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Abstract— Remote sensing data from MERIS are used to study the seasonal variations of the chlorophyll-a concentration (Chla) in the coastal region of 

the Côte d’Ivoire. A ten-year monthly climatology of Chla is described for the Ivorian coastal and offshore domain and analyzed with a similar climatology 

of sea surface temperature (SST) from the MODIS-Terra mission. The period of highest Chla values extends from June to October with a peak in Au-

gust-September in association with the minimum values of SST occurring in the upwelling season. Spatially, the highest Chla values appear along the 

coast. Then the seasonal variations of Chla and SST in the coastal region are specifically analyzed at locations associated with hydrographic measure-

ment stations at the mouth of four major Ivorian rivers. For the four rivers, the maximum of the flow is in September-October, slightly later than the SST 

minimum. This flow maximum is also close to the Chla peak for three of the rivers. Assuming a simple linear model, 64% to 81% of the variance in Chla 

can be explained by river flow and SST, with the realtive importance of these two predictor variables varying between rivers. These results highlight the 

complexity of the Chla variations in these coastal regions and the usefulness of remote sensing techniques for understanding the local ecosystems. 

Index Terms— Chlorophyll-a, Côte d’Ivoire, Gulf of Guinea, Remote sensing, Sea surface temperature.   

——————————      —————————— 

1 INTRODUCTION                                                                     

With a large part of the Earth's population and economic 

activities concentrated near the sea, coastal ecosystems are 
under increasing pressure of anthropogenic origin (e.g., [1]), 
including increased population and economic development, 
urbanization, waste water discharge and other localized pollu-
tion, habitat degradation, or fishing. While being a very pro-
ductive ecosystem with a rich biodiversity, the Large Marine 
Ecosystem (LME) of the Gulf of Guinea has a fairly dense 
coastal population [2] and is clearly subject to these pressures 
[3], [4]. In that context, it is essential to implement appropriate 
monitoring strategies. Remote sensing has a role to play as a 
powerful monitoring tool and for developing a deeper under-
standing of ecological dynamics. Particularly ocean colour 
data have been regularly used in assessments of coastal eco-
systems (e.g., [5], [6], [7], [8], [9]). 

This study contributes to this effort by analyzing the varia-
tions of the chlorophyll-a concentration (Chla) in the coastal 
region of the Côte d’Ivoire (Ivory Coast) which is part of the 
Gulf of Guinea. Chla is taken as a proxy for phytoplankton 
abundance that constitutes the base of the marine food chain 
and is a quantity included in marine ecosystem monitoring 

programs. The variability of Chla is discussed with respect to 
distributions of sea surface temperature (SST) for the entire 
region as well as hydrographic data for the coastal zone. These 
quantities are relevant for phytoplankton variations since they 
can be related to nutrient availability that conditions algal 
growth. One source of nutrients in the region is the upwelling 
of deep, nutrient-rich, waters that are characterized by lower 
temperatures [10], [11]. A similar analysis has been presented 
in [12] at the scale of the Gulf of Guinea using imagery from 
the Sea-viewing Wide Field-of-View Sensor (SeaWiFS, [13]). 
The current work focuses on the Ivorian region and relies on a 
more recent sensor, the Medium Resolution Imaging Spec-
trometer (MERIS, [14]), from which products are derived on a 
finer grid (approximately 2-km grid size) that is more suitable 
for assessing coastal distributions. Furthermore, the analysis is 
completed by comparing satellite Chla values with hydro-
graphic field data of river flow that is another source of nutri-
ents. 

The area of study, data and methods are first introduced. 
Then the annual cycle of Chla and SST over the Ivorian do-
main is described and the relationship between Chla and river 
flow in the coastal zone is discussed. 

2 MATERIAL AND METHODS 
The Ivorian coast is part of the great ecosystem of the Gulf of 
Guinea that extends from Guinea Bissau to Angola. It is 
bounded by the Cape Palmas on the West and by the border 
with Ghana in the East, with an extent of about 520 km along a 
thin continental shelf (Fig. 1). The Ivorian coast is fed by a vast 
river system characterized by two types of rivers. The first is 
constituted of four main rivers, which take their source in 
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zones of savanna further north (Fig. 1). They are, from west to 
east, the rivers Cavally, Sassandra, Bandama and Comoé. The 
second group includes local or coastal rivers possibly connect-
ed with coastal lagoons (e.g., [15]).  
 
