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5.2. MASSIVE OIL SPILL ON THE COAST OF LEBANON 113

(a) (b)

(c)

Figure 5.13: Oil slick extent onJuly 16th: covered by clouds as shown by MODIS AQUA
satellite in figure 5.13(a). Figure 5.13(b) shows the oil slick at the height of the cape of
Beirut as predicted by SIMOIL coupled to the depth averaged currents model. Figure
5.13(c) shows the oil slick filling up the gulf of Beirut as predicted by SIMOIL coupled
to the potential flow currents model.
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114CHAPTER 5. NUMERICAL SIMULATIONS OF OIL SPILLS ACCIDENTS

the oil continues spreading north and already reaches Syrian coast after having filled

the gulf of Beirut and the gulf of Tripoli and impacted heavily the beaches between

Jiyeh and Beirut first. Every beach facing southwest, from Jounieh to Syria would

be polluted by the oil spill.

The MEDSLIK-CYCOFOS prediction in figure 5.14(d), is somehow in between the

last two predictions about the extension of the slick. The forecast report (not shown

here) says that 80% of the oil has landed, mainly between Jiyeh and Beirut and be-

tween Jounieh and Chekka. This result agrees well with satellite observations and

the depth averaged currents version of SIMOIL. The oil that remains at sea would

be located in the gulf of Tripoli, between Tripoli and Syria, in agreement with the

potential flow version of SIMOIL.

On July 21st, 192 hours after the beginning of the oil spill, an ASAR image of

the oil in the gulf of Beirut is provided in Coppini et al. [60] article. It is reproduced

in figure 5.15(a).

The behaviour of the oil slick in the gulf of Beirut is very well reproduced by

SIMOIL when coupled to depth averaged currents as the oil trapped at the south

of Beirut headland slowly moves northward to land on the beaches from Jounieh to

Enfeh. The model reports in figure 5.16 that about 45% of the volume of the spilt

oil has landed there while around 10% has evaporated, and 45% is still in the sea

off the coast of Tripoli.

The potential flow version of SIMOIL, shown in figure 5.15(c), contrasts with that

description, as in this case most of the oil already left the region between Jiyeh and

Tripoli. Some of the oil remained in the gulf of Tripoli, while the rest has soaked

all the coast of Syria until the north boundary of the domain.

Again, the MEDSLIK-CYCOFOS forecast agrees well with the satellite picture

and SIMOIL coupled to depth averaged currents for the extension of the oil up to

Tripoli. It also predicts landing of oil in the gulf of Tripoli and up to Tartus on the

Syrian coast.

On July 23rd, the satellite picture, in figure 5.17(a), shows a complex pattern of

the extension of the oil slick. Ten days after the beginning of the leakage, the oil

continues travelling northward pushed by the sea currents. A long strip has detached

to the north of Tripoli and some oil appears to be encircling Palm Islands and starts

invading the bay of Tripoli. At the same time, oil that previously landed on the coast

between Jounieh and Chekka, is remobilized by westward winds and enters again

the north current.
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5.2. MASSIVE OIL SPILL ON THE COAST OF LEBANON 115

(a) (b)

(c)

(d)

Figure 5.14: Oil slick extent onJuly 19th: as shown by MODIS AQUA satellite in fig-
ure 5.14(a). Figure 5.14(b) shows the oil slick front at the height of Enfeh as predicted
by SIMOIL coupled to the depth averaged currents model. Grey stripes represent the oil
observed by satellite. Figure 5.14(c) shows the oil slick filling up the gulf od Tripoli as
predicted by SIMOIL coupled to the potential flow currents model. Figure 5.14(d) shows
the oil parcels distribution front in front of the gulf of Tripoli as predicted in real time by
MEDSLIK-CYCOFOS model.
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(a) (b)

(c)

(d)

Figure 5.15: Oil slick extent onJuly 21st: inside the gulf of Beirut as shown by ASAT
ENVISAT satellite in figure 5.15(a). Figure 5.15(b) shows similarly the oil slick inside the
gulf of Beirut as predicted by SIMOIL coupled to the depth averaged currents model. Figure
5.15(c) shows that the oil slick has left the gulf of Beirut as predicted by SIMOIL coupled to
the potential flow currents model. Figure 5.15(d) shows the oil parcels distribution predicted
in real time by MEDSLIK-CYCOFOS model.
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5.2. MASSIVE OIL SPILL ON THE COAST OF LEBANON 117

Figure 5.16: Evolution of the percentage of volumes of oil evaporated, at sea and accumu-
lated on the beaches, as simulated by SIMOIL coupled to depth averaged currents model
between 13 of July and 06 of August 2006. (Timeline in hours)
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118CHAPTER 5. NUMERICAL SIMULATIONS OF OIL SPILLS ACCIDENTS

SIMOIL coupled to depth averaged currents, reproduces well those features, as can

be seen in figure 5.17(b), with the exception of the oil entering the gulf of Tripoli.

