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Summary The Levantine basin in the Eastern Mediterranean Sea is subject to spatial and
seasonal variations in primary production and physical-chemical properties both on a short and
long-term basis. In this study, the monthly means of daily MODIS product images were averaged
between 2002 and 2015, and used to characterize the phytoplankton blooms in different
bioregions of the Levantine basin. The selected products were the sea surface temperature
(SST), the chlorophyll-a concentration (Chl-a), the diffuse attenuation coefficient for down-
welling irradiance at 490 nm (Kd_490) and the colored dissolved organic matter index (CDO-
M_index). Our results showed that phytoplankton blooms were spatially and temporally variable.
They occurred in late autumn at the Nile Delta, in early spring and late summer at the eastern
coastline, and in spring at the northeastern coastline. The northern coastline and the open water
had a common bloom occurring in winter. The Nile Delta was found to be the most productive area
of the Levantine basin showing high Chl-a. Kd_490 and Chl-a present a parallel co-variation
indicating a dominance of Case 1 waters in the Levantine basin. The CDOM_index shows a phase
shift with the Chl-a fluctuation. A strong inverse correlation was observed between both Chl-a and
CDOM_index with SST, connoting an indirect relation represented by a depression of CDOM in
summer by photobleaching, and a suppression of the chlorophyll-a concentration due to water
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stratification, together with nutrient stress. An overestimation of the Chl-a values had been
signaled by the use of the CDOM_index, suggesting a correction plan in a latter study.
© 2017 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by
Elsevier Sp. z o.o. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The Mediterranean Sea is a semi-enclosed basin, covering
approximately 0.8% of the world's ocean surface area.
Although it has limited geographical dimensions, it is consid-
ered one of the most complex marine environments where
little is known with regard to circulation dynamics, biogeo-
chemistry and biological activity (Tanhua et al., 2013). The
Mediterranean Sea presents a deficit in hydrological balance,
as evaporation exceeds the supply of fresh water from streams
and precipitation. This deficit is partially compensated by the
inflow of Atlantic waters through the Strait of Gibraltar. This
results in fresh, nutrient-poor surface flow into the basin with
saltier, nutrient-richer deeper water outflow through the
Strait of Gibraltar (Bethoux et al., 1992). Hydrological differ-
ences along the basin cause the presence of an increasing
oligotrophic gradient from west to east.

The Eastern Mediterranean behaves in a similar manner,
with surface inflow and deeper water outflow through the
Straits of Sicily. This results in a west to east gradient of
decreasing surface chlorophyll-a concentration (Chl-a) (Tur-
ley et al., 2000) that was observed from space (Antoine et al.,
1995), with the Eastern Mediterranean Levantine waters
exhibiting highly oligotrophic conditions. As a result, surface
Chl-a in the Levantine basin normally don't exceed
0.4 mg m�3 (Abdel-Moati, 1990; Dowidar, 1984; Krom
et al., 1991; Yacobi et al., 1995) except near the Nile Delta
coast and other adjacent coasts where it can reach up to
80 mg m�3 (EIMP-CWMP, 2007).

The Levantine basin regroups the Egyptian northern coast
where the Nile River discharges on its delta, the Sinai Penin-
sula's northern coast, the Israeli coast, the Lebanese coast,
the Syrian coast, the southern Turkish coast and the coast of
Cyprus. This region is nourished by small water streams, and
the Nile River.

The knowledge of the space and time heterogeneity of
phytoplankton growth in oligotrophic to ultra-oligotrophic
conditions is essential to understand the marine ecosystem
dynamics (Mann and Lazier, 2006). In the last decade, remote
sensing of surface optical properties has provided synoptic
views of the abundance and distribution of sea surface con-
stituents, such as the concentration of Chl-a pigments (Su
et al., 2015). Nowadays, many studies showed that time series
of remotely sensed data can provide information on phyto-
plankton growth patterns, and related environmental condi-
tions, to serve in situ assessments of ecosystem dynamics over
wide space and time scales (Brando et al., 2012; Devlin et al.,
2012; Kennedy et al., 2012; Schroeder et al., 2012).

