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Multi-source remote-sensing data were used to study the aftermath of the
2006 Lebanon oil spill: Moderate Resolution Imaging Spectroradiometer
(MODIS) 250 m data and advanced synthetic aperture radar (SAR) images were
used to delineate the extent of the oil spill; QuikScat data were used to derive
the wind field; and MODIS Ocean Colour data were used to demonstrate the
variability of chlorophyll-a concentration (Chl-a) and sea surface temperature
(SST). No significant changes were found in marine phytoplankton in the first few
months after the oil spill. However, a big phytoplankton bloom was observed after
10 months, when Chl-a increased from 0.1 to 1.0 mg m–3. After considering the
time-series variability of Chl-a and SST and the spatial variability of Chl-a and
bathymetry, we concluded that this phytoplankton bloom was probably related to
the Lebanon oil spill.

1. Introduction

Accidental oil spills have resulted in environmental and economic damage to fish-
eries, to the tourist industry and to coastal marine ecosystems (Peterson et al. 2003,
Klemas 2010). Most research efforts on oil spill damage have focused on mangroves
(Serrano et al. 2006, Andersen et al. 2008), tourist beaches (Takshe et al. 2010), fish
spawning grounds (Hjermann et al. 2007) and endangered species in marine protected
areas (Farajalla and El-Khoury 2007). Here, we investigate how oil spill contamination
affected marine phytoplankton.

After an oil spill in Korea, Lee et al. (2009) suggested that daily chlorophyll-a con-
centration (Chl-a) decreased about 45–50% compared with the normal conditions
before the spill. However, Banks (2003) found a spatially extensive moderate bloom
event (0.5–2.5 mg m–3 Chl-a) in the aftermath of a bloom in the Galapagos. In another
previous study, we found that a 4000 km2 patchy phytoplankton bloom with high
Chl-a (13.8 mg m–3) occurred after the 2009 Montara oil spill (Sheng et al. 2011). This
means that phytoplankton can be affected by an oil spill.

*Corresponding author. Email: lingzistdl@126.com; http://lingzis.51.net/

International Journal of Remote Sensing
ISSN 0143-1161 print/ISSN 1366-5901 online © 2012 Taylor & Francis

http://www.tandfonline.com
http://dx.doi.org/10.1080/01431161.2012.685982

D
ow

nl
oa

de
d 

by
 [

So
ut

h 
C

hi
na

 S
ea

 I
ns

tit
ut

e 
of

 O
ce

an
ol

og
y]

 a
t 1

9:
11

 1
2 

Ju
ly

 2
01

2 



Phytoplankton bloom after Lebanon oil spill 7483

Chl-a is a proxy for phytoplankton productivity, and can be derived from satellite
remote-sensing data based on the relationship between Chl-a and the blue-to-green
ratio of water-leaving radiances. Since the launch of the Coastal Zone Color Scanner
(CZCS) in 1978, satellite ocean colour data have been successfully used to moni-
tor phytoplankton in surface waters (Banks 2003, Volpe et al. 2007, D’Ortenzio and
Ribera d’Alcala 2009). As they can provide a synoptic coverage of an oil spill affected
area, these and other types of satellite data have been successfully used in many regions
of the world where oil spills existed at either large or small scales (Fingas and Brown
1997, Banks 2003, Brekke and Solberg 2005, Lee et al. 2009). Moreover, satellite
remote sensing can provide information on the rate and direction of oil movement
through multi-temporal images (Coppini et al. 2010).

Here, we use multi-source remote-sensing data to study the aftermath of a major
spill. On 13–15 July 2006, the largest oil spill in the Eastern Mediterranean Sea
occurred when Lebanon’s Jiyeh power plant was attacked. About 15 000 tons of
heavy fuel oil spilled into the Mediterranean Sea (UNEP 2007). The continuing mili-
tary conflict hindered any immediate oil spill response or remediation. At the time of
the spillage, wind and water currents pushed the oil to the north more than 150 km
from the original source, polluting some of the Syrian coastline and later Turkey and
Cyprus (Shaban et al. 2009). We selected this event to study the response of marine
phytoplankton to the oil spill contamination.

2. Materials and methods

2.1 Study area

Jiyeh power plant is located 30 km south of Beirut, directly on the coastline. The winds
and currents swept the oil northward, up the coast of Lebanon, to the coasts of Syria,
Turkey and Cyprus. We selected part of the oil spill affected area (34–36◦ E, 33–35◦ N;
figure 1).