 
2.1 Chlorophyll-a Concentration Data 
The chlorophyll-a concentration (Chla) was derived from the 
Medium Resolution Imaging Spectrometer (MERIS) on-board 
the ENVISAT platform that was launched in March 2002 [14]. 
The MERIS level-1b data (top-of-atmosphere, TOA, radiance) 

were obtained after the 3rd reprocessing [16] that among other 
things revised the sensor calibration history, and were pro-
cessed with the SeaWiFS Data Analysis System (SeaDAS 6.3, 
[17]) from the TOA data.  

 
 
 
 
 
 

 

 
Figure 1: Location of the study area (coastal region of Côte d’Ivoire). Warm colors (orange-red) are for continental regions. 
The dashed black lines indicate political borders, and blue lines are rivers. The five green-to-blue colors show different 
depth levels, to 50, 100, 250, 500 and 1000 m.Grey shows waters deeper than 1000 m, with two additional isobaths at 
2000 and 3000 m. The four crossed diamonds show the location of hydrographic sampling sites at the mouths of the 
rivers Cavally, Sassandra, Bandama, and Comoé (from west to east). The Cavally in its southern part follows the border 
between Côte d’Ivoire and Liberia. 
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The remote sensing reflectance RRS was derived through 
the SeaDAS atmospheric correction originally devised by 
Gordon and Wang [18] and regularly updated (e.g., [19]). Its 
application to MERIS data, including a process of vicarious 
calibration, was introduced in [20]. 

From the spectral values of RRS, Chla is calculated with the 
MERIS version of the OC4 algorithm [21], OC4E, that relates 
Chla to the maximum band ratio (MBR) between reflectance 
values at short wavelengths and a reflectance value in the 
green (560 nm) through the equations: 
 
Chla = 10CR      (1) 
CR= 0.3255 – 2.7677R + 2.4409R2 – 1.1288R3 – 0.4990R4       (2) 
 
where R = log10 ((RRS 443> RRS 490> RRS 510)/ RRS 560), and 
(RRS 443> RRS 490> RRS 510) is a shorthand representation 
meaning that the argument of the logarithm is the maximum 
of three values. 

The final product is remapped onto a 2-km resolution grid 
covering the domain 2°N-6°N, 9°W-1°W. This processing is 
applied over the period July 2002 to June 2011 that then serves 
to compute a monthly climatology. 
2.2 Sea Surface Temperature Data 
Climatological fields of SST are obtained as binned monthly 
files (2000-2011) from the US National Aeronautics and Space 
Administration (NASA) and remapped on the same domain as 
Chla. The selected product is based on a night-time retrieval of 
SST using the Moderate Resolution Imaging Spectroradiome-
ter (MODIS, [22]) thermal infrared bands [23]. 

2.3 Hydrographic Data 
Daily flows of the four main rivers of the Côte d'Ivoire were 
also used to assist in the understanding of the time series in 
coastal waters. 

Flow measurements are obtained from conventional 
stations. They allow the calculation of flow rates through a 
univocal relationship between height and flow rate. These 
data were measured on sections of about 410 km2 each and not 
influenced by the ocean tide. These stations are Taté for 
Cavally, Soubré for Sassandra, Tiassalé for Bandama and 
M'basso for Comoé. In practice, the stations are home to a data 
logger that measure discontinuously water level at different 
time (6 times per day) and stores the information in a file. 
Field teams conduct regular spot flow measurements fully 
describing the hydrological regime (high, medium and low 
water). The set of coincident values of water level and flow 
rate serves to create a calibration curve that can be applied to 
the suite of water level automatic records. These data cover 
the period from 1999 to 2007. Flow rates were obtained from 
the hydrological service of the water direction (Ministry of 
Economic Infrastructure). 