The aim of the present work is to assess recurrent algal
blooms in the Levantine basin, by using optical remote
sensing data. To this end, a time series of data collected
by the MODIS Terra and Aqua missions was selected to explore
the large-scale, long-term features of the Chl-a fields in the
Levantine basin, between 2002 and 2015. In the following the
MODIS-derived multi-annual database, used here to examine
the variability of the Chl-a field at a monthly and climato-
logical scale, will be introduced, together with a statistical
application. Finally, the spatiotemporal patterns emerging
from this analysis will be discussed, simultaneously with
other MODIS remotely sensed parameters; sea surface tem-
perature (SST), colored dissolved organic matter index (CDO-
M_index), and the diffuse attenuation coefficient for
downwelling irradiance at 490 nm (Kd_490) and compared
to previous studies results.

2. Material and methods

The MODIS Terra and aqua daily Level 2 products of SST, Chl-a,
CDOM_index and Kd_490 computed with sensor standard
algorithms from 2002 till 2015 were provided by the ocean-
color.gsfc.nasa.gov portal.

The standard OC3 algorithm returns the near-surface Chl-
a in mg m�3 at a spatial resolution of 1 km, calculated using
an empirical relationship derived from in situ measurements
of Chl-a and blue-to-green band ratios of water-leaving
remote sensing reflectances (Rrs) developed by O'Reilly
et al. (1998) and can be expressed as the following:

log10ðChl-aÞ ¼ 0:2424�2:7423R þ 1:8017R2

þ 0:0015R3�0:1228R4 (1)

with

R ¼ log10
MaxðRrs443; Rrs488Þ

Rrs547

� �
: (2)

The empirical algorithm OC3M is an adapted form for MODIS,
developed from SeaWiFS OC2 and OC4 algorithms.

Level 2 satellite-to-in situ match-up validation results are
available for MODIS from the validation tool of the SeaWiFS
Bio-Optical Archive and Storage System (SeaBASS), showing a
global correlation coefficient above 0.75 with a
RMSE = 0.3 mg m�3. For this study, the same standard sensor
algorithm was used for waters differing in the degree of
eutrophication.

For the SSTestimation, the satellite measurement is made
by sensing the ocean radiation in two or more wavelengths
within the infrared part of the electromagnetic spectrum
which can then be empirically related to SST. In this case, the
MODIS SST product provides sea surface temperature [8C] at a
spatial resolution of 1 km.

The Kd_490 (in m�1, 1-km spatial resolution) is calculated
using an empirical relationship derived from in situ spectro-
radiometric data from oceanographic stations of Kd_490 and
blue-to-green band ratios of remote sensing reflectances
(Rrs) belonging to a wide variety of water types (Austin
and Petzold, 1981).
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The sensor default algorithm can be expressed as the
following:

KD2M : log10ðKbioð490ÞÞ ¼ �0:8813�2:035R þ 2:5878R2

�3:4885R3�1:5061R4; (3)

Kd490 ¼ Kbioð490Þ þ 0:0166 (4)

with

R ¼ log10
Rrs488
Rrs547

� �
: (5)

Examining the consistency of the empirical algorithm has
been the object of many studies (Lee, 2005; Morel et al.,
2007; O'Reilly et al., 2000; Werdell and Bailey, 2005; Yeh
et al., 1997).

