) 
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CHAPTER 7 

S U M MA RY AN D RECO M MEN DATION S  

The current tudy ha  aimed to produce a set of 1 0  hazard contour map for the prediction 

of  oil p i l l  travel time and critical wind direction in  association with five selected mega 

de a l ination plant along the AE coast. AI-Shuwayhat AI -Mirfa. Umm Al ar and 

Taweelah, Jebel Al i  and AI-Layah were selected as the most vita l  plants and their 

location where set as observation points. To achieve such a task three stages were 

careful l  de igned to  form the operational frame work of  the study; the hydrodynamic 

lmulation. the oi l  pi l l  simulation. and the impact assessment in terms of the contour 

map process ing and production. 

Advanced modeling techniques were employed to simulate the 3 D  dynamics of 

water motion and oil weathering and transport in the Arabian Gulf. 

The hydrodynamic model is  set based on l ight of previous work conducted in  the 

Gu lf  and a comprehensive review of l i terature on the topic. The hydrodynamic model 

was further tuned and val idated against actual field data of tides and currents. Also the 

comparison of the model results with publ ished art ic les describing summer and winter 

re idual surface currents showed to be in agreement. 

In the oil p i l l  model sensit ivity ana lysis  is conducted to identi fy the model 

parameters. The as igned model setup was tested against the avai lable information on A l  

Ahmadi o i l  spi l l  travel time, preading and shore impact. The model proved to  be 

performing fairly in agreement wi th the publ ished data. 

The stage of impact assessment comprised of assigning a set of  1 2  zones covering 

the oi l  tankers rout and loading terminals  in the area adjacent to the UAE coastl ine. 

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 

rel easing condition yielded the decision to use intermi ttent oil spi l l .  Extreme case 

cenario approach was adopted and winter conditions were found statistical ly more 

cri tical for o i l  spi l l s  to occur. Two approaches were tested to ensure a refined production 
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of tra el t ime. The direct approach from source to destination is adopted as it has ruled 

out the indirect approach implications and uncertainties. 

By a igning a constant wind field over the study area, a total number of 64 
imu lation \.vere conducted to produce the contour maps for the five desal ination plants . 

T\\ o maps were produced for each plant, the fi rst reports the shortest arrival times from 

different ource point and the econd shows the cri tical wind direction that causes the oil 

p i l l  to hit the plant in a so iation with its counterpart arrival time. 

The produced maps are of practical and direct benefit for the operators of the 

de a l ination plants and the water authori ties and further, the environmental agencies in 

the ni ted Arab Emirates. The source/destination travel t ime of an oi l  s l ick at any time is 

dire tly potted and the associated cri t ical wind direction is  pointed out by locating the 

p i l l  on the contour maps. Such ident ification wi l l  enable the desa l ination plant operators 

to prepare in advance for combating oi l  spi l l  incidents . 

I t ' s  worth noting that wind effect i s  found to dominate the trajectory of oi l  spi l l  in the 

entire area of simulat ion with an exception at the Straits of Honnuz. The residual currents 

are found to dominate the spi l l s  originated in Honnuz vicinity. The appl ication of an oi l  

p i l l  at that area shows that the surface currents flowing out of the Arabian Gulf are qui te 

considerable .  This area is not considered in the study due to the compl ications of  

prevai l ing d)l1amics taking p lace over there and the produced contours may not 

nece ari ly  yield accurate representation of the events originated there. 

The current study cou ld 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. A lso the appl ication of  

summer prevail ing water and environmental conditions and other simulation periods 

would be i mportant to addre s .  Fina l ly  other models reflecting the effect of weathering 

processes on the migrating s l ick can be further investigated. The produced map hence 

can be l inked to different oil types as wel l  as cri tical weathering parameters. 

7-2 



RE FERE NCE S  

[ 1 ]  I -Hajri ,  K .  1 990. The circulation of  the Arabian ( Persian) Gul f: A model study o f  i ts 

dynamic . The atholic University of America, Washington, DC. Ph.D. Dissertation 

[2] . I -Rabeh, A .  H . ,  1 994. Estimating surface o i l  spi l l  transport due to wind in the 

rabian Gul f. Ocean Engineering. 2 1 , 46 1 -465 . 

[ 3 ]  AI -Rabeh, A. H . ,  Gunay N . ,  1 99 1 .  On the application of particle dispersion model .  

eoa ta l  engineering. 1 7 , 1 95-2 1 0. 

[4] AI-Rabeh A.  H . ,  Gunay. . , and Cekirge H .  M . , 1 990. A model of tidal and wind 

driven c irculation in the Arabian Gulf. Appl ied Math. Model .  1 4, 4 1 0-4 I 9. 

[5] AI -Rabeh A. H . ,  Cekirge, H. M., and Gunay, N . ,  1 992.  Model ing the fate and 

tran port of AI -Ahmadi oil spi l l .  Water and Air Pollution 65, 257-2 79. 