From these data, the average monthly flow of the different 
rivers was computed and then a monthly climatology was 
derived. This information is of help to assess the impact of 
discharge in the associated coastal area along the Ivorian con-
tinental shelf. 

2.4 Spatial and Seasonal Variability of SST and Chla 
The analysis focuses on the main characteristics of the annual 
cycle of the Ivorian coast, and thus relies on a monthly clima-
tology for Chla and SST, whereby a value for a month is the 
average of all monthly averages found for the years in the 
considered interval. Working with a monthly climatology has 
also the advantage of maximizing the spatial variability and 
reducing noise. To compare with the river flow data, the satel-
lite values were extracted and averaged for squares of 5x5 grid 
points centered on the location of the hydrographic measure-
ment stations that are located just offshore (Fig. 1). These satel-
lite records were considered if at least 25% of the grid points 
were associated with valid Chla or SST values. 
 

3 RESULTS 

3.1 Seasonal Variability of the Concentration of 
Chlorophyll-a and Sea Surface Temperature 

 
The average annual cycle of Chla is shown on Fig. 2 and can 
be compared to the equivalent climatology of SST (Fig. 3). The 
cycle of SST allows the distinction of four marine seasons 
along the coast of Côte d'Ivoire. These are the small cold sea-
son (SCS) in January-February, the great warm season (GWS) 
from March to May, the great cold season (GCS) from June to 
September, and the small warm season (SWS) from November 
to December. 

In January the water temperature is generally close to aver-
age (slightly less than 27°C). Cold waters (approximately 
25°C) are found all along the coast whereas warmer waters are 
observed offshore. The waters become slightly warmer in Feb-
ruary. This season is characterized by a very low spatial cov-
erage by optical remote sensing and even a 10-year monthly 
climatology does not provide a complete view of the study 
region. The annual variations of this coverage are related to 
variations in the cloud cover associated with the latitudinal 
movements of the Inter-Tropical Convergence Zone (ITCZ) 
that displace the precipitation band inland (northward) in bo-
real summer [24], [25] and to the annual cycle of aerosols (with 
high aerosol loads in boreal winter, [26], [27]). Chla is fairly 
low offshore, even though an isolated feature of higher Chla 
can be observed as south as 4°N in January. 

From March to May, SST becomes clearly warmer reaching 
its seasonal peak exceeding 29°C (in April-May). In March and 
April colder waters can still be noticed along the coast, partic-
ularly eastward of the capes (Palmas and Three Points, see Fig. 
1), while in May warm waters reach closer to the coast. In 
March, Chla is again fairly low in the open ocean with higher 
values north of 4°N. The spatial coverage becomes complete 
only for the following months. In April, medium values of 
Chla (0.5-1 mg m-3) are again observed north of 4°N except for 
some isolated features found offshore. In May, the area of high 
Chla is restricted closer to the coast, following the retreat of 
the relatively cold waters.  
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Figure 2: MERIS monthly climatology of chlorophyll-a concentration. 
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Figure 3: MODIST monthly climatology of sea surface temperature. 

 
 
 

In April-May, higher Chla values (approximately 5 mg m-3) 
can be observed very close to the coast, particularly at the 
mouths of rivers (e.g., Cavally, Sassandra). Detecting these 

features fully justify the use of 2-km gridded products for the 
analysis of coastal variability. 

June marks the beginning of the great cold season and 
shows an abrupt drop in SST over the whole area (less than 
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27°C). The coldest waters are found along the coast and in the 
southwest corner. This evolution is associated with an exten-
sion offshore of the high Chla band along the coast (>3mg m-3), 
and a general increase of Chla in the entire open ocean region, 
particularly in the eastern part. In July the SST has decreased 
further across the region, and coastal upwelling resulting in 
minimum SST values is clear in August-September, particular-
ly east of the two capes with temperatures going down to 
24°C. In July-August, the Chla values increase in the area (par-
ticularly north of 4°N) but it can be noticed that there is not a 
clear match with the cold SST centres. In September, Chla 
reaches its annual peak, with the highest values now associat-
ed with the coldest SST. The Chla distribution shows values 
higher than in offshore waters for a large area, limited south-
ward by a line running from the Cape Palmas to the southeast 
corner of the domain. 