And last, Morel and Gentili (2009) stated that the CDOM
absorption coefficient, noted a, tends to increase with
increasing Chl-a in a non-linear manner, according to:

að400; Chl-aÞ ¼ 0:065 Chl-a0:63: (6)

A quantitative way of analytically showing the relationship
when the CDOM—[Chl] proportions change, consists of impos-
ing deviations from the equation above, by introducing a
factor larger or lesser than unity, noted as CDOM_index:

að400; Chl-aÞ ¼ CDOMindex0:065 Chl-a0:63: (7)

The a values for the other wavelengths of interest are:

að412; Chl-aÞ ¼ CDOMindex0:0524 Chl-a0:63; (8)

að440; Chl-aÞ ¼ CDOMindex0:0316 Chl-a0:63; (9)

að490; Chl-aÞ ¼ CDOMindex0:0129 Chl-a0:63; (10)

að555; Chl-aÞ ¼ CDOMindex0:004 Chl-a0:63: (11)

The colored dissolved organic matter index (Level 2, 1-km
resolution) quantifies the deviation in the relationship be-
tween the absorption of CDOM and Chl-a, where 1 represents
the mean for Case 1 waters, and values above or below
1 indicate excess or deficit in CDOM (Morel and Gentili,
2009). Its primary purpose is to correct chlorophyll retrievals
as the index provides a direct estimate of a deviation index,
described as the ratio between the actual CDOM content and
the normal content, expected in Case 1 waters from the local
chlorophyll concentration. Therefore, the index value above
or below 1 can indicate an underestimation or overestimation
of the estimated Chl-a using the standard sensor algorithm.
The only validation work was performed by Morel and Gentili
(2009) following the algorithm retrieval.

A selection of 4173 daily images was performed for each
product while merging both MODIS Terra and Aqua daily
images in order to select and retain the maximum of best
quality pixels. The selection of these pixels was possible due
to many quality Level 2 flags and masks suggested on SeaDas,
complying with the masks used for the Level 3 binned
products on the oceancolor.gsfc.nasa.gov portal. The binning
process is based on the NASA SeaWiFS binning operator, giving
the ability to aggregate the pixel data into arithmetic mean
while confining to each pixel its place in a Level 3 grid using a
geographical information system. While calculating the
arithmetic mean, the quality flags and masks allow excluding
the pixels that are affected by clouds, sunglint, very high
radiance, straylight contamination, low water leaving radi-
ance, algorithm failure, atmospheric correction failure and
suspected navigation quality. In the end, the output that
emerges from this process is a time series of binned monthly
images with a resolution of 1 km2.

3. Information retrieval

Lavender et al. (2009) have conducted a research over the
Egyptian continental shelf to assess the temporal shifts of the
chlorophyll level in this region and detect the Nile's bloom
between 1997 and 2006. In order to detect the surface Chl-a
variability and its spatial changes across the Delta shelf, the
area was divided geographically into two bio-geographical
areas, the inner (0—50 m depth) and outer (50—200 m depth)
shelf, based on knowledge of the biophysical regimes (effects
alongshore currents and surface run-off on quality and pro-
ductivity of coastal water off the delta coast).

Therefore, a similar division was applied in this study, on
the Nile delta's shelf and on the Gulf of Iskenderun due to the
presence of a large continental shelf, while also adding an
open water zone (>200 m in depth) as a bio-geographical
area. Along the eastern and northern coastlines, an addi-
tional bio-geographical area was also created: from 0 till
200 m in depth, regarding the narrowness of the continental
shelf and the number of pixels covered by this area (Fig. 1).

In order to determine each subdivision's ocean color char-
acteristics, a bathymetry image (ETOPO-1 bedrock) is used to
limit each subdivision in a drawn bathymetry mask using ArcGIS
10. ETOPO1 is an arc-minute global relief model of Earth's
surface that integrates land topography and ocean bathymetry.
It was built from numerous global and regional data sets and
provided by NOAA agency and acquired from ngdc.noaa.gov.