[6] AI-Rabeh A. H . ,  Lardner. R . ,  Gunay, . , and Khan, R. 1 993 .  On Mathematical and 

empirica l  model for surface o i l  spi l l  transport in the Gu lf.  Mari ne Pol lution Bul letin, 27,  

7 1 - 7 .  

[7 ]  AI-Rabeh A.  H. ,  Lardner. R . ,  Gunay, T.,  2000. Gul f spi l l  version 2.0: a software 

package for o i l  spi l l  in the Arabian Gu lf.  Environmental Model ing and oftv.:are, 1 5 .  425-

442. 

[8] Atlas, R. M . , 1 98 1 .  M icrobial  degradation of petroleum hydrocarbons :  an 

enyironmental prescriptive. Microbial Reviews 45( 1 ), 1 80-209. 

[9] Admiralty Tide Table (A IT), 200 I .Hydrographer of the Navy, nited Kingdom, 

[ 1 0] Audunson, T. , ( 1 979). Fate of o i l  spi l l  on the orwegian continental shelf. Oil  sp i l l  

conference, Los Angeles. Cal i fornia. 



[ I I J  Blaikley D. R. ,  Dietzel ,  . F. L . ,  Glass, A . W., and ankJeef P .J .  Si lktrak. .  1 977 .  a 

computer simulation of  o ff: hore o i l  spi l ls, c leanup, effects and associated costs, Proc. 

Oi l  pi l l  Conf., API, Washington, D.C.,  45-52 .  

[ 1 2 J  Brewer, P .  G .  and Dyrs en ,  D ( 1 985) .  Chemical oceanography of the Persian Gulf. 

Prog. Oceanog. 1 4, 4 1 -5 5  

[ I 3 J ekirge, H .  M . ,  A I -Rabeh, A .  H .  & Gunay N .  ( 1 989). Determining surface currents 

[ 1 '+] the Arabian Gulf. Computers and Mathematics with Appl ications 1 7( 1 1 ) , 1 .+49- 1 45 3 .  

[ 1 5J Chebbi R . ,  200 1 .  Viscou -Gravity spreading of  o i l  i n  water. American Institute of  

Chemical Engineers Journal ,  0 1 .  4 7 ,  No. 2 

[ 1 6J Chao, S-Y., Kao,T.W.  and K .R .  A I -Haj i ri, 1 992 . A numerical investigation of  

c ircu lation in the Arabian Gu lf. Journal of  Geophysical Research (C.  Oceans). 97 ( C7) .  

1 1 2 1 9- 1 1 236. 

[ 1 7] Chu, W. S. ,  Bark, B . L. & Akbar, A . M .  ( 1 988 ) .  Model ing tidal transport in the 

ArabIan Gulf. 1. Waterway, Port,  Coasta l , Ocean Engineering, 1 1 4(4) ,  .f55 -7 1 

[ I  J Dal ing P . .  , Brandvik, PJ . ,  1 988.  A study of the formation and stabi l i ty of water- in-

o i l  emulsions. In :  Proceeding of the 1 1  th Arctic and Marine Oil Spi l l  Program ( AMOP) 

Technical Seminar. Environment Canada, pp. 1 53 - 1 70. 

[ 1 9] Delft Hydraul ics Lab. RepOli "Model ing tides, currents and waves in the Gul f' 

[20] Delvigne, G. A .  L . ,  Sweeny, C. E., 1 988 .  N atural dispersion of  oil .  Oi l  and Chemical 

Pol lution 4, 28 1 -3 1 0. 



[2 1 ]  D H I  M lKE3 - A Manual, 2002 

[22]  Dimou K. ., Adams, E. E., 1 993 . A Random-walk, Particle tracking model for wel l 

mixed estuaries and coastal waters. Estuarine, Costal and Shelf Science 33 .  99- 1 1 0. 

[23 ]  EI horbagy, W . .  Mir, H .  A., and Taguchi ,  K. ,  2004a. Hydrodynamic characterization 

and model ing of  the Arabian Gulf. ubmitted to ASCE, lournal of Waterway. Port, 

Coa tal ,  and Oceanic Engineering. 

[24] E lshorbagy. W.,  Mir, H .  A., Ichikawa, T . ,  and Terasawa, T. 2004b. A three 

dimensional model appl ication to study the residual flow in the Arabian Gulf. ubmi tted 

to CE, lournal of Waterway, Port. Coasta l ,  and Oceanic Engineering. 

[25 ]  Emery, K. 0. ,  1 956. Sediments and water of the Persian Gulf. Bul l .  Amer. A ssoc . 

