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ARTICLE INFO ABSTRACT

MOON (Mediterranean Operational Oceanography Network http://www.moon-oceanforecasting.eu) pro-
vides near-real-time information on oil-spill detection (ocean color and SAR) and predictions [ocean fore-
casts (MFS and CYCOFOS) and oil-spill predictions (MEDSLIK)]. We employ this system to study the
Lebanese oil-pollution crisis in summer 2006 and thus to assist regional and local decision makers in
Europe, regionally and locally. The MEDSLIK oil-spill predictions obtained using CYCOFOS high-resolution
ocean fields are compared with those obtained using lower-resolution MFS hydrodynamics, and both are
validated against satellite observations. The predicted beached oil distributions along the Lebanese and
Syrian coasts are compared with in situ observations.

The oil-spill predictions are able to simulate the northward movement of the oil spill, with the CYCO-
FOS predictions being in better agreement with satellite observations. Among the free MEDSLIK param-
eters tested in the sensitivity experiments, the drift factor appears to be the most relevant to improve the
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quality of the results.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Accidental and illegal marine pollution in the Mediterranean
Sea constitutes a major threat to the marine environment. Previous
incidents in the Mediterranean Sea (e.g., Haven tanker, Ligurian
Sea, 1991) and in European seas (e.g., Prestige tanker, Galicia,
Spain, 2002) have resulted in environmental and economic dam-
ages (Loureiro et al., 2009) to fisheries, to the tourist industry
and to coastal marine ecosystems. Oil-pollution discharges from
ships in the Mediterranean have been described as significant
(Pavlakis et al., 2001) and are a cause of environmental degrada-
tion in the Mediterranean Sea. To prevent the major impact of acci-
dental oil spills, local and regional preparedness and response
plans recommend the use of computer-aided support systems
based on operational oceanography and real-time ocean forecasts
coupled with satellite images and oil-spill models.

Operational Oceanography in the Mediterranean Sea was estab-
lished in 2003 by the Mediterranean Operational Oceanography
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Network (MOON), which offers real-time services consisting of a
set of Core Services (CS) and Downstream Services (DS). The CS de-
liver generic, all-purpose products based on observations and mod-
els, whereas the DS use CS products to formulate customized
services for specific applications. One such DS service is the so-
called decision-support system for oil-spill detection and forecast-
ing, which will be described in this paper. This system consists of
integrated satellite data and ocean-forecasting systems, MFS! and
CYCOFOS?, coupled with the MEDSLIK oil-spill model (Lardner and
Zodiatis, 1998; Lardner et al., 2006). The satellite component inte-
grates data received from recent-generation spectroradiometric
and radar-satellite sensors, such as MODIS (on board AQUA since
2002 and TERRA since 2000) and ASAR (on board ENVISAT since
2002), making it possible to monitor the evolution of the oil pollu-
tion on a daily basis if needed. Remote sensing can provide substan-
tial support to routine surveillance in open-ocean and coastal areas
and has the advantage of being able to observe oil-spill events in
remote and often inaccessible areas. Moreover, remote sensing can

! http://gnoo.bo.ingv.it/mfs.
2 http://www.oceanography.ucy.ac.cy/cycofos/forecast.html.
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provide information on the rate and direction of oil movement
through multi-temporal imaging.

In this paper, we illustrate the application of the MOON oil-spill
decision-support system to the largest oil-release accident in the
Eastern Mediterranean, the Lebanese oil-pollution crisis, which oc-
curred in mid-July 2006. The amount of oil released is considered
the largest volume of oil ever dispersed in Eastern Mediterranean
waters. MOON provided operational support, by means of MEDS-
LIK-CYCOFOS forecasts, to the operational response to the incident
(Zodiatis et al., 2007, 2008b, 2008c).

This paper aims to demonstrate the strengths and weaknesses
of the operational oil-spill monitoring and forecasting systems
available today in the Mediterranean Sea.

CYCOFOS was run in real time; the MFS simulations have been
carried out in delayed mode. In this paper, the MFS simulations
will be compared with the CYCOFOS simulations and with satellite
images from MODIS and ASAR. We also present the results of sen-
sitivity experiments using different wind parameters and current
depths.

The paper is organized as follows: Section 2 describes the re-
mote-sensing systems used for oil-spill monitoring; Section 3 pre-
sents the forecasting model; Section 4 reports the hindcast
experiments for the Lebanon crisis event, including sensitivity
experiments; Section 4.2 presents the sensitivity experiments;
and Section 5 summarizes our conclusions.

2. Remote sensing for oil-spill monitoring

Oil spills floating on the sea surface can be detected by Syn-
thetic Aperture Radar (SAR) mounted on satellites (Fingas and
Brown, 1997, Fiscella et al., 2000). Oil spills appear as darker areas
due to the absence of short gravity and capillary waves, which nor-
mally backscatter the radar signal measured by SAR. Even though
there are some limitations in the use of SAR data for oil-spill detec-
tion at very low (<3 m/s) and high wind speeds (>25 m/s), SAR has
become a mature tool for oil-spill monitoring. The main limitations
in the use of SAR are its long revisit time and the limited swath
width of the sensors on board currently available satellite missions
(ERS-2, ENVISAT and RADARSAT), which cannot guarantee seam-
less daily coverage. Table 1 gives an overview of the swath widths
and revisit times of the SAR satellite instruments on board the
abovementioned satellite platforms.