The calculated average of every subdivision for each of
the parameters was done using ArcGIS 10 while extracting the
value of the pixels averaged under each of the bathymetry
mask, and followed by a statistic study performed on SPSS
statistics 20. The latter consists on the retrieval of the
maxima, minima, average, and standard deviation of the
parameters time series for each subdivision. A Pearson cor-
relation study was performed via pairing the time series of
Chl-a and Kd_490, Chl-a and CDOM_index, Chl-a and SST and
finally CDOM_index and SST for each subdivision.

4. Results

4.1. Statistical and climatology results

The biogeographic subdivisions were applied on the com-
puted monthly images of SST (Fig. 2), Chl-a (Fig. 3), CDO-
M_index (Fig. 4) and Kd_490 (Fig. 5) in order to assess the
variation of these features monthly between 2002 and 2015.

The recordings of the sea surface temperature between
2002 and 2015 follow an annual cycle with the lowest tem-
peratures in February and March and the highest tempera-
tures in July and August. In this time laps, the lowest monthly
sea surface temperature average recorded was on February



Figure 1 The Levantine basin subdivided into biogeographic regions using ETOPO-1 bathymetry map.
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2004 with 16.518C, and the highest monthly temperature
average recorded was on August 2012 with 29.228C.

The monthly averaged Chl-a (Fig. 6) shows a seasonal
rhythmicity in open water, but it is altered while moving to
the coast, characterized with higher Chl-a and turbid waters.
These results show that the monthly climatology of Chl-a
(Fig. 7) is different for each biogeographic subdivision. For
instance, the southern coastal region is characterized by an
increase of Chl-a in late autumn, reaching a maximum mean
of 2.8 mg m�3 in December 2010, whereas in the eastern
coastal region the Chl-a peak is observed in late winter,
recording a peak of 1.28 mg m�3 in April 2006, and early
autumn, reaching a maximum mean of 1.1 mg m�3 in Sep-
tember 2005. In the Gulf of Iskenderun and Mersin Bay, the
Chl-a peak is observed in spring, reaching a maximum mean of
3.8 mg m�3 in April 2012, followed by a slight increase in late
summer, and in the northern coastal region the Chl-a reach a
maximum in winter, at 1.1 mg m�3 in February 2009. Finally,
in the open water region, the Chl-a peak is observed in winter,
reaching a maximum mean at 0.33 mg m�3 (Table 1).
The monthly average of the Kd_490 ranges between
0.2 m�1 (22.5 m of euphotic depth) in December 2010 and
0.12 m�1 in June 2007 near the delta, 0.11 m�1 in April 2006
(41 m of euphotic depth) and 0.04 m�1 in May 2014 near the
eastern coast, 0.27 m�1 (16.7 m of euphotic depth) in April
2012 and 0.08 m�1 in March 2014 at the Gulf of Iskenderun
and Mersin Bay, 0.1 m�1 (45 m of euphotic depth) and
0.03 m�1 in July 2014 at the northern coast (Table 1).

The CDOM_index values are all above 1, fluctuating
between 2 and 5.78. The index shows that the highest overall
mean is recorded on the southern inner shelf with 4.25. Yet
the correspondent variability within the series from 2002 till
2015 is the least, recording a standard deviation of 0.54. On
the other hand, the lowest mean is recorded on the northern
shelf, with an index of 3.17, and with the highest correspon-
dent standard deviation of 0.86 within the time series. While
observing the CDOM_index climatology images, a preeminent
cluster of high CDOM_index is visible at the southern outer
shelf and at the northeastern outer shelf and some regions
witness a seasonal CDOM_index fluctuation (Table 1).



Figure 2 Monthly climatology sea surface temperature averaged using Level 2 SST data from MODIS Aqua and Terra, over the
14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i)
September, (j) October, (k) November, (l) December].
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The climatology monthly average calculated for each
parameter for the Levantine basin (Fig. 8) shows that the
Chl-a and Kd_490 are covariant, drawing a similar behavior
recording the highest values in February, and the lowest in
July. Whereas the CDOM_index is ahead with a one-month
phase shift, showing a maximum index value in March and the
lowest value in September. The SST is inversely behaving
where the highest SST recorded in August and the lowest in
February.