Petro leum Geologists, 40 1 0  

[26] Evans-Roberts. OJ. 1 98 1 .  Tides in the Persian Gu lf, hydrology, Hydraulic Research 

Station. Wal l ingford. England 

[27]  Fannelop. T. K .. joen K . . 1 980.  H ydrodynamics of underwater blowouts. 

orwegian Maritime Research 4, 1 7-33 .  

[28]  Fay, 1 .  A. ,  1 97 1 .  Physical processes in the spread of  oil on a water surface. In :  Proc. 

Conf. Prevention and Control of Oil Spi l l s. 1 5 - 1 7  June. American Petroleum In t i tute. 

Washington. DC. 463 -467. 

[29] Fay, 1 .  A.. 1 969. The spread of oi l  on a calm sea. In :  D. Hoult  ( Ed. ) , Oi l  on the sea. 

P lenum Press. 



[30] Fingas, M . , 1 997. The evaporat ion of  oi l  spi l ls :  prediction of equations usmg 

di t i l lation data. In:  proceeding of the 20th Arctic and M arine Oil Spi l l  Program 

(AMOP) Technical Seminar. Environment Canada 1 -20 , 

[3 1 ]  Fingas, M . , 1 999. The e aporation of  oi l  spi l l s :  development and implementation o f  

new prediction methodology. Spi l l  c ience and Technology Bul letin. 

[32] Galt, J .  A., Payton, D. L.. Torgrinson, G.  M . ,  and Watchayaski , G.  1 983 .  Trajectory 

analysis for the owruz oil spi l l  with specific appl ications to Kuwait, Model ing and 

imulation tudies. Hazardous M ateria ls  Response Branch, OAA, Seattle, W A, USA.  

[33 ]  Grasshoff K. 1 976. Review of hydrographical and productivity conditions in  the 

Gu lf  region.  M arine Sciences in the Gulf  Area, UNESCO Technical Papers in M arine 

Science , 26 .  39-62 

[34] Gundlach, E. R .  and Boehm, P .  D., 1 98 1 .  Determine fates of several oil spi l ls i n  

coastal and offshore waters and calculate a mass balance denoting major pathways for 

d ispersion of  spi l led oil ,  Final Report. NOAA Grant 

[35]  Gupta, R. S . ,  1 993 . State of oi l  pol lution in the northern Arabian ea after the 1 99 1  

Gu lf  oi l  spi l l .  M arine pol lution Bul letin. 27,  85-9 1 

[36] Harrison. W. ,  Winnik, M .  A.,  Kwong, P.T. Y .  and Mackay, D .  1 9 - 5 .  D isappearance 

of aromatic and aliphatic components from smal l sea-surface sl icks . Environmental 

Science and Technology 9( 3 ) . 23 1 -4 

[37 ]  Henaidi ,  A .  K . ,  1 984. Prel iminary report on dri fting buoy movements . M E PA, Gu l f  

Area O i l  Companies M utual A id  Organization, Doc. o .  GO-86/87-70 



[3 ] Horowi tz, A .  and Atla , R. M . .  1 977 .  ontinuous open flow-through system as a 

model for oi l  degradation in the Arctic ocean . Appl ied and Environmental Microbiology 

3 3 (3 ) , 647-53 

[39] Horton. . ,  l i fford, M . , Cole, D., Schmitz, 1., and Kantha, L., 1 992 . Operational 

model ing at the naval oceanographic office. Oceanography 5( 1 ), 69-72. 

[40] Huang 1 .  c., 1 9  3. A review of the state-of-the-art of oil spi l l  fatetbehavior models .  

In :  Proceedings of the 1 9  3 oi l  spi l l  conference. American petroleum Institute 3 1 2-22 

[4 1 ]  Hughes, P. and H unter 1 .  R. 1 979 .  Physical oceanography and numerical model ing of 

the Kuwait Action Plan Region, UNE SCO, Kuwait .  

[42] Hunter, 1.  R.,  1 982a. The physical  oceanography of the Arabian Gulf: A review and 

theoretical  interpretation of previous observations. Paper presented at the First Gulf  

Conference on Environment and pol lu tion, Kuwait, 7 -9 February 1 982 

[43 ] Hunter 1. R.,  1 982b.Aspects of the dynamics of the residual circulation of the 

Arabian Gulf. In coastal oceanograph y. Plenum Publ ishing Corp . ,  ew York,  USA. 

[44] Hydrographer of  'avy, 1 976. Admiralty co-tidal chart-Persian Gulf. Principal 

harmonics consti tuents, Chart 508 1 .  H ydrographer of Navy, Taunton, Somerset, UK. 

[45]  NCOS Marine Ltd., 1 98 1 .  Handbook of  the weather in the Gulf, Surface Wind Data. 

London, UK.  

[46] Jones, R .  K. ,  1 997. A simp l i fied pseudo-component oi l e\'aporation model . 