The Lebanon coast falls in the Mediterranean climatic region and is character-
ized by a hot, dry summer and a cool, rainy winter. Major precipitation occurs from
November to April. Sea surface temperature (SST) varies between 16◦C in winter and

(a) (b) (c)

Figure 1. Study area (34–36◦ E, 33–35◦ N) located in the East Mediterranean Sea (a). Smith
and Sandwell bathymetry data (v8.2) draped onto Google Earth (b). The yellow area shows the
extent of the oil spill, which was derived from ASAR and MODIS data (c). The red ellipses in
(b) and (c) show the Jiyeh power plant.
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7484 G. Pan et al.

30◦C in summer. The tidal range is slight, averaging from 15 to 30 cm, with a maximum
of 50 cm (UNEP 2007).

2.2 Ocean colour data

The temporal and spatial variability of Chl-a in the study area (figure 1(b)) was
investigated using Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and Moderate
Resolution Imaging Spectroradiometer (MODIS) data. SeaWiFS 8 day compos-
ite (September 1997–February 2009) and MODIS monthly mean (January 2003–
December 2009) Chl-a data from global standard mapped images (reprocessing
2009) were obtained from the Ocean Biology Processing Group (OBPG) SeaWiFS
Global Products (http://reason.gsfc.nasa.gov/Giovanni).

We also used MODIS level 2 local area coverage (L2 LAC) data (spatial resolution
of about 1 × 1 km) before and after the oil spill. L2 LAC ocean colour data, such as
Chl-a and SST, are available from the National Aeronautics and Space Administration
(NASA) website (http://oceancolor.gsfc.nasa.gov). Level 1B 250 m MODIS data were
downloaded from another NASA website (http://ladsweb.nascom.nasa.gov).

QuikScat data were used to study the distribution and temporal variability of wind
stress from July 2006 to June 2007. Weekly averaged wind field data (http://www.
ssmi.com/qscat) were used to demonstrate the spreading of the oil along the coast.
Bathymetric data were derived from the Smith and Sandwell topo/bathy data v8.2
(http://ferret.pmel.noaa.gov/thredds/dodsC/data/PMEL/).

2.3 Image processing

All L2 LAC ocean colour data, such as Chl-a and SST, were processed with the
SeaWiFS Data Analysis System (SeaDAS) Version 6.1 developed by NASA (http://
oceancolor.gsfc.nasa.gov/seadas/). Level 1B 250 m MODIS images were processed
using Environment for Visualization Images (ENVI) v4.7 (ITT Visual Information
Solutions). The selected images for detailed investigation were geo-referenced using
the Transverse Mercator coordinate system and World Geodetic System 1984
(WGS84) datum. All images in figures 2(b), 3(b) and 4 have the same geographic extent
and geographic coordinates, which were derived from MODIS L2 LAC data onboard
Terra and Aqua. The geographic coordinates in figure 4 are legible, the other images
are compressed, but the geographic coordinate is the same as in figure 2. The graphs
in figures 2(a) and 3(a) were derived from monthly mean MODIS data and 8 day
composite SeaWiFS data, respectively.

Oil spills floating on the sea surface can be detected by satellite synthetic aperture
radar (SAR). Oil spills appear as darker areas due to the absence of short gravity and
capillary waves (Brekke and Solberg 2005, Topouzelis et al. 2007). Oil spills have also
been detected in high-glint regions of optical satellite images (Hu et al. 2009). This can
complement SAR and contribute to monitoring. Contrast stretching was performed
to enhance local contrast in sections of the image containing oil slicks. In addition,
ENVI was used to compute band ratios to further highlight oil slicks.