4.2. Pearson correlation results

The correlation between the Chl-a and the attenuation
coefficient Kd_490 monthly means was highly significant in
all biogeographic subdivisions (above 0.9, significant at the
0.01 level) (Fig. 9).

The Chl-a and the colored dissolved organic matter index
monthly means were weakly correlated in the subdivisions (0;
�50 m). However, the correlation strengthens while passing
gradually to the open waters, representing a correlation
factor shifting from 0.009 and 0.128 at the shelf to a sig-
nificant 0.57 in the open waters. In addition, the correlative
analysis between the two products data (Chl-a, CDOM_index)
and the SST monthly means showed a high inverse correlation
factor while moving far from the coast, noting the passage
from 0.157 to a significant 0.759 between SST and Chl-a, and
from 0.088 to a significant 0.7 between SSTand CDOM_index,
significant at the 0.01 level (Fig. 9).



Figure 3 Monthly climatology chlorophyll-a concentration averaged using Level 2 Chl-a data from MODIS Aqua and Terra, over the
14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h) August, (i)
September, (j) October, (k) November, (l) December].
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5. Discussion

5.1. Algal bloom patterns

The increase of Chl-a is a result of the phytoplankton heavy
multiplication inducing seasonal blooms. This occurs when
the climatic and biochemical factors are propitious, such as
the elevation of the SST, the increase of the sun irradiance
budget and the availability of nutrients such as phosphates
and nitrates (Krom et al., 2003).
The climatology images of Chl-a and the descriptive sta-
tistics show that the most productive regions of the Levantine
basin are the Nile's Delta, the Gulf of Iskenderun and Mersin
bay. This relatively high productivity is due to the higher
nutrient inputs (rivers and pollution sources) and the presence
of a larger continental shelf where the majority of the oceanic
burial of organic carbon occurs (Hedges and Keil, 1995; Pre-
muzic et al., 1982). The Chl-a climatology results showed a
seasonal cycle at the Nile Shelf, the Chl-a starts to arise in
autumn to reach a maximum in winter (February). This bloom
is accounted to the Nile flood that occurs each early autumn



Figure 4 Monthly climatology colored dissolved organic matter index averaged using Level 2 CDOM_index data from MODIS Aqua and
Terra, over the 14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e) May, (f) June, (g) July, (h)
August, (i) September, (j) October, (k) November, (l) December].
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(Lavender et al., 2009). Adding to that, a maximum average of
2.75 mg m�3 is noted in February at the Nile delta, which is in
agreement with the study of Dowidar (1984) estimating a Chl-
a maximum of 2.8 mg m�3 observed in winter.

On the other hand, at the northeastern subdivisions where
the Gulf of Iskenderun and Mersin bay are located, the Chl-a
peaks exponentially indicating an early spring phytoplankton
bloom, due to the propitious climatic factors in this season,
and decrease gradually and slowly till winter. The slight
increase of Chl-a in August suggests the presence of an
autumnal bloom. This regime points at the richness of this
coastal zone, where the nutrient load is not a limiting factor.
The Gulf of Iskenderun and Mersin Bay are both situated in the
south of Turkey and are subjected to heavy anthropogenic
activities (Karakaya and Evrendilek, 2011; Yilmaz et al., 1992).
The increase in accumulating input of nutrients like nitrogen
and phosphorus via Ceyhan (Gulf of Iskenderun) and Yenice
(Mersin Bay) rivers and man-made run offs promotes phyto-
plankton and phytobenthos production (Yilmaz et al., 1992).

Meanwhile, the eastern and northern coastline is less
productive, compared to both the southern and northeastern
areas of the Levantine basin. This may be associated with the
presence of a narrow shelf with no prominent upwelling
phenomenon (Caddy, 1998) (Fig. 1).