Proceedi ngs of the 20th Arctic and Marine Oi l  Spi l l  Program (AMOP)  Technical  

eminar. Environment Canada, pp.  43 -6 1 .  

[47] Kolpale, R.  L . ,  P lutchak, . 8.,  and Steams, R. W.,  1 977 .  Fate of oi l  in a water 

environment - Phase I I ,  a Dynamic model of the mass balance for released o i l .  niversity 



of outhern al ifomia, prepared for American Petroleum Institute, API publ ication 43 1 3 , 

\Va hington D.C. 

[4 ] Lardner, R.  W. ,  and Das, S . ,  1 99 1 .  On the computation of Flow dri en by density 

gradient: residual currents in the Arabian Gulf. Applied Mathematical Modeling, 1 5 . 

2 2-294. 

[49] Lardner, R., Al  Rabeh, A.  H., Gunay, . ,  Khan, R. ,  Hossani, H. ,  Reynolds, R.  M . ,  

and Lehr W.  1 . ,  1 993 . Computation of the residual flow in  the Gu l f  using the Yft Mi tchel l  

data and KFUPMfRI Hydro dynamical models .  Marine Pol l ution Bul letin, 27 . 6 1 -70. 

[ 50] Lardner, R.  W., Lehr, W.  1. ,  Faraga, R .  J . ,  and arhan, M. A., 1 987. Residual 

circulation in the Arabian Gulf. 1 :  Density-driven flow. The Arabian Journal for Science 

and Engineering 1 2(3) , 34 1 -354 .  

[5 1 J  Lardner, R . ,  Lehr, W. J . ,  Fraga, R .  1 . ,  Sharhan, M.  A. ,  1 988a. Residual currents and 

pol l utant transport in the Arabian Gulf. Appl ied Mathematical M odel ing, 1 2 . 379-390 

[52 ]  Lardner, R.  Cekirge, H .  M . ,  AI  Rabeh, A. H . , Gunay, N . ,  1 988b. Passive pollutant 

transport in the Arabian Gulf. Advanced Water Resources. 1 L 1 58- 1 6 1  

[ 53 ]  Lehr, W .  1 .  Fraga. R. 1 . , Belen, M .S . ,  Cekirge H .  M . ,  1 984. A ne\\! technique to 

estimate init ia l  spi l l  size using a modi fied Fay-type spreading formula .  Marine Pol l ution 

Bu l letin, 1 5 , 326-329 

[54] Linden, 0. , 1 990. S tate of mari ne environment in the ROPME Sea area. l,); EP 

Regional Sea Reports and Studies No. 1 1 2, Rev. 1 :  1 -34 .  

[55J  Mackay, D. and Matsugu, R. S . ,  1 973 .  Evaporation rates of l iqu id hydrocarbon spi l l s  

on land and water. Canadian 1. Chern. Engng, 5 1 , 434-439. 



[56J M ackay, D. ,  Leinonen, P J .  1 977 .  Mathematical model of the behavior of oil spi l ls 

on water with natural and chemical dispersion. Tech.  Review Report no. EPS-3-EC-77-

1 9, Fi heries and Environment Canada. 

[57]  Mackay, D .. Paterson, ., 1 9  O. Calculation of the evaporation rate of volati le l iquids. 

Proc . 1 980 atlOnal Conf. on Control of Hazardous Materia l  spi l ls, Louisvil le, KY. 

[5 J Mackay, D., Paterson, . ,  Trudel ,  K., 1 980a.  A mathematical model of oi l  spi l l  

behavior. Environment Canada Report EE-7 .  

[59] Mackay D . ,  B uist, I . ,  M ascarenhas, R.,  Paterson, S . ,  1 980b. Oi l  spi l l  processes and 

models. Em1ronmental Canada Report EE-8 

[60] M eshal, A .  H. ,  and Hassan, H .  M . , 1 986. Evaporation from the coastal waters of the 

central part of the Gulf. Arab J. Sci. Res. 4(2 ), 649-655 .  

[6 1 ]  M IKE3 Manual Documents, 2002 

[62] Milgram,  J .  H . ,  1 983 .  M ean flow in round bubble p lumes. J .  Fluid Mech. 1 33, 345-

3 76 

[63] Mi lgram,J .  H . ,  B urgess, J .  J ., 1 984. Measurements of  the surface flow above round 

bubble plumes. Appl ied Ocean Research 6( 1 ), 4 1 -44 

[64] Nizari, T. ,  and Olsen, D. A . 1 993 . Saudi Arabia ' s  response to the 1 99 1  Gulf oi l  spi l l .  

M arine Pol lution Bu l letin, 27 ,  333-345. 

[65] oaa final report on the Mt M itchel l research vessel in the Arabian Gulf, February -

June 1 992 .  

[66] The Mt Mi tchell  cruise, 1 992. US department of  commerce, National Oceanic and 

Atmospheric Administration, Final Report. 