3. Results

3.1 Extent of the oil spill

On 13–15 July 2006, Jiyeh power plant was attacked, releasing over 15 000 tons of oil
into the sea. Additionally, another 55 000 tons in storage at the Jiyeh tank farm was
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Figure 2. (a) Time-series monthly mean MODIS reprocessing Chl-a data (January 2003–
December 2009) in the area from 34–35◦ N and 34–35◦ E. In May 2007, Chl-a increased
unusually and formed a bi-peak shape (shown as red circle). The red arrow points to the day of
oil spill. ((b)–(e)) Daily L2 Chl-a data derived from MODIS onboard Terra (T) and Aqua (A)
from 19 to 27 May 2007. The red ellipse shows the Jiyeh power plant. The black area represents
land, clouds or missing data. The white line represents coastline. The images in (b)–(e) were
geo-referenced using the Transverse Mercator coordinate system, WGS84 datum, 35◦ central
longitude, 0◦ central latitude and 0.6◦ interval grid.

burned, causing extensive atmospheric contamination in a plume reportedly reaching
60 km (UNEP 2007). The coastline was exposed to oil contamination as remnants of
burnt fuel and the heavier fractions either hit the coast or sank in a 500 m strip while
the lighter fractions continued northward (figure 1(c)).

The oil that did not sink was transported by the northbound current up the
Lebanese coast towards Syria, with flow velocities in the 20–30 cm s–1 range (Coppini
et al. 2010). The drift of the oil slick was also influenced by the wind, which blew
to the northeast, with wind strength varying generally between 2 and 7 m s–1. This
pushed the oil against the coastline and northward (UNEP 2007). According to the
advanced SAR (ASAR) mounted on the Environmental Satellite (ENVISAT) and
250 m MODIS analysis (figure 1(c)), the oil slick was found to have contaminated
the coastline and Lebanese–Syrian border over an area 150 km in length and 20 km in
width, with an extent of approximately 3100 km2.

3.2 Time-series variability of Chl-a

Monthly mean MODIS Chl-a from January 2003 to December 2009 clearly showed
annual variability (figure 2(a)) in the study area. High Chl-a was observed in winter
(January–March), and low Chl-a was observed in summer (July–September). Chl-a
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Figure 3. (a) Time-series variability of SeaWiFS 8 day composite Chl-a data (September 1997–
February 2009). The Chl-a mean value was calculated in the same area as MODIS monthly
mean data. The red arrow points to the day of oil spill. (b) Daily L2 Chl-a on the same day in
different years from 2003 to 2010. The red ellipse shows the Jiyeh power plant. The black area
represents land, clouds or missing data. The white line represents coastline. The images in (b)
have the same geographic coordinates as the images in figure 2.

varied from 0.01 to more than 0.23 mg m–3. In May 2007, Chl-a showed an unusual
increase and formed a bi-peak shape.

This change was also demonstrated in SeaWiFS 8 day composite Chl-a data
from September 1997 to February 2009 (figure 3(a)). Most points are in the range
0.1–0.2 mg m–3, similar to the values shown by MODIS, but in May 2007, the
SeaWiFS data show a much higher peak, increasing to 0.76 mg m–3, the Chl-a
being much higher than during other weeks (figure 3(a)). Because the duration of
phytoplankton blooming was shorter than 1 month, the 8 day composite Chl-a
peak was monthly averaged in the MODIS data. The high Chl-a area took a
plume-like shape (figure 2(b)), with water surrounding the plume having Chl-a of
about 0.2 mg m–3.

3.3 Phytoplankton after the oil spill accident

We looked for daily high-resolution ocean colour data to analyse the short-term
response to the spill. However, many images are not suitable for analysis because of
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Shikmona gyre

(a) (b) (c)

Figure 4. SST (a) and Chl-a (b) on 19 May 2007 after 10 months of the Lebanon oil spill.
Shikmona gyre was located in the left lower part of the Chl-a image on 23 August 2006 (c). The
red ellipse shows the Jiyeh power plant. The black area represents land, clouds or missing data.
The white line represents coastline. The yellow dotted line represents the maximum extent of oil
spill. The images have the same geographic coordinates as the images in figure 2.

clouds, missing data or other irregularities. We selected a pair of LAC daily Chl-a
images to represent the change of phytoplankton before (8 July 2006) and after (24 July
2006) the oil spill. Given that major open dumps for solid waste and wastewater are
located in this coastal area, the high Chl-a near the coast can be related to coastal
run-off and wastewater discharge. There were no significant changes of Chl-a before
and after the oil spill in most of the study areas in the short-term.

The only region of high Chl-a (more than 1.0 mg m–3) was found near 35◦ E and
33.8◦ N, in the oil spill affected area, on 19 May 2007 (figure 2), that is 10 months
after the spill. The bloom extended south-westward and decreased significantly on
27 May 2007. A series showing Chl-a on the same day (about 22 May) in different
years (2003–2010) is presented in figure 3(b). The high Chl-a occurred in 2007 and was
not present in other years.