In this study two conspicuous phytoplankton blooms were
observed at the eastern coastline: a spring bloom in March—



Figure 5 Monthly climatology diffuse attenuation coefficient for downwelling irradiance at 490 nm averaged using Level 2 Kd_490
data from MODIS Aqua and Terra, over the 14 studied years in the Levantine basin [(a) January, (b) February, (c) March, (d) April, (e)
May, (f) June, (g) July, (h) August, (i) September, (j) October, (k) November, (l) December].
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April and autumnal bloom peaking by the end of August. The
autumnal blooms are accounted to the regenerated nutrient
stuck in the upper layer of the sea after the settlement of the
summer thermocline. The average Chl-a concentrations near
the same coastal region ranged between 0.29 and 1.29 mg m�3

which is consistent with the results of Abboud-Abi Saab (1992),
Abboud-Abi Saab et al. (2008) and Azov (1986) at the eastern
coast, where Chl-a ranged between 0.1 and 1 mg m�3. Many
sites along the coast show higher values of Chl-a and Kd_490
within the climatology images. These sites correspond to
major cities and their seaports (Tartous in Syria, Beirut,
Jounieh and Sidon in Lebanon, Haifa, Netanya and Tel Aviv
in Israel), water stream estuaries and agricultural crops near
the coast (such as Al Hamidiyah in Syria). The combination of
these factors induces the fertilization of the coastal waters
and leads to an increase of the phytoplankton biomass and the
suspended particles abundance.

The northern coastline is less productive than any part of
the Levantine basin, due to nutrient depletion in this area.
This region is qualified of euphotic with low nutrient input;
this is reflected on standing stocks of phytoplankton and
hence on the Chl-a (Yilmaz et al., 1992).

In fact, the results of the chlorophyll-a imagery show a
single winter phytoplankton bloom, peaking in February in
the open water of the Levantine basin. This bloom seems to
be induced by the increase of solar irradiance and the



Figure 6 Monthly chlorophyll-a concentration averaged over the 14 studied years for each subdivided bioregion in the Levantine basin.
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availability of nutrients (Krom et al., 2003). In this study, the
short detected winter bloom in the open water is explained
by the basin's trophic level, where the phytoplankton bloom
is limited by the short nutrient availability after water mixing
in winter (Krom et al., 1991, 1992). This bloom ceases shortly
when the surface waters run out of nutrient. However, the
spatio-temporal variability of blooms detected in our study
on coastal regions is linked to the fertilization by nutrient
input originating from estuaries, coastal runoffs, and anthro-
pogenic activities, leading to an enhancement of the phyto-
plankton bloom.

5.2. Sea surface temperature and algal blooms

The correlation between the SST and Chl-a data shows a high
inverse correlation factor of 0.76 while moving far from
the coastal region. Fig. 8 draws an inverse Chl-a behavior
compared to the SST. Such result can be related to several
reasons such as photoacclimation, water stratification and the
Figure 7 Monthly climatology chlorophyll-a concentration average
Levantine basin.
optimum temperature of the blooming phytoplankton species
(Xing et al., 2014). Moreover, when surface waters are cold in
winter, deeper water rises to the surface bringing nutrients to
sunlit areas and leading to a phytoplankton bloom.

Low correlation factors between SST and Chl-a recorded
near the coastal area can be due to the land and anthro-
pogenic interference. Such interference affects the annual
blooming cycle via nutrient input originating from river run-
off, as well as from urban and agricultural point sources,
leading to an intensification of microbial activity coupled
with the blooming of phytoplankton communities near
affected areas.

5.3. Euphotic layer and algal blooms

The relationship between Chl-a and the attenuation
coefficient seems to be strong, showing a significantly high
correlation coefficient of 0.9 in all the subregions of the
Levantine basin. And adding to that, the Kd_490 monthly
d over the 14 studied years for each subdivided bioregion in the



Table 1 Descriptive statistics retrieved from the monthly images for the different biogeographic regions of the Levantine basin for
the studied parameters.