[67] Payne, 1 .  R. ,  and Phil ips, C. R.,  1 985a.  Petroleum spi l ls, Lewi Publishers, Inc., 

hel ea, Michegan . 

[6 ] Payne, 1 .  R . ,  and M c  abb, G. D. ,  Jr. , 1 985 .  Weathering of  petroleum in the marine 

en i ronment.  Marine Technology ociety Journal 1 8( 3 ). 

[69] Payne, 1. R., Mc  abb Jr, G. D. ,  Lambach, J I . ,  Redding, R. Y. ,  Jordan, R. E . ,  Hom, 

W. ,  de Olivera c.,  Smith, G.  S., Baxter, D M. and Gaegel, R . .  1 984b. Mult ivariate 

analy 1 of petroleum weathering in the marine environment-sub arctic In :  

Environmental assessment of the Alaskan continental shel f - Final reports of the 

principal investigations. Vol . 2 1  and 22, US department of commerce, National Oceanic 

and Atmospheric Admini stration, Juneau, A K, USA. 

[70J Pay11e, 1 .  R. et a I . ,  1 987 .  Development of the predictive model for the weathering of 

oil in the presence of sea ice. US department of commerce, ational Oceanic and 

Atmospheric Administration, OCSEAP Final Report. 

[7 1 ]  Pearson, W. H .  A l -Ghais, S. M . ,  eff, J. M ., Brandt, C. J . ,  Wellman, K., Green, T, 

1 994. Assessment of damages to commercial fisheries and marine em ironment of 

Fuj ai rah, United Arab Emirates, resulting from the Seki oi l  spil l  of March 1 994 : A  case 

study. YALE F&ES BULLETIN,  M iddle eastern Natural Environments, p 407-428.  

[72] Persian Gulf Pi lot ( 1 967) .  Comprising the Persian Gulf  and its approaches ( 1 1 th 

edn . ) .  H ydrographer of the avy, London UK. 

[73]  Price, A .  R.  G. ,  and Sheppard, C. R.  C. 1 99 1 .  The Gulf: Past, Present and possible 

future states, Marine Poll ution Bul letin, 22, 222 -227. 



[74] Price A. R. G . ,  Brooks, W. H. and Younes, T., 1 9  2 .  audi Arabia and the Gu lf  

region: An Environmental overview. Report prepared for IUCNIMEPA for the Expert 

M eeting of the Gulf coordinating counci l  to review environmental issues . 

[75]  Price, A. R .  G .  Sheppard, . R. C .  and Roberts, C. M . .  1 993 .  The Gul f : its biological 

ett ing. Marine Pol l ution Bul letin, 27, 00-00. 

[76] Privett, D. W., 1 959.  Monthly charts of  e aporation from the orth Indian Ocean, 

inc luding the Red Sea and the Persian Gulf Q.  1. R. Meteor. Soc. 85, 424-428. 

[77] Proctor, R. ,  E l l iot, A., Flather, R . , 1 994. Forecast and hind cast simu lations of the 
Braer oi l -spi l l .  Marine Pol l ution Bul letin 28(4),  2 1 9-229. 

[7 ] Reed, M. ,  Gundlach, E .  and Kana, T. ,  1 989c. A coastal zone oil  spi l l  model : 

de elopment and sensi t ivity studies, Oi l  Chern. Pol lut ion. ,  5, 4 1 9-449. 

[79] Reed, M . .  Elao!, N . ,  R ye, H, Turner. L., 1 999. Oil spi l l  contingency and response 

(0 CAR )  ana lysis in  support of environmental impact offshore Namibia. Spi l l  Science 

and Technology Bu l letin 5 ( 1 ) . 29-38.  

[ 0] Reed, M. ,  SpaUlding, M. L. ,  1 98 1 .  A fishery-oi l  spi l l  interaction model : simulated 

consequences of a blowout. NATO Conference on Operations Research in Fisheries, 

Trondheim, 1\orway. August, 1 979.  In: K.B .  Haley ( Ed . ), App l ied Operat ions Research 

i n  Fisheries. Plenum Press, ew York, pp. 99- 1 1 4 . 

[8 1 ]  Reed, M . .  Johansen. 0 . ,  Brandvik, P. 1. ,  Daling, P . .  Lewis. A. ,  Fiocco, R . .  \lackay. 

D . ,  and Prentki, R., 1 999. Oi l  spi l l  model ing towards the close of the 20th cenrury : 

Overview of the state of art. Spi l l  Science and Technology Bul l et in, 5. 3 - 1 6 . 

[82] Rye, H ., and Brandvik P. J . ,  1 997. Veri fication of subsurface oi l  spi l l  models. I n :  

Proceedings 1 997 011 Spi l l  Conference. A P I  Publ ication NoA65 1 ,  Washington DC, 

pp.55 1 -557 .  