Remote-sensing devices for oil-spill detection include infrared
video and photography, thermal-infrared imaging, and airborne la-
ser fluorosensors. Airborne and space-borne optical sensors can
complement SAR and contribute to cost-effective and reliable
monitoring systems (Jha et al., 2008). Visible or optical sensors
do not guarantee continuous all-weather coverage and usually suf-
fer from reduced resolution capabilities compared to SAR; on the
other hand, they allow monitoring of wider areas (at lower
resolution).

Oil at the sea surface has a different reflectance than water in
the visible region of the electromagnetic spectrum. The difference

Table 1

may be positive or negative, depending on the illumination-view
angles (i.e., the solar and satellite azimuth and zenith angles of a
given image pixel). Usually, positive differences (i.e., positive oil-
water contrast) occur when an oil spill is in a high-glint region of
the image (i.e., approximately mirror-like reflection conditions).
Recent optical modeling (e.g., Otremba and Piskozub, 2001, 2004)
has described the variability of such contrast with changes in illu-
mination-view situations, film thickness and oil type. The main
conclusion of these studies is that an oil film can generally be de-
tected using VIS/IR sensors (see an application in Hu et al., 2003).

The medium resolutions of MODIS (250 m; http://modis.gsfc.-
nasa.gov) and MERIS (300 m; http://envisat.esa.int/instruments/
meris/) channels show great potential for daily monitoring of oil
spills because of their unprecedented synoptic and repetitive cov-
erage (see also, Adamo et al., 2007; Shi et al., 2007; Lotliker et al.,
2008).

In this paper, we show the potential capability of the synergetic
use of active and passive sensors to monitor the Lebanon oil-spill
incident. MODIS and ASAR imagery will be compared with model
results to assess model-simulation performance.

Daily MODIS images from the AQUA and TERRA satellites were
processed from 13 July to 27 August 2006, for a total of 72 scenes.
ASAR satellite images were processed from 21 July to 27 August
2006, for a total of eight scenes. MODIS images were downloaded
in the Level O format, which consists of raw data received from
the satellite in standard binary form. After each image was pro-
cessed to the Level 1B format for 36 spectral channels (http://
oceancolor.gsfc.nasa.gov), seven spectral bands of the visible and
near-infrared spectrum were extracted, and some were re-sampled
at a spatial resolution of 250 m (two bands being already at 250-m
resolution and the others at 500 m).

All seven bands were then graphically displayed as a color-
coded reflectance image using IDL ENVI. Contrast stretching was
performed to enhance local contrast in sections of the image con-
taining oil slicks. Also, ENVI was used to compute band ratios (e.g.,
645 and 859 nm L1B images) to further highlight oil slicks. The best
band ratio was chosen by trial and error to maximize oil-water
contrast based on the illumination-view conditions (glint or no-
glint situation). Oil features were then manually digitized on these
maximum-contrast images using the ENVI Region-Of-Interest
(ROI) tool, and each oil-slick ROI was saved to a text file containing
pixel latitude, longitude and reflectance in the various bands. This
information was then used to extract oil-slick spectral properties,
statistics for classification, masking, etc.

Processed ASAR images for use in this study were kindly pro-
vided by Telespazio SpA (http://www.telespazio.it). The Oceanog-
raphy Centre of the University of Cyprus also processed MODIS
data to verify the operational oil-slick predictions during the dura-
tion of the crisis. Analysis of the entire time series of ASAR and
MODIS data for the Lebanon oil-pollution incident reveals that dur-
ing the 43 monitored days, MODIS (with its daily coverage) pro-
vided useful information on the evolution of the oil spill for
24 days, whereas ASAR (because of its spatial and temporal cover-
age) contributed only 8 days of observations.

Overview of the swath widths and revisit times of the SAR satellite instruments aboard the ERS-2, RADARSAT and ENVISAT satellite platforms and of the MODIS instrument

aboard the TERRA and AQUA satellites.

Missions Instruments Type of measurement Max swath width Revisit time
ERS-2 SAR Roughness 100 km 35 days
RADARSAT-2 SAR Roughness 500 km 24 days®
ENVISAT ASAR Roughness 400 km 35 days®
ENVISAT MERIS Color 1150 km 3 days
TERRA and AQUA MODIS Color 2330 km 2 days

2 http://www.radarsat2.info/about/mission.asp - selective looking can reduce the revisit time.

Y http://envisat.esa.int/handbooks/asar/CNTR1-1-4.htm
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It is therefore of great importance to integrate the information
from these two sensors to perform monitoring at the space and
time coverage required by the users.

3. The oil-spill forecasting systems

The oil-spill model used in this paper is MEDSLIK (Lardner and
Zodiatis, 1998; Lardner et al., 2006). MEDSLIK consists of a drifting
model with a representation of transformation processes to simu-
late the fate and dispersal of oil slicks. The spill is sub-divided into
a large number (up to 100,000) of Lagrangian parcels of equal size.

The oil-parcel drift is given by two effects: deterministic advec-
tion by water currents and a turbulent-diffusive process. In finite-
difference form, the position of each “i” oil parcel in space (x;, ¥;, z;)
and time is written as:

Xi(t+ 1) = xi(t) + {ux:, ¥, zi, t) + u(Wi(xi,y;, t) cos
+ W, (x;,y;,t) sin B)} 7 + Ax?