Even if the extension of the oil slick northward up to Syrian coastal water agrees

with the observations. The sea surface covered by oil is best estimated with this

model than with any of the other ones.

In the version of SIMOIL coupled to the potential flow model in figure 5.17(c), there

is no more oil at sea in the domain as or the oil has landed on most of the Lebanon

and Syria coasts, or it has left the domain through the north boundary. After ten

days the model overestimates strongly the northward extent of the slick.

MEDSLIK-CYCOFOS results appearing in figure 5.17(d), seems to underestimate

the offshore extent of the slick and the quantity of oil remaining at sea. It shows oil

landing north up to the Syrian beaches of Tartus, that can not be confirmed by the

satellite observations due to the presence of clouds.

Syrian authorities reported a first wave of oil reaching their coast on 26th of

July and a second one on 2nd of August. It is not possible to confirm it in MODIS

AQUA image of1st of August because of the clouds covering Syria, as shown in

figure 5.18(a). However, on the Lebanese coast, it can be observed that landed oil is

being remobilized by the wind and transported offshore at every headland located

between Jiyeh and Tripoli.

The SIMOIL version, with depth averaged currents, in figure 5.18(b), cannot sim-

ulate the remobilization of beached oil, but confirms the north and west extension

of the oil slick. Not shown in this figure, SIMOIL did forecast the arrival of oil

in Tartus between 24 and 25 of July. The image also shows that the oil is broken

into two very thin slicks. The smaller one, around 10−6 m thin, is transported west-

ward by the winds and currents of the area. The main oil slick is now leaving the

coast between Batroun and Tripoli, and pushed northward and westward, offshore

the coast of Syria. The slick is very thin now. Its maximum height being around

10−5m makes it difficult to be detected by eye or satellite observation. According

to SIMOIL report (see figure 5.16), around 55% of the oil has landed, 30% remains

at sea and 12% has evaporated (the error in percentage of volume is due to the eval-

uation of the surface covered by oil).

The MEDSLIK-CYCOFOS forecast shown in figure 5.18(c) corresponds to 2nd of

August. It is not very different than the picture of 10 days before. This is probably

due to the fact that, according to MEDSLIK, almost all the oil (80%) landed in the

first 200 hours following the bombing, 20% evaporated and then, less than 1% re-
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5.2. MASSIVE OIL SPILL ON THE COAST OF LEBANON 119

(a) (b)

(c)

(d)

Figure 5.17: Oil slick extent onJuly 23rd: as shown by MODIS AQUA satellite in figure
5.17(a). Figure 5.17(b) shows that the oil slick (in purple) is very close to the coast between
Byblos and Tripoli, and in the gulf of Tripoli, as predicted by SIMOIL coupled to the depth
averaged currents model. The observed oil is painted in grey stripes. Figure 5.17(c) shows
the oil slick has left the domain as predicted by SIMOIL coupled to the potential flow
currents model. Figure 5.17(d) shows the oil parcels distribution reaching the Syrian coast
as predicted in real time by MEDSLIK-CYCOFOS model.
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120CHAPTER 5. NUMERICAL SIMULATIONS OF OIL SPILLS ACCIDENTS

mained at sea. In agreement with the observations, the oil reached Tartus on 2nd of

August, but the extension of the slick offshore is underestimated by this model all

along the coast.

It is possible to compare the assessment map published by the Greenline Asso-

ciation [59], drawn after on the ground observations made before 10th of August.

This map is shown in figure 5.19(a). The next picture, in figure 5.19(b), shows the

computational domain, with in the vertical dimension, the quantity of oil accumu-

lated on the coast until 2nd of August, as predicted by SIMOIL coupled to the depth

averaged currents. This result is in very good agreement with the observations re-

ported in figure 5.19(a): the biggest quantity of oil is found on he beach close to

Jiyeh and on the south coast of Beirut headland. The next area presenting more oil

on the coast would be located between Jounieh and Jbeil and in Batroun. Finally

oil has landed also in the bay of Chekka, along the headland of Enfeh and on the

shore of Tripoli. As seen before, the portion of coast situated in the gulf of Tripoli

from El Abdeh to the Syrian border does not appear oiled in the simulation. This is

probably due to the to the low resolution of wind data and to the simplification of

the bathymetry in this area (forced by the presence of the Palm Islands).