[ 3 ] Reynold , R. M. ,  1 993 . Physical oceanography of the Gulf, Strait of Horrnuz, and 

Gu lf  of Oman - re u l ts from the Mt Mi tchel l expedition. Marine Pol lution Bul letin, 

27 , 35 -59 .  

[ 4] Rodi W. ,  19  O. Turbulence models and their appl ications in hydraul ics, state of 

the art paper art icle uri ' etat de connaisance. Paper presented by the IAHR- Section 

of Fundamental of Di i sion I I :  Experimental and Mathematical Fluid Dynamics, The 

etherlands. 

[ 5 ] abins F. F., 1 997. Remote ensing: principles and interpretation-3 rd edition, p 1 3 8  

[ 6] amuels, W .  B . ,  Huang . E ., and Amstutz D .  E . ,  1 982.  A n  oi l  spi l l  trajectory 

analysi model with a variable wind deflection angle. Ocean Engineering, 9 (4), 347-360 

[ 7] Severin, T. ,  1 982 .  The Sindbad Voyage. H utchinson, London 

[8 ] Shen, H.T. ,  Yapa, P, Petroski ,  M . ,  1 987 .  A simulation model for oil spi l l  transport in 

l akes. Water Resources Research.  23 ( 1 0) ,  1 949- 1 957 .  

[ 9] Sheppard. C. R .  C.  1 993 . Physical environment of the Gulf  relevant to  marine 

pol l ution: an overv iew. Marine Pol lution Bu l letin, 27, 3 -8 

[90] pauld ing, Yl . L. ,  Sai la, S .B . ,  Reed, m . ,  Lorda, E . ,  Walker, H . ,  l saj i .  T., Swanson, 1 .  
and Anderson, E . .  1 982a. Assessing the I mpact of o i l  spi l l  on a commercial  fishery. 

Final report to Minerals Management Serv ices .  Contract 0.AA85 1 -CTO-75. TIS , o .  

PB83- 1 49 1 04 .  

[9 1 ]  Spaulding, M .  L . ,  Odulo, A . ,  Kol l uru, V .  S . , 1 992 . A hybrid model to predict the 

entrainment and subsurface transport of o i l .  In Proceedings of the 1 5th Arctic and M arine 

O i l  Spi l l  Program (AMOP) Technical Seminar. Environment Canada. pp. 67-92. 



[92J paulding, M .  L . ,  nderson, E .  L. ,  Isaj i ,  T. and Howlett, E . ,  1 993. imulation of the 
o i l  trajectory and fate in the Arabian Gu l f  from the Mina AI Ahmadi spi l l .  Marine 

nvironmental Research, 36, 79- 1 1 5 . 

[93 J paulding, M .  I . ,  1 98 . A tate-of-art review of oi l  spi l l trajectory and fate model ing. 

Oil and Chemical Pol l ution, 4 39-5 5 .  

[94 J tolzenbach K. ,  Madsen 0.,  Adams, E . ,  Pol lack, A. ,  and cooper, c.,  1 977 .  A review 

and e aluation of basic techniques for predicting the behavior of surface sl icks .  Report 

0. 222, Ralph M .  Parsons Laboratory, Massachusetts Institute of Technology. 

Cambridge, MA.  

[95 J  ugden. W. 1 963 . The hydrology of  the  Arabian Gulf and i ts signi ficance in  respect 

to evaporate deposit ion. Arne. J. Sci .  26 1 .  

[96J wan, c. ,  and Moro , A . ,  1 993 .  The h ydrodynamics of a sub-sea blowout. App. 

Ocean Res, 1 5 , 269-2 O. 

[97J Tibbetts. G.  R., 1 97 1 .  Arab navigation in  the Indian Ocean Before the coming o f  

Portuguese. Royal Asiatic Society. London 

[98J Wheeler. R B . ,  1 97 . The fate of petroleum in marine environment . Special report. 

Exxon production re earch Co. 

[99J Wi l l iams, G.  ., Hann, R. and James, W. P. ,  1 975 .  Predicting the fate of o i l  in the 

marine environment. Proceedings of conference on prevention 

[ 1 00J World Resources lnsti tute. 1 996. World Resources, 1 996-97 . Oxford Uni\'ersity Pre s, 

e\.\ York 

[ 1 0 1 J  w\.\'W.dewa.gov.ae 



[ 1 02]  www.etc-cte.ec.gc.ca 

[ 1 03 ]  \\'ww. i topfcom 

[ 1 04] \\ ww.response .restoration .noaa.gov 

[ 1 05 ]  \\"WW. trade.u ktradelnvesLgov. u klwater/abu dhabi/ 

[ 1 06] \\"'\\w.water-technology.netiprojects!u m mJ 

[ 1 07 ]  Yang, W.e. .  and Wang, H . ,  1 977 .  Model ing of o i l  evaporation in aqueous 

en\'ironment. Water Research, 1 1 , 879-887 .  