Vit +1T) = yi(t) + {v(X0, 1,21, 8) + (=W (x;, ;. t) sin B
+ Wy (x1,y1, 1) cos f)} T + Ay?

zi(t+ 1) = zi(t) + AZ? (1)

where:

o x(t+1),y(t+1),z(t + 7) is the position of the parcel at time
(t+1);

e u(x;,y;,zi,t) and wv(x;,y;,zi,t) are the zonal and meridional
water-velocity components provided by the hydrodynamic
model (MFS or CYCOFOS);

e W, and W, are the zonal and meridional components of the sur-
face-wind vector;

e o and p are the so-called drift factor and drift angle;

e 7T is the integration time step; and

o AX@ Ay@ Az@ are the turbulent-diffusion terms written for a
random-walk motion (Ahlstrom, 1975 and Hunter, 1987):

AXD = 12r — 1]\/6kyt
Ay = [2r —1]/6kyT
AZY = 2r —1]/6k,7 (2)

where:

e K, and K, are horizontal and vertical diffusivities, chosen in our
case to be constant and equal to K; = 2 m?/s and K, = 0.01 m?/s;
and

e 1 is a random value between 0 and 1.

The terms between parentheses in (1) are the deterministic
components of the parcel movement; they consider the water-cur-
rent velocities from the hydrodynamic model and a correction fac-
tor due to unresolved but deterministic processes. These terms are
parameterized as a function of the wind-drift factor and the wind-
drift angle. These correction factors have been interpreted in differ-
ent ways in the literature of the past thirty years. Initially, this cor-
rection factor was chosen to account for unresolved Ekman
currents at the surface because numerical models of water currents
were coarse and inaccurate. The water-current values used in the
eighties and before were mainly climatological and deduced from
observations (i.e., they were approximately equal to the subsurface
geostrophic currents). There was considerable dispute among
modelers as to the best choices for the values of the drift factor
and angle for Ekman currents; most models used a value of around
3% for the former and a value between 0° and 25° for the latter
(Reed et al., 1994; Al-Rabeh, 1994).

With the advent of operational oceanography (Pinardi et al.,
2003) and accurate operational models of circulation, Ekman pro-
cesses have been resolved and are included in the water-current
velocity (the terms with u(x;,y;,z;,t) and v(x;,y;,z;,t) in Eq. (1)).

In this paper, however, we will make the more traditional
assumption for the wind drift and angle using the water-velocity
field at a depth of 30 m. The choice of 30 m corresponds to the Ek-
man-layer e-folding depth, which for the Mediterranean Sea is
generally between 10 and 30 m. Such an estimate is calculated
using the scaling formula

55 — % 3)

(Pond and Pickard, 1983), where f is the Coriolis parameter be-
tween 30 and 40N and K, is the vertical-eddy coefficient for
momentum, which normally varies between 1072 and 10~! m? 5!
near the surface. A depth of 30 m is therefore considered the aver-
age depth at which the effects of surface Ekman wind drift are sig-
nificantly reduced. By using the water velocity at 30 m, the effects
of Ekman-drift velocities can be safely added. If a current forecast-
ing model is sufficiently fine to resolve the Ekman dynamics, the
best choice should be to set the drift factor to zero and to use the
water-surface flow from the Eulerian model.

The wind-correction factor can still be used to account for miss-
ing processes at the air-sea interface, such as wind-wave-induced
currents. The Stokes drift is in fact proportional to the wind speed
(i.e., wind-drift angle equal to zero) (Rascle et al., 2006, 2008;
Ardhuin et al., 2009). Several other deterministic corrections could
be considered, but in this paper we use only the traditional wind-
drift factor (3%) with water currents at 30 m, a wind-drift angle equal
to 0.0 (Reed et al., 1994; Al-Rabeh, 1994) and an overall wind-drift
factor of 1.2% with zero angle related to wave effects on the surface
currents (Rascle et al., 2006, 2008; Ardhuin et al., 2009).

MEDSLIK includes fate processes, such as evaporation of the
lighter oil fractions, mixing into the water column by wave action,
emulsification and beaching on the coast (Mackay and Paterson,
1980; Mackay and Leinonen, 1977). Changes in the viscosity and
density of the oil are computed according to the amount of emul-
sification and evaporation of the oil itself. Input data for the model
are the date and time of the start of the spill, duration of the spill,
location of the spill, type of oil and volume of the spill. The output
is given in terms of trajectories of oil parcels and their correspond-
ing oil properties (i.e., evaporated and emulsified oil percentages
and presence on the surface or dispersed in the water column).

The buoyant effect is not taken into account in the vertical pro-
cess of Eq. (1). This is the approach used in MEDSLIK: the particles
are mass-less and no gravity velocity is calculated or used. The only
process that is taken into account for the vertical movement of the
oil particles is the vertical turbulent diffusion. This diffusion is ap-
plied to a certain number of particles that is defined by the weath-
ering processes. At the beginning of the simulation, all the particles
are released at the sea surface. As part of the weathering process, a
volume of particles that have dispersed in the water column is cal-
culated. The volume of dispersed particles is transformed into a
probability of dispersion (P), which is subsequently used to deter-
mine which particles will be dispersed. For each particle that is
defined as dispersed, a new depth (z) is calculated as result of
the turbulent diffusion in the vertical direction of Eqs. (1) and
(2). The particle will therefore be advected by the horizontal-
currents field at depth (z;).