4. Discussion

4.1 Phytoplankton in the East Mediterranean Sea

The Mediterranean Sea is nutrient-limited, with consequent low phytoplankton
biomass and primary production. Oligotrophy increases from west to east, with the
East Mediterranean Sea known as the marine equivalent of a terrestrial desert (Tanaka
et al. 2007, Barale et al. 2008). Overall productivity as measured by chlorophyll con-
centration is very low relative to other coastal seas. The East Mediterranean has an
unusually high nitrate-to-phosphate ratio in deep waters. The phytoplankton commu-
nity in the offshore regions is dominated by nanoplankton and picoplankton, which
represent 80–100% of the total Chl-a biomass (Vidussi et al. 2001, Krom et al. 2010).

In coastal shallow bottom oceans, non-phytoplankton constituents such as resus-
pended sediments and coloured dissolved organic matter (CDOM) from terrestrial
run-off can affect the spectral reflectance measured by satellites (Hu et al. 2010).
We observe high Chl-a in the coastal area (figure 2(b)), which is a major open dump
for solid waste and wastewater (Kabbara et al. 2008). The bloom area (figure 2(b)) is at
least 15 km offshore and beyond the 400 m isobath (figure 1). Lebanon’s continental
shelf is quite narrow, with the widest part at only 12 km in the north. In the bloom
area, suspended matter and CDOM have little effect on the spectral reflectance.
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7488 G. Pan et al.

4.2 Cause of phytoplankton bloom

High concentrations of plankton can be induced by upwelling, which is usually char-
acterized by surface water with cold SST, low dissolved oxygen concentration and high
nutrient concentration (Tang et al. 2004, Wang et al. 2010). In this study, the SST dur-
ing May 2007 (such as on 19 May in figure 4(a)) shows no sign of lower SST along the
coast, and no significant decreases of SST correspond to the plume of Chl-a in figure
4(b). We conclude that no significant upwelling was occurring in the study area.

We found the phytoplankton bloom on 19 May 2007 with the highest Chl-a in the
plume (figure 2(b)). Chl-a then decreased, disappearing on 27 May 2007 (figure 2(e)).
After further analysis, we found a cloud-free image on 8 May 2007, with low Chl-a
in the area of the plume. The short blooming duration could be used to clarify the
difference of Chl-a peak in May 2007, between MODIS and SeaWiFS data. The short-
term fluctuation of phytoplankton was different to the recurrent dynamic feature anti-
cyclonic Shikmona gyre (Zodiatis et al. 2005, Siokou-Frangou et al. 2010) (figure 4(c)).
Analysis of 15 cases of major marine oil spills in the world also suggested that some
increases of Chl-a may have relations with the oil spill incident (Sheng et al. 2011).

4.3 Time interval between the spill and bloom

In several other cases, blooms have been found about 6 months after spills, such as
‘Amoco Cadiz’ (Riaux-Gobin 1985) and ‘Exxon Valdez’ (Peterson et al. 2003). The
degradation products of oil probably served as a source of nutrients to stimulate the
growth of phytoplankton (Sheng et al. 2011). As this nutrient could not be continu-
ously generated, once the decomposition products were consumed, the bloom would
disappear.

The impact of oil is also determined by its chemical and physical properties. The oil
from the Jiyeh power plant tanks was heavy fuel oil (Number 6) (UNEP 2007). This
has a density very close to that of seawater. As some of the oil was burned, lighter
fractions were removed and the remaining oil increased in density. Consequently, a
substantial proportion of the oil spilled at Jiyeh sank when it came into contact with
water. The released oil reached the surface waters without any signs of weathering
and left a homogeneous signature throughout the water column (Elordui-Zapatarietxe
et al. 2010). Oil of this type is more likely to affect the growth of phytoplankton.

5. Concluding remarks

We have attempted to demonstrate the usefulness of time-series analyses of multi-
source remote-sensing data, and to better understand the mechanisms controlling the
temporal and spatial variability of Chl-a during and after the oil spill. Ocean colour
imagery clearly shows both seasonal and interannual variability in the spatial pattern
of Chl-a and an unusual bloom in the area 10 months after the spill. After considering
the time-series and other data, we conclude that this phytoplankton bloom is probably
related to the Lebanon oil spill.
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