[ 1 08] Zheng, L.  and Yapa, P .  D .  1 997.  A numerical model for buoyant o i l  j ets and smoke 

p lume . In :  Proceedings of the 20th Arctic and Marine Oi l  Spi l l  Program (AMOP) 

Technical eminar. Environment Canada, pp.  963-979 .  

[ 1 09] ZoBel l ,  C. E . ,  1 973 .  M icrobial degradation of  oi l :  Present status, problems and 

per pectives. In :  D. G. Ahearn and S .P .  M eyres (Eds) The M icrobial Degradation of Oil  

Po l l utants. Cenrer for Wetland Resources, Louisiana State University, Pub. '0. LSU-SG-

7 3 - 0 1  



�. 
r.-

fl:,.
�' 

c� 
t 

(, �
 t

 
c . t

 �
.�

. 
�. �

� . 
[,

�
. ' f.'

 
� 

�� 
t' ,

t �
 .. ' 

� �
. 

,�
, t 

� 
� 

t 
�.c

 
1 

[ 
[ �

 I
I 't

" £
 [

,�
 

��
, �.

� : L · 
� 0

 
� 

fu 
t' 

� 
�,

',.,
 � 

£
 -

\.,
 

� 
o '

�'
 t. 

- t
. ' "=-

-
� L

 ( 
\.;

; . 
Es E

 
\' �

 't 
l 

� : : �
: [

t' 
l. ,t

' 
r;

; 
�,

r f
f f

�: 
� 

� 'f:
 f't

, 
�' , 0 

� 
--

,' 
.�' 

l� 
�' '!t

. 
t�: 

1 \-
�. {

, � l'.
, \., 

,l
 �

 �
 l'.

, �
. �

 
' l �

 
('t

 
f '( [

. ( :
�; 

-
' �

 �
 

� 
J �'

 -
v 

tA
· � 

� 
�'

 [�
 

-: . 
� 

� 
v

 
) . 

-
('i

 
( 

�
 [ 

� 
-

Iv
 ( 

�: 
\.,

 
,t' 

[ 
[ I 

f.
 �

 G"
 V

O
' 
\ 

�,
c

 
r;

;." .� 
' 0

' 
t 

r 
r (

r.-�
 (,

 r 
, t �

� (
l' 

'l 
f £

? :
�' -r

: t: 
. � 

l.
 

l.
 
� 

'L,ft
 l 

� ,t
' 

,t' 
0

 
� 

\.;
; t

' 
� 

l 
�

 1 
,[; 

[, 
� 

-
t �

' f§:
,., 

� 
L 

' s..
� . 

[, �
 -

\., 
L 

tL � f
 

'I::'� 
,I::''. 

-
'\;.

); . 
f 1

, t;
 t

.  '
r: 

L 
� .' 

' fu �
 c; 

�: 
� .0' 

'E. 
t 

£
 1: :t

' �b 
t 

\.,
 

I-: 
'r 0'

 
v 

v 
,I:;' 

0
' 

� 
't,

 -
P 

�
 �

 
c

 
\.,

 
�

,
\.... 

L 
�\

 
-

L
 

'
r 

' 
't.

. (/\
 

L
 \.,

 
t 

[: '
. 

L': 
. 

� 
I; 

t 
f 

' t -r
: 

; r 
� t

 r�
 :- [

{: 'r.
 '"' � 

,t':
� ':

 ..: 
'c-t 

,� 
'1. 

� 
(, [

f. 
c

 
\,., 

, t 
� 

� 
�

 
'f rc.

 
v . 

E-
-

IL 
. � 

0' 
� 

� 
k...

 t
' 

� 
\., 

tl 
L

 
-

!;.
 

r; 
�. 

ll.
' r

 'f
 . t 

. c:'
 ! -.<

, � 
� � 

t' f
� �: '

t 
\-

t f
 - r: 

-t \;:
: & 

(.>
 l

 
� 

� \.;
; . 

[, 
t S-

=: 
� 
t 'r 

� 'f.
� 1. t

 -
E'

 , �
 '!i,

 
� 

,- 1
: � �

 
IL 

L V
 �

 t
 

� 
l.. 

� 
'0

' 
r t

 />-, t
 � 

� 
0

' 
:c

 � 
c;-

�
 l'.

, �
 f 

E r.'J
' 

r 
$� 

(, -
, l' 

t 
�

 r 
('i

 
� 

L '
I» ,

 \.
... 

,
t 

L 
-

L 
() 1

 
E rc.

 . [
. �

, �
 r

 , t '
 

I 
\., 

,C
 

v 
. 