MFS (Pinardi et al., 2003) produces daily mean analyses (from a
combination of modeling and observations) on a weekly basis and
daily mean or hourly mean 10-day forecasts on a daily basis. The
system consists of a numerical model (Tonani et al., 2008) and a
data-assimilation scheme (3DVAR) (Dobricic and Pinardi, 2008)
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capable of assimilating all the available satellite and in situ data.
The horizontal resolution of MFS is 1/16 x« 1/16 degrees, approxi-
mately 6km, and 72 unevenly spaced vertical levels (Tonani
et al., 2008). The model is run with a time step of 600 s. MFS is
forced by atmospheric forcing produced by the European Center
for Medium range Weather Forecast-ECMWEF analyses and fore-
casts (ECMWEF, 2005) at 0.5 0.5 degrees and 6-hour resolution.
The water flux is computed from a monthly mean climatology
for precipitation (“CMAP”, Climate Prediction Center CPC, Merged
Analysis of Precipitation®) and a monthly climatology for river run-
off, and evaporation is computed from the atmospheric forcing
(ECMWEF) at 6-hour resolution. The MFS analyses and forecasts are
compared once a week with observations, providing quality control
and assessment of the products. This continuous evaluation of the
system’s performance and data assimilation make the operational
oceanography of the last ten years a major step forward compared
to the modeling systems of past decades.

The MFS products are used by the nested ALERMO sub-regional
forecasting system (Sofianos et al., 2006), and the ALERMO output
is then used as boundary and initial conditions for the nested
CYCOFOS high-resolution forecasting system. The CYCOFOS high-
resolution model (Zodiatis et al., 2003, 2008a) is forced by atmo-
spheric forcing produced by the SKIRON high-frequency forecast-
ing systems at 5kmx5km and 1-hour resolution. CYCOFOS
covers an area of the NE Levantine Basin in the Eastern Mediterra-
nean (31°00'E-36°13’E and 33°00'N-36°55'N). The horizontal res-
olution of CYCOFOS is 1.8 km (1 nm) with 284 x 206 horizontal
grid points. The CYCOFOS model has a time step of 240s. In the
vertical dimension, a non-uniform grid of 25 sigma layers is used
with exponentially decreasing spacing near the surface and sea
bed to provide finer resolution of the surface and sea-bed layers
(Zodiatis et al., 2008a). CYCOFOS produces 6-hourly mean forecasts
for the next four-and-a-half days on a daily basis. The CYCOFOS
ocean forecasts have received extensive validation and inter-com-
parison with the parent models and with remote and in situ obser-
vations (Zodiatis et al., 2008a).

Notably, tidal forcings and other high-frequency forcings that
are not explicitly resolved by the operational models used (MFS
and CYCOFOS) could play a relevant role in oil transport and trans-
formation processes. However, one of the main goals of this work is
to evaluate the performance of the two operational forecasting sys-
tems (MFS and CYCOFQS) in oil-spill forecasting.

4. Hindcast experiments of the Lebanon oil-pollution event

The spill occurred in mid-July 2006 from the Jieh power plant,
which is located 30 km south of Beirut (Fig. 1 a and b) is now be-
lieved that the spill occurred as a result of two bombing raids on
the mornings of 13 and 15 July. Different press releases reported
the bombing of the power plant on the 13 and 15 July. The avail-
able MODIS image shows smoke plumes from the Jieh Power plant
on 16 July 2006 at 8:30 GMT (Fig. 2), whereas no smoke is visible in
the MODIS image dated 15 July at 11:00 GMT (not shown). There-
fore, it is possible that the bombing event occurred on 13 July but
the power plant started to burn only on 16 July. This lack of infor-
mation causes uncertainties about the starting date of the spill and
the duration of the spill. The amount of oil spilled was variously re-
ported as being between 15,000 and 20,000 tons. According to
UNEP information (UNEP, 2007), the oil contained in the tanks
was heavy IFP-number 6 fuel?, which has the following key
properties:

3 Monthly CMAP estimates back to the 1979 are available from CPC ftp server
(ftp://ftp.cpc.ncep.noaa.gov/precip/cmap).
4 Information on n.6 fuel oil at http://en.wikipedia.org/wiki/Fuel_oil.

e High viscosity or resistance to flow, resulting in low mobility of
the oil.

o High density (950-1030 kg/m>).

e Tendency to break up into tar balls and sink to the bottom when
released into water.

o Low volatility, leading to low fuel evaporation.

The spill was modeled as a continuous leakage of oil over a per-
iod of 144 h or 6 days starting from 13 July 2006, with a total mass
of 18,770 tons of oil released during this time.

The hindcast experiments were carried out using MEDSLIK cou-
pled with CYCOFOS and MFS. The water-current fields for 16 July
2006 from CYCOFOS (Fig. 3) showed a northerly flow parallel to
the coasts of Lebanon and Syria, with flow velocities in the 20-
30-cm/s range. This flow eventually turned westward to form the
Asia Minor current in the Cilician Basin. This flow regime was sim-
ilar to the climatological flow regime known for this region (Pinar-
di et al., 2006). The departure from a northerly flowing current
along the Lebanese and Syrian coasts has also been registered pre-
viously but in a more episodic manner (Brenner, 2003).