Descriptive statistics Minimum Maximum Mean Std. deviation

Southern region

Inner shelf (<50 m)

Chl-a [mg m�3] 1.40 2.75 2.06 0.31
Kd_490 [m�1] 0.12 0.20 0.16 0.02
CDOM_index 2.44 5.38 4.25 0.54

Outer shelf (50 m; 200 m)

Chl-a [mg m�3] 0.06 0.33 0.14 0.06
Kd_490 [m�1] 0.02 0.05 0.03 0.01
CDOM_index 2.68 5.77 3.68 0.68

Open water (>200 m)

Chl-a [mg m�3] 0.04 0.19 0.08 0.04
Kd_490 [m�1] 0.02 0.04 0.03 0.004
CDOM_index 2.18 4.82 3.22 0.69

Eastern region

Shelf (<200 m)

Chl-a [mg m�3] 0.29 1.29 0.67 0.18
Kd_490 [m�1] 0.04 0.11 0.07 0.012
CDOM_index 1.60 4.71 3.39 0.59

Open water (>200 m)

Chl-a [mg m�3] 0.05 0.33 0.11 0.04
Kd_490 [m�1] 0.02 0.05 0.03 0.005
CDOM_index 2.22 4.96 3.29 0.66

Northeastern region

Inner shelf (<50 m)

Chl-a [mg m�3] 0.67 3.5 1.65 0.63
Kd_490 [m�1] 0.08 0.27 0.13 0.03
CDOM_index 1.44 4.68 3.35 0.78

Outer shelf (50 m; 200 m)

Chl-a [mg m�3] 0.11 0.64 0.23 0.09
Kd_490 [m�1] 0.03 0.07 0.04 0.01
CDOM_index 2.33 5.78 3.72 0.71

Open water (>200 m)

Chl-a [mg m�3] 0.05 0.28 0.12 0.05
Kd_490 [m�1] 0.02 0.05 0.03 0.006
CDOM_index 2.23 5.05 3.52 0.74

Northern region

Shelf (<200 m)

Chl-a [mg m�3] 0.14 1.09 0.31 0.18
Kd_490 [m�1] 0.03 0.1 0.05 0.015
CDOM_index 1.3 4.81 3.18 0.86

Open water (>200 m)

Chl-a [mg m�3] 0.06 0.26 0.12 0.06
Kd_490 [m�1] 0.02 0.05 0.03 0.006
CDOM_index 2.09 5.48 3.65 0.65
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climatology in Fig. 8 shows the same pattern variability as the
Chl-a in the Levantine basin, proving that the phytoplankton
cycle is the first to affect the depth of the euphotic layer. In
the same way, the majority of the Levantine's waters
correspond to Case 1 waters.
Figure 8 Chl-a, Kd_490, CDOM_index and SST monthly climatolo
Hotspots of turbid Case 2 waters are well indicated by the
high Kd_490 and Chl-a values, noting the Nile Delta where the
Nile enriches the zone with a high load of suspended materi-
als. The Chl-a appears to be related to suspended particulate
matter in high turbidity zones where the euphotic layer is
gy for the Levantine basin averaged over the 14 studied years.



Figure 9 Scatter plots and correlation coefficients of each paired parameters in the different biogeographic regions of the Levantine
basin.
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shallow; algal blooms are induced by nonlimiting nutrients in
very turbid water (Cloern, 1987; Harding et al., 1986; Leh-
man, 1992; Pennock, 1985).