0
' 

,,_
 

t rl" 
C

 C; 
-

l'.
, 

[v 
��

. [ 
�'

GL
' �

 
0 

L 
-

, c
 

v
'-

. -
�

 L
 "=-

0 
/>-,

 
. [

_ 
' �

 tl
 

v'
 t.

.:. . 
' 

\., 
-

\., 
� 

-
e.

.; [
 

� 
0 

L 
.0 r

 ' ' V\
 [

, 
-, 

i7
 �

 �
 -

\.,
 

�
 

. L 
u

 
�

 '
f" �

 [, 
't [,, 

-
-

C. 
� V

 Ir
.f, 

.-l 
� 

-r
: � 

t �
 r f 

f '1.
 t'

�; 
� ::

 f
 f �

. � ,
c 

� : 
t 

:[ 't 
'f�,

 L
 r

 \-
:: 

't-
b

 J ' 
' ,-, 

G" 
-,0

. �� 
[ 

� 
� 

� . 
-[ 

�
 \.... 

"=-
\-

�, 
-

-�
 ,[;

�, 
.cv �

 
"
r �' 

r 
.� ,

t 
Ir 

GL
, 

'
v 

t' -
'

t' 
L

, 
\., 

, 
C

 
V

 
�, . 

� 
p 

� -
L 

,t t
- '( 

f � .
 �: 1. 

� 'l �
 f 

f'i � 
� '[ :

f � f
 'l' {

 ( 
r 'L

 � 
f-. '

� �
' ,�

. ( c:
 �

 
l 

. rf . 
r;-

r�
 r:-

l'.,
 \'

.,,
�,

 
r f. 

l'.
" 

r
 �

 
� 

r
 '-

· l 
� 

c
t
. \.,

 
,�

y, �
 \ 

0
' 

-: 
, �.

 t, 
R .�

 �
 �

 �. ',.,
. \., 

. t.
. . . �

 �
� 

t 
'E.'

 0
' 

' E. ' 
� 

,
.1: , 

b \ 
:,

);,
, � 

, t 
,&

.� �
. 

( ,t
 

.C
 C

· ·
C 

[' 
r

-. 
, r. 

[ 
t \., L

 ,�
\., 

0
> 

L 
,t 

0
 

'-
p 

� 
( 

S=:r
 

L
 

' 
b 

' 
-

,· C 
� L 

' -
, L 

v
 

� ,
L

 ,',
1 
L 

V
 

LA
 

0
' 

r� ' c
 

r t 
.( �

 l 
� -;

 ['E.
 � 

f _
 
{ 

[ l'.
: t

 1>
[ 1

 � 
[ 

:f 
�'. f

 ,[ J
 f: 



o �\ �.;a.ll �1.)La'i1 �� y!a.ll �t....,1 .).lll 0 J� 
WI att"'_ .. La W .. .  f'� � � ..>:  

��I e.- I :"I! ��I �I � ,;:>6 g '.! 1  ��I ol.S� 

4bWI ��I � �lh., � � ��I FI �J 
0 ,\-> loJI ��I �I},�'i l  4JJ� 

2005 ..>:W: 


	United Arab Emirates University
	Scholarworks@UAEU
	1-2005

	Simulating the Oil Spill in the Arabian Gulf Marine Environment: A Risk Assessment in Association with UAE Coastal Desalination Plants
	Abubaker Awad El-Hakeem
	Recommended Citation


	0000
	0002
	0004
	0006
	0008
	0010
	0012
	0014
	0016
	0018
	0020
	0022
	0024
	0026
	0028
	0030
	0032
	0034
	0036
	0038
	0040
	0042
	0044
	0046
	0048
	0050
	0052
	0054
	0056
	0058
	0060
	0062
	0064
	0066
	0068
	0070
	0072
	0074
	0076
	0078
	0080
	0082
	0084
	0086
	0088
	0090
	0092
	0094
	0096
	0098
	0100
	0102
	0104
	0106
	0108
	0110
	0112
	0114
	0116
	0118
	0120
	0122
	0124
	0126
	0128
	0130
	0132
	0134
	0136
	0138
	0140
	0142
	0144
	0146
	0148
	0150
	0152
	0154
	0156
	0158
	0160
	0162
	0164
	0166
	0168
	0170
	0172
	0174
	0176
	0178
	0180
	0182
	0184
	0186
	0188
	0190
	0192
	0194
	0196
	0198
	0200
	0202
	0204
	0206
	0208
	0210
	0212
	0214
	0216
	0218
	0220
	0222
	0224
	0226
	0228
	0230
	0232
	0234
	0236
	0238
	0240
	0242
	0244
	0246
	0248
	0250
	0252
	0254
	0256
	0258
	0260
	0262
	0264
	0266
	0268
	0270
	0273
	0275

		2017-09-26T13:04:33+0400
	Shrieen