These features persisted for the next 2 months, apart from the
occasional development of small eddies in the lee of the various
headlands. In the gulf of Beirut, a detachment of the currents from
the coasts and the formation of a stagnation-like circulation were
noted. This pattern might be interpreted as an anticyclonic eddy
localized in the Gulf. However, the model resolution does not allow
the complete reconstruction of this flow field. Sea-surface temper-
ature in the same period from CYCOFOS (Fig. 4) and along the af-
fected coastal areas was as high as 30°C. The high-frequency
SKIRON wind forecast (Fig. 5) showed winds varying in direction
from south-westerly to north-westerly. This wind pattern re-
mained steady for most of the months of July and August 2006,
with wind strength varying generally between 2 and 7 m/s.

During the first day of the spill, the northward currents were
present (Fig. 3), whereas the flow field of 14 July 2006 in front of
the power plant appeared weaker and unstable (not shown). In
the following days, the northward current flow in front and north
of the Jieh power plant became steady, and the anticyclonic eddy in
the gulf of Beirut appeared to be stable. The northward current re-
turned closer to the coast north of the Gulf of Beirut and strength-
ened, whereas in front of the Jieh power plant the currents
weakened during 21-23 July 2006 (Fig. 6). The flow intensity along
the coast north of Beirut appeared to decrease around 27 July 2006
and then to increase again during the end of July. The northward
direction of the flow along the coast and the intensity of the cur-
rents appeared steady in the first half of August 2006.

4.1. Reference experiments

The hindcast experiments of this study are reported in Table 2.
The experiments were designed to test the impact of water cur-
rents from MFS and CYCOFOS, the wind-factor and angle parame-
ters and the depth of the water currents considered. In
experiments 1 and 2, water currents were taken at a depth of
30 m and the wind parameter was fixed at 3%. In experiments 3
and 4, water currents were taken at the surface and the wind
parameter was fixed at 0%. In experiments 5 and 6, water currents
were taken at the surface and the wind parameter was fixed at
1.2%.

Experiment 1 was also run in real time during the actual oil-
spill accident. Comparisons of oil-slick position and extent de-
tected by satellite images (MODIS and ASAR) and simulated oil at
sea from experiment 1 (using CYCOFOS) and experiment 6 (using
MFS) are presented in Figs. 7-11. Qil-slick regions digitized from
MODIS images are shown in green so as to be more easily com-
pared with the model simulations.


http://en.wikipedia.org/wiki/Fuel_oil
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Fig. 2. MODIS AQUA image from 16 July (08:30 GMT). A black smoke plume is
visible and bombing has occurred.

The first comparison between satellite images and model out-
puts is given in Fig. 7 for 19 July, when the MODIS AQUA image
(2006 10:35, 19 July) shows that the smoke plume (blue) was still
rising from the power plant and the oil (yellow-brown) had
reached the Gulf of Beirut and Byblos. Both the CYCOFOS
(Fig. 7b) and MFS (Fig. 7c) simulations showed that the spilled
oil was transported northward: CYCOFOS forecasted the oil off-
shore in the Gulf of Beirut, similar to the pattern of the oil spill
as seen in the satellite image. The MFS simulation showed the oil
offshore in the Gulf of Beirut and off Byblos, in agreement with
the satellite observations but perhaps too far offshore.

W
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Fig. 3. Surface-currents field for 16 July 2006 at 12:00 from the CYCOFOS
forecasting system. Dark arrows represent current directions and intensity in cm/s.

On 21 July, an ASAR image (Fig. 8a) was available showing the
oil in the Gulf of Beirut reaching Byblos. The CYCOFOS predictions
(Fig. 8b) showed progressive transport of the oil northward, closely
reproducing the pattern of the oil in the Gulf of Beirut and north of
Tripoli. MFS predictions (Fig. 8c) also showed northward displace-
ment of the slick but seemed to overestimate the oil in the Gulf of
Beirut and continued to show an unrealistic offshore extent of the
slick due to the offshore starting position and the coarse model
resolution.

On 23 July, the satellite image (Fig. 9a) showed the oil spill in
the Gulf of Tripoli to be closely simulated by the CYCOFOS hindcast
(Fig. 9b); however, the hindcast seemed to underestimate the
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Fig. 5. Mean wind-velocity field for 16 July 2006 at 12:00 from the SKIRON forecasting system. Dark arrows represent wind directions and intensity in m/s. Wind intensity is

also shown by the color scale in the background.

offshore extent of the oil slick and overestimate the northward ex-
tent of the slick. However, the northernmost part of the coast was
not covered by satellite images due to clouds. The offshore part of
the slick was closely reproduced by MFS, except in the southern
portion (Fig. 9c), and the MFS predictions seemed to underestimate
the northernmost extent of the slick.

The oil continued to move northward; on 2 August (Fig. 10a),
the oil spill reached Tartus. The CYCOFOS prediction (Fig. 10b)

showed good agreement with the satellite image, but the model
still underestimated the offshore extent of the slick in the Gulf of
Tartus and in the Gulf of Beirut. The MFS prediction (Fig. 10c)
agreed well with the satellite observations in the Gulf of Tartus,
but the model underestimated the oil in the Gulf of Beirut and
overestimated the northernmost extent of the observed slick.

An ASAR image was also available for 6 August (7:51 GMT);
Fig. 11 presents both the MODIS TERRA 8:50 GMT image
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Fig. 6. Surface-currents field for 23 July 2006 at 12:00 from the CYCOFOS forecasting system. Dark arrows represent current directions and intensity in cm/s.