5.4. Colored dissolved organic matter and algal
blooms

The climatology monthly average of the Levantine basin
(Fig. 8) shows a conspicuous CDOM_index peak in March,
one month ahead of the Chl-a peak in February. The correla-
tion coefficient between the CDOM_index and Chl-a in this
study weakly strengthens while moving far from the coast.
This can be observed also via the rhythmic variability gained
by the averaged CDOM_index coinciding partially with the
rhythmicity of Chl-a within the Case 1 waters. Theoretically,
CDOM production is associated to the phytoplankton activity
in Case 1 waters, yet many results suggested the decoupling
of CDOM and phytoplankton both globally and regionally
(Morel et al., 2010; Siegel et al., 2002; Xing et al., 2014).
The elevation of CDOM_index to high index values can be due
to the riverine runoff and point source loads in coastal
regions. While in the open waters, the phytoplankton bloom
activity is the principal contributor to the index variability.
The latter decrease of the CDOM_index between May and
August can be mainly due to processes such as photobleach-
ing at a high solar radiation intensity (Xing et al., 2014) and
microbial activity (Coble, 2007). In fact, a high inverse
correlation factor was observed in our study between the
SSTand CDOM_index while moving far from the coast (�0.7).
This can be related to a surface CDOM depression by photo-
bleaching processes, referred as photodegradation or photo-
oxidation (Morel and Gentili, 2009; Xing et al., 2014), leading
to say that the CDOM variability seems to be also dependent
on the SST. Therefore, with the intensification of water
column stratification in summer, mixing of the surface layer
becomes limited by the installed thermocline; the CDOM load
caught within the unmixed surface layer is exposed to high
solar radiation, resulting in a significant photochemical
degradation, explained by the changes in florescent proper-
ties and absorbance losses (Zhang et al., 2015). And last in
September where the phytoplankton blooming starts to man-
ifest in most of the coastal areas, the CDOM_index arises.

The CDOM_index climatology images show abnormal
variability of the index in the open sea domain and high-
lighted by high index values (>3) with the highest values of
standard deviation. As the index represents the ratio
between the CDOM content and the Chl-a, a high index
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cluster was noted at the outer shelf of the Nile, the Gulf of
Iskenderun, Mersin bay and near the northern coast. These
regions can be classified as a transition from Case 2 to Case
1 waters where the Chl-a values are quite low, yet they are in
direct influence of coastal CDOM advection by surface cur-
rents. As a result, the ratio between the advected CDOM and
the Chl-a is increased in such areas. Moreover, the variability
of the CDOM and the Chl-a are supposedly related in the open
sea, and as a result, the index should be close to 1. Such high
mean values of the index in the open water bioregion indicate
an overestimation of low Chl-a by the standard sensor algo-
rithm while applied for the Levantine basin, referred as the
most oligotrophic domain in the Mediterranean Sea. Errors in
Chl-a estimation can be accounted to the application of
standard retrieval algorithms and standard atmospheric cor-
rections (Kowalczuk et al., 2010), which are mainly devel-
oped and validated using a global in situ database, reducing
the specificity of the algorithm.

6. Conclusion

In this work we assessed the algal blooms in the Levantine
basin, by using various optical remote sensing data from
2002 to 2015. Most of the Levantine basin's waters can be
classified as Case 1 waters where the Chl-a and Kd_490 are
co-variant, showing a strong relation between phytoplankton
blooms and the determination of the euphotic depth. The
CDOM and Chl-a were directly and indirectly related, as their
relationship is mainly affected by physical and biochemical
factors. The SST variability is inversely correlated to both
CDOM and Chl-a parameters, and the CDOM variability
seemed to be more related to the SST variation. In addition,
phytoplankton blooms were mainly winter blooms in the open
water of the Levantine basin. Spatial and temporal variability
of these blooms were observed near coastal regions due to
variations in the physical, biochemical and anthropogenic
factors.

The data derived from MODIS imagery is a consistent
source to study the temporal behavior. The overestimation
of Chl-a values highlighted by the CDOM_index should be
corrected. The problems of the lack of a proper atmospheric
correction model, the availability of in situ data, and the
complexity of the optical properties of the Levantine basin
waters will remain a limitation.
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