Some partial conclusions can be drawn from these simulations:

• The potential flow model, coupled to SIMOIL, gives a good approximation

of the trajectory of the oil slick for short term forecasts (less than 1 week).

This feature is specially interesting in the cases that there is no information

about bathymetry. For long term forecasts and/or complex coastlines, where

the recirculation currents inside the bays are intense (in comparison to the

wind intensity), then this model fails to predict correctly the landing of the

oil. The depth averaged currents model developed in this work resolves this

issue and constitutes the major improvement added to SIMOIL.

• Coupled to the depth averaged currents model, SIMOIL provides very ac-

curate information about the extension of the slick, both along the coast

and offshore, and about the oil deposition on the coast. It has proved to

be in very good agreement with the observational data collected during the

Lebanon oil spill. Compared to the reference high resolution simulation sys-

tem MEDSLIK-CYCOFOS, it appears that the Eulerian modelling of the oil

slick gives a description of the horizontal dispersion of the oil better than

the turbulent diffusion of Lagrangian particles. This is probably due to the
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5.2. MASSIVE OIL SPILL ON THE COAST OF LEBANON 121

(a) (b)

(c)

Figure 5.18: Oil slick extent onAugust 1st: as shown by MODIS AQUA satellite in figure
5.18(a). Figure 5.18(b) shows the oil slick (in colors) as predicted by SIMOIL coupled to the
depth averaged currents model compared to the satellite observations in grey stripes. Figure
5.18(c) shows the oil parcels distribution predicted in real time by MEDSLIK-CYCOFOS
model.
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122CHAPTER 5. NUMERICAL SIMULATIONS OF OIL SPILLS ACCIDENTS

(a)

(b)

Figure 5.19: 5.19(a)Greenline Assessment Map 10 of august. 5.19(b) 3-dimensional visu-
alisation of the accumulation of oil on the coastline of Lebanon predicted by SIMOIL. The
biggest quantity is found between Jiyeh and Beirut, but significant quantity is also found
between Jounieh and Batroun, the bay of Chekka and the headlands of Enfeh and Tripoli
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5.2. MASSIVE OIL SPILL ON THE COAST OF LEBANON 123

difficulty to estimate proper turbulent diffusion coefficients, but also to that

the physic of the oil slick spreading at the sea surface under gravity-viscosity

regime is much better represented by the Eulerian slick thickness model of

SIMOIL, than by the dispersion of a bunch of oil parcels released randomly

at sea.

• The low quality prediction of oil deposition in the bay of Tripoli, suggests that

a high spatial and temporal resolution of environmental data is critical close

to the coast, specially concerning the bathymetry and the wind vector data.

This is necessary to solve correctly the currents flow field and the oil slick

movement. This can be achieved nesting a local boundary fitted coordinates

model within regional and mesoscale atmospheric and oceanic models. It also

has to be noticed that this depth averaged model does not resolve the Ekman

transport and so, the coastal upwelling which can be a major component of

coastal circulation under certain circumstances.

• The additional information of the thickness of the oil slick given by SIMOIL,

could be useful for remote oil spill detection missions (by satellite or plane).

It allows also to estimate better the volume of oil at sea and on the shore to

take decision about the right response actions to implement.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this work, a computational tool for the simulation of accidental oil spills has

been developed. Basically this numerical tool is made of two parts. The first part

consists of a hydrodynamic model based on shallow water equations that resolves

the depth averaged coastal currents. The second part solves the transport and evap-

oration of the oil slick with greater accuracy than the previous version of SIMOIL.

Those models are written in generalised coordinates so are able to run easily in

naturally complex coastal topographies.

The model integrates vertically the ocean primitive equations under the rigid-

lid approximation. Consequently, a system of equations is obtained describing a

shallow and rotating layer of fluid where Coriolis force and seabed friction can be

important. The shallow water model with the rigid-lid approximation is formulated

in function of the vorticity and stream function variables in order to reduce the

number of equations to be solved.

The equations for the depth averaged currents are discretized, spatially and tem-

porally, using finite differences of second order of accuracy. The implemented

boundary conditions are suitable for the study of coastal flow. They were specially

designed to deal with complex shoreline geometry and possibly complex inflow and

outflow at the open boundaries of coastal domains.