Table 2

Summary of model runs and sensitivity experiments. In experiments 1 and 2, the hydrodynamics models MFS and CYCOFOS and the oil-spill model MEDSLIK were used in the
basic configuration. Experiments 3, 4, 5 and 6 evaluated the responses of MFS to changes in the wind parameters and in the current-transfer depth.

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5 Experiment 6
Current field CYCOFOS (6-hourly  MFS (1-hourly mean CYCOFOS (6-hourly  MFS (1-hourly mean CYCOFOS (6-hourly  MFS (1-hourly mean
forecast) forecast) forecast) forecast) forecast) forecast)
Wind field SKIRON (1-hourly ECMWEF (6-hourly SKIRON (1-hourly ECMWEF (6-hourly SKIRON (1-hourly ECMWEF (6-hourly
forecast) mean forecast) forecast) mean forecast) forecast) mean forecast)
Spill position 33°40'N 35°24.75'E  33°41’N 35°10'E 33°40'N 35°24.75'E  33°41’N 35°10'E 33°40'N 35°24.75'E  33°41’N 35°10'E
Start spill date 13/07/2006 08:00 13/07/2006 08:00 13/07/2006 08:00 13/07/2006 08:00 13/07/2006 08:00 13/07/2006 08:00
Spill duration 144 h 144 h 144 h 144 h 144 h 144 h
Total mass of spill 18,770 tons 18,770 tons 18,770 tons 18,770 tons 18,770 tons 18,770 tons
Type of oil API =20 API =20 API =20 API =20 API =20 API =20
Wind-correction 3% 3% 0 0 1.2% 1.2%
factor
Wind angle factor 0 0 0 0 0 0
Current depth 30m 30m Surface Surface Surface Surface
Number of particle 90,000 90,000 90,000 90,000 90,000 90,000
released

(Fig. 11a) and the ASAR image at 7:51 GMT (Fig. 11b). The MODIS-
ASAR comparison highlights that the method used to detect the oil
spill in the visible bands of MODIS works well. In fact, the slick
patch (green) localized in the Beirut area matches the pattern re-
trieved in the ASAR image. In the portion of the sea close to Tartus,
however, clouds preclude the detection of the oil slick by the visi-
ble sensor, whereas slicks are present in the ASAR picture. Never-
theless, it is possible to detect the presence of a slick in a
partially cloud-free area south of Latakia in the MODIS picture.
The importance of integrating information from the two satellite
datasets is obvious: under clear-sky conditions, MODIS can moni-

tor an area of interest twice a day, resolving the temporal evolution
of the event, whereas ASAR validates the MODIS image and pro-
vides information in cloudy areas. The CYCOFOS prediction seems
to reproduce well the evolution of the oil slick apart from underes-
timation of the northernmost extent of the slick. The MFS predic-
tion seems to underestimate the oil in the Gulf of Beirut but
closely reproduces the oil detected south of Tartus in the ASAR im-
age. MFS overestimates the northernmost component of the slick.

Oil on the Lebanese coastline was observed and reported first by
the Lebanese Ministry of Environment, by the Green Line Associa-
tion (GLA, 2007), by the Experts Working Group for Lebanon in
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Fig. 7. Panel (a) shows the MODIS AQUA image from 19 July 2006 at 10:35 GMT. Panel (b) shows the position of the oil slick on 19 July at 11:00 GMT (after 147 h) as predicted
by CYCOFOS. Panel (c) shows the position of the oil slick on 19 July 2006 at 11:00 GMT (after 147 h) as predicted by MFS. (a) July 19 (10:35 GMT): enhanced image. Smoke
plume (blue) is still rising from the power plant. Oil (old, yellow) has reached the gulf of Beirut and Byblos. (b) The position of the oil slicks (red) on 19 July at 11:00 GMT (after
147 h) as predicted by CYCOFOS. (c) The position of the oil slicks (red) on 19 July at 11:00 GMT (after 147 h) as predicted by MFS.

2006 (EWGL, 2006) and by a World Bank report (World Bank, first ‘wave’ of oil arrived on the coast on 26 July and a second
2007). In particular, the Lebanese Ministry of Environment in- ‘wave’ arrived on 2 August (IMO/REMPEC and Joint UNEP/OCHA,
formed the CYCOFOS team on 4 August 2006 that the operational 2006). According to the Expert mission in Syria (REMPEC, 2006

MEDSLIK oil-spill predictions on the beached oil were in agree- and Amato and Alcaro, 2006), oil residues affected beaches along
ment with their observations. Fig. 12 presents the areas of the Leb- the coast of Syria from the Lebanese border to Baniyas, 50 km
anese coast that have been reported to be impacted by oil north of Tartus. After cleaning operations had occurred, oil residues
pollution. Observations of oil on the Syrian coast are few; accord- were collected at the following locations in Syria by a delegation of

ing to the declarations of Syrian Government representatives, a international experts (IMO/REMPEC, 2006): at the Lebanese/Syrian
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Fig. 8. Panel (a) shows the ASAR ENVISAT image for day 21. The ASAR image is compared with the position of the oil slick as predicted by CYCOFOS (panel b) and by MFS
(panel c). (a) July 21 (07:49): ASAR Envisat image. Oil spill (black) is mostly located in the gulf of Beirut but has already reached Chekka, located south of Tripoli. (b) The
position of the oil slicks (red) as predicted for 21 July at 8:00 GMT (after 192 h) by CYCOFOS. (c) The position of the oil slicks (red) predicted for 21 July at 8:00 GMT (after
192 h) by MFS.
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Fig. 9. Panel (a) shows the MODIS AQUA images from 23 July 2006, 8:35 GMT. The observed positions of the oil slicks (panel a) are compared with the positions predicted by
CYCOFOS (panel b) and by MFS (panel c). (a) Magnified portion of the MODIS-ACQUA image from 23 July at 08:35 GMT: oil (green) is already in Tripoli. Mushroom-like
feature. (b) The positions of the oil slicks and oil concentrations predicted by CYCOFOS (red) on 23 July at 9:00 GMT (after 241 h) compared with the slick observed by MODIS
(green), also shown in image 9 (a). (c) The positions of the oil slicks and oil concentrations predicted by MFS (red) on 23 July at 9:00 GMT (after 241 h) compared with the slick
observed by MODIS (green), also shown in image 9 (a).
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Fig. 10. Panel (a) shows the MODIS AQUA images from 2 August 2006 at 10:50 GMT. The observed positions of the oil slicks (panel a) are compared with the positions
predicted by CYCOFOS (panel b) and by MFS (panel c). (a) Magnified portion of the MODIS AQUA image from 2 August at 10:50 GMT: Oil (green) is still located in the gulf
between Tripoli and Tartus. There is no evidence of oil in the gulf between Tartus and Latakia. (b) The positions of the oil slicks and oil concentrations predicted by CYCOFOS
for 2 August at 11:00 GMT (after 483 h) compared with the slick observed by MODIS (green), also shown in image 10 (a). (c) The positions of the oil slicks and oil
concentrations predicted by MFS for 2 August at 11:00 GMT (after 483 h) compared with the slick observed by MODIS (green), also shown in image 10 (a).
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Border (N34°38'27.3"-E035°58'22.3"), Hamidiye (N34°42'36.4"- The CYCOFOS simulation showed oil deposition on the coast
E035°56'38.2”) and Resort (N34°44'37.4"-E035°55'54.1"). The lat- (Fig. 12b) extending northward and southward of Jieh. North of
ter location was, according to the Syrian Authorities, the northern- Jieh, the simulated oil deposition along the coast extended to

most area where oil pollution could be visually detected. Among Beirut, in agreement with the observations. The MFS simulation
the three Syrian sites visited, this beach appears the least affected (Fig. 12¢) did not show oil on the coast south of Jbeil, in contrast
by oil residues (IMO/REMPEC, 2006). to the observations (Fig. 12a) of oil along the coast south of Jbeil
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Fig. 11. Comparison of the following images for 6 August 2006: (a) MODIS TERRA image at 8:50 GMT; (b) ASAR image at 7:51 GMT, courtesy of ESA and JRC; (c) positions of
the oil slicks predicted by CYCOFOS on 6 August at 9:00 GMT (after 576 h) and (d) positions of the oil slicks predicted by MFS on 6 August at 9:00 GMT (after 576 h).
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Fig. 12. Panel (a) shows the oil as observed along the Lebanese coastline by the Green Line association (GLA, 2007) integrated with the observations reported by the Experts
Working Group for Lebanon in 2006 (EWGL, 2006). Panels (b) and (c) present the oil on the coast (tons per linear km) on 6 August 2006 as simulated by CYCOFOS (experiment
1) and MFS (experiment 6), respectively. The color palette is the same for panels (b) and (c).
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Fig. 13. Oil-fate parameters simulated by CYCOFOS (experiment 1) from 13 July 2006 to 6 August 2006.

(from Jiyeh to Beirut and from Ghazir to Jbeil). Oil was observed
along the coast from Ghazir Beach to a position south of Chekka;
these observations were closely reproduced by CYCOFOS and
MES (for only the area north of Jbeil). Between Chekka and Trip-
oli, oil was observed only at Enfeh and south of Tripoli. MFS sim-
ulation overestimated these observations, whereas CYCOFOS
seemed to underestimate them. The oil observed along the coast
between El Abdeh and the Lebanese/Syrian border was repro-
duced by MFS, which seemed to overestimate the oil north of
Resort along the Syrian coast. The CYCOFOS simulation results
(Fig. 12b) underestimated the oil observed between Abdeh and
the Border while reproducing the observations in Hamidive
and Resort but overestimated the oil north of Resort. CYCOFOS
showed a small amount of oil south of Latakia, where the model
forecast oil on the coast but no clear observation of oil was re-
ported. MFS strongly overestimated the oil along this part of
the Syrian coast.

The CYCOFOS simulation shows that the percentage of oil on the
surface decreases as the percentage of oil on the coast increases
(Fig. 13). The rate of absorption of oil onto the coast decreases as
the existing coastal loading becomes larger; this implies that great-
er amounts of oil are available to re-enter the sea when the winds
and currents are offshore. Within fewer than two days of the start
of the incident, due to the high SST (Fig. 4), evaporation was high,
and a little less than 20% of the original oil had evaporated (Fig. 13).
The oil-fate graphs shows that after 28 days (672 h), 80% of the oil
was on the coast as before, but about 10% of that remained free to
move back to the sea. The model predicted that after eight days

(192 h), less than 1% of the original oil was dispersed into the water
column and less than 1% remained on the surface.

4.2. Sensitivity experiments

The sensitivity experiments were designed to test the impact of
using water currents from MFS and CYCOFOS on the wind-factor
and angle parameters and thus on the depth of the currents consid-
ered. The results of the sensitivity experiments are summarized in
Fig. 14 for 23 July 2006. The simulations from CYCOFOS are pre-
sented in panels a, b and ¢, whereas those of MFS are shown in pan-
elsd, eandf.