The accuracy of the numerical schemes relative to the oil model is upgraded

from second order to fourth order in time, and from first order to second order in

space. Boundary conditions for accumulation are used on the coast and convective

125

UNIVERSITAT ROVIRA I VIRGILI 
NUMERICAL SIMULATION OF OIL SPILLS IN COASTAL AREAS USING SHALLOW  WATER EQUATIONS IN GENERALISED COORDINATES 
Guillaume Novelli 
T-1797-2011 



126 CHAPTER 6. CONCLUSIONS AND FUTURE WORK

conditions are set up at the outlet. One of the major improvement concerns the evap-

oration model. In recent studies [14,12,64], Fingas demonstrated that the model of

Mackay, based on the hypothesis of boundary layer regulated evaporation of the

oil, although it is used by most of the current oil models, is not totally adequate to

oil-at-sea evaporation process. Equations derived from widely available measure-

ments of crude oil distillation properties are now employed, enabling simpler and

appropriate calculations of the evaporation rate for all kind of oils.

During the development of the computer code, several modules were added to

the code to enhance his performance and versatility:

• To face the requirements of high resolution calculations, parallelisation tech-

niques are used that allow to run the numerical simulations either on shared

memory computers or on classical sequential architecture. The parallelisation

was implemented using Open MP commands embedded into the code.

• Sparse environmental data can be assimilated easily thanks to a bi-variate in-

terpolation routine integrated into the code.

• The study of the dispersion of objects different than oil slick is made possi-

ble thanks to a particle tracking technique initially made for passive tracers

diffusion studies but easily adaptable to other cases.

Initially, the model and the code for hydrodynamics were verified against many

test-cases well documented in the literature, paying special attention to mesh defor-

mation and open boundary conditions. Then, the code was successfully tested and

validated in oceanic conditions against experimental and numerical data.

Finally, the complete system of prediction, coupling the depth averaged currents

forecasts and the oil transport model, has been successfully run for two cases of oil

spill accidents. The first study can be used to plan response actions in the port of

Tarragona in case of a massive oil leakage at the Repsol floating dock. The sim-

ulation is compared to the previous version of SIMOIL which advection currents

where based on a potential flow approximation. The results show the importance of

the evaporation process and that the proper resolution of coastal currents is critical

for an accurate prediction of the oil slick movement close to the shoreline. In the

second case study, the code predictions are compared to other numerical simula-

tions and observations collected during a real oil spill accident: the 2006 Lebanon
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oil spill. Not only the quality of the prediction was validated by observations, but

the results shown an expected improvement in accuracy over the precedent version

of SIMOIL based on potential flow advection of the oil slick. Additionally, the re-

sults shown to be in very good agreement with the Mediterranean operational ocean

network simulations of reference.

This original engineering work, by integrating multidisciplinary techniques, shown

its validity and reached its objective to simulate numerically oil spills fate and trajec-

tory. It is a fundamental improvement of SIMOIL and can be considered a suitable

and valuable assessment tool for contingency planning of oil spill in coastal areas.

6.2 Future work

This work was carried out to improve the time and space evolution of oil spills.

It would be useful to go further and extend the range of application of the code for

example to study the fate of the oil droplets dispersed in the water column, or to

determine the drift of any object lost at sea such as persons, containers or ships.

The numerical model presented here is a good tool in that direction. Some

important tracks are given here for further possible improvements:

• First, automatize the generation of the boundary-fitted mesh. Currently, it is

the step of the simulation that is more time consuming as data from different

sources and formats have to be combined (node locations, bathymetry, bottom

friction coefficient, Coriolis coefficient) and sometimes, for complex regions,

assembled one node at a time.

• Second, add a data-assimilation system capable of collecting in real time in-

situ data, and integrating numerical data from coarser regional and meso-scale

oceanic and atmospheric models. The more information in the system, the

more accurate will be the simulation. It should allow to update the forecasts

continuously, adapting the simulation to any change occurring in the field

during the calculations.

• Third, adapt the code to distributed memory computers, typically to large

computer clusters. The Open MP parallel programming already implemented

has advantages in terms of simplicity of programming but lacks the flexibility

and scalability of message passing interface (MPI) framework. More com-

putational resources will be needed to assimilate more environmental data
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128 CHAPTER 6. CONCLUSIONS AND FUTURE WORK

and actualise the predictions, so the introduction of MPI programming could

tackle these issues.

• Fourth, develop a three dimensional oceanic flow model to resolve the heat

and mass transfer in the vertical direction. It could be associated to a three

dimensional model for the transport of oil parcels. This would allow to study

the oil dispersion in areas such as iced sea, upwelling zones, river estuaries or

deep seas (like in the case of the Prestige oil spill). Planning response actions

to sub-sea extraction well blowouts, such as the Deepwater Horizon oil spill,

is necessary and need to be developed more [7,65,66]. Numerical simulation

is a safe and inexpensive way to prepare properly for such situations.

Improving the code by implementing gradually such modules would allow to broaden

its capacity and adaptability, to integrate the prediction system within operational

forecast networks and to get prepared for future challenges in the prediction of the

transport of pollution.
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