Experiment 1 clearly reproduced the northward and coastal
extent of the oil slick well, but it underestimated the offshore
extent of the spill. Experiments 3 (Fig. 14b) and 5 (Fig. 14c),
which incorporated surface currents and Stokes-drift parameter-
ization, underestimated the northward extent of the oil slick.
This pattern clearly shows that the CYCOFOS system fails to
properly model the Ekman transport, probably due to sigma-lay-
ers displacement.

Fig. 14 also shows the MFS simulation results, which appear to
be less sensitive overall to the model parameterization tested here.
MFS experiment number 6 (Fig. 14f) seems to be the most appro-
priate. We conclude that MFS lacks the correct current amplitude
because of its coarse resolution but that it adequately resolves
the Ekman flow.
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Fig. 14. Comparison of MFS and CYCOFOS simulations (red) for 23 July 2006 using different wind parameters and current depths and the oil-slick extent shown by the MODIS
TERRA 8:35 GMT satellite image (green). (a) CYCOFOS; drift factor: 0.03; drift angle: 0°; Current depth = 30 m (experiment 1). (b) CYCOFOS; drift factor: 0; drift angle: 0°;
Current depth = surface currents (experiment 3). (c) CYCOFOS; drift factor: 1.2%; drift angle: 0°; Current depth = surface (experiment 5). (d) MFS; drift factor: 0.03; drift angle:
0°; Current depth = 30 m (experiment 2). (e) MFS; drift factor: 0; drift angle: 0°; Current depth = surface currents (experiment 4). (f) MFS; drift factor: 1.2%; drift angle: 0°;

Current depth = surface currents (experiment 6).

5. Conclusions

The Lebanon oil-pollution event is the largest such incident in
the Eastern Mediterranean Sea to date. The oil spill affected most
of the Lebanese coast and, as the oil spill drifted northward for
more than a month, reached the southern Syrian coast. At the time
of the Prestige oil-spill incident in 2002, only limited operational
oceanographic products were available to assist the response agen-
cies; certainly none were available at the time of the Haven oil-
spill incident in 1991. During the entire period of the Lebanese
oil-pollution crisis in July-August 2006, however, MOON was able
to provide daily information on the displacement of the oil slicks.

This paper shows that the technological innovations provided
by operational oceanography, which provides satellite images
and real-time forecasts on currents, make it possible to precisely
map oil-spill damage, even close to the coast. The satellite observ-
ing products used for oil-slick detection and for validation of the
MEDSLIK oil-spill drift predictions are robust and capable of pro-

viding valuable operational information during this oil-spill
accident.

Integration of different satellite sensors (ASAR, MODIS) during
the Lebanon oil-spill event was a key element in monitoring the
oil-spill incident appropriately and in a timely fashion. The integra-
tion of optical and SAR sensors on board satellites allows oil-drift
evolution to be monitored in space and time at unprecedented res-
olution. Comparison of the MODIS and ASAR observations high-
lights (Fig. 11) that different satellite sensors can give similar
results and that these can be used to validate the models.

Sensitivity experiments to different deterministic oil-spill drift
factors show that the best results still require ad hoc tuning of
parameters such as the current depth from the hydrodynamic
model and the wind-drift factor and angle. These factors are con-
sidered to correct for the Ekman-drift velocities and Stokes drifts.
Sensitivity experiments show that the best results for a relatively
coarse MFS current field are obtained when the surface currents
are corrected by a Stokes-drift factor (Rascle et al., 2006, 2008;
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Ardhuin et al., 2009). For CYCOFOS, the deterministic part of the oil
drift seems to be better parameterized with 30-m currents, a wind-
drift factor of 3% and a wind-drift angle of 0°.

Our results indicate that both MFS and CYCOFOS models cou-
pled to MEDSLIK are able to reproduce the timing and transport
of the oil northward along the Lebanese and Syrian coasts. This
comparison also shows that the CYCOFOS currents in MEDSLIK bet-
ter represent the coastal trapping of the oil. This difference in per-
formance is due to the higher horizontal resolution of the CYCOFOS
forecasting system, which provides better resolution of the along-
shore currents and allows the start of the oil spill to be placed clo-
ser to the coasts, near the real oil source.

MEDSLIK predicted that after six days, almost 80% of the origi-
nal oil spilled at sea would be permanently landed along the Leb-
anese and South Syrian coasts, 20% of the original oil would be
evaporated, and less than 1% of the oil would remain in the sea.
The coastal impact was observed to be heaviest from Jieh up to
south of Beirut, but significant impacts between Beirut and Chekka
and northward along the Syrian coast were also reported. MEDSLIK
coupled to MFS probably overestimated the northernmost part of
the slick on the Syrian coast, even though the validation of this
hindcast is difficult because the quantities of oil that reached the
northern Syrian shores were not clearly reported.

The operational implementation of the MEDSLIK oil-spill model
during the Lebanese oil-pollution crisis, using the CYCOFOS and
SKIRON products, made it possible to provide the ‘situation on
the ground’ to EU and UN agencies and other decision makers in
the region and assisted them in drawing up an international action
plan for the clean-up operations in response to the largest case of
oil-spill pollution in the Eastern Mediterranean to date.
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