The distribution of temperature across the domain is ho-
mogeneous in October, with the warm water found offshore 
now reaching up to the coast. In the subsequent months 
(Novermber-December), the SST distribution remains homo-
geneous while increasing. Slightly higher values are found 
along the 4°N parallel and in the southeastern sector. In Octo-
ber, high Chla values are still found along the coast, while 
medium values retreat northward to 3.5-4°N. A further de-
crease takes place in November, and December shows the sea-
sonal low end with small patterns of higher values near the 
coast and river mouths. However, the spatial coverage for the 
month of December is again patchy because of atmospheric 
conditions. 

3.2 Seasonal Variability of the Concentration of 
Chlorophyll-a and Sea Surface Temperature at 
Selected Coastal Stations 

The mean climatological values of the concentration of chloro-
phyll-a and sea surface temperature during the ten years of 
the study period have been linked with the flow of several 
rivers (Fig. 1). 

The seasonal variations of the average values of the surface 
temperature and the concentration of chlorophyll-a extracted 
near the mouth of the Cavally River are shown in Fig. 4. The 
chlorophyll-a concentration appears fairly low between De-
cember and February; however the variations during this sea-
son are difficult to characterize as the satellite data coverage is 
very sparse. This period coincides with the river dry period, 
from January to March, while the surface temperature is gen-
erally high and starts increasing from February onward. After 
May, the great cold season sets in, with temperature going 
down to 25°C in August-September. From April to August, 
Chla is above 1 mg m-3, in association with this cold season 
and the related upwelling as well as with an increase of the 
river flow. Chla and river flow are well correlated between 
June and December with a sharp increase between August and 
September. It is however noteworthy that Chla decreases be-
fore the peak in river flow. This decrease in Chla might be 
partly due to the end of the upwelling regime as illustrated by 
the increase in SST from September to November. Similarly, 
Chla apparently has already increased (April value) before the 
increase in river flow. It is here relevant to mention that the 
region (southwestern Côte d’Ivoire) experiences high precipi-

tations in April-June and local, smaller, rivers have a maxi-
mum flow in May-June [28], [29]. 

 

 
Figure 4: Time series of the chlorophyll-a concentration and 
sea surface temperature at the mouth of the Cavally River. 
Chla, SST and river flow are shown by the continuous line 
with filled circles, dotted line and dashed line, respectively. 

Fig. 5 shows the seasonal variations of the SST, Chla and 
flow for the site associated with the Sassandra River (east of 
Cavally, Fig. 1).  

 

 
Figure 5: Time series variability of the concentration of 
chlorophyll and sea surface temperature at the mouth of 
the Sassandra River. Chla, SST and river flow are shown 
by the continuous line with filled circles, dotted line and 
dashed line, respectively. 

Again, the full description of the Chla annual cycle is ham-
pered by the lack of coverage in boreal winter. There are 
common points with the case of the Cavally River, particularly 
with respect to SST variations, even though the SST minimum 
is lower (down to 23.3°C). The period of low water is longer, 
extending from January to August and there is a first Chla 
peak before the high-flow season (in June) coinciding with the 
decrease in SST at the beginning of the great cold season. It is 
worth noticing that, even in the dry season, the flow has sig-
nificant amplitude (only a factor of 2 difference with respect to 
the peak, i.e., much less than the factor of ca. 6 seen for the 
Cavally River) which might be explained by the regulation of 
the upstream dam. As said for the Cavally River, some local 
rivers (west of the Sassandra outlet) have a high flow in this 
period that might have an impact on the Chla series. The ma-
jor increase in Chla (August-September) corresponds to the 
minima in SST along the coast (see also Fig. 3) and precedes 
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the surge in river flow, while the Chla peak (exceeding 9 mg 
m-3) coincides with the peak in river flow. The Chla maximum 
is followed by a decrease in November that can be related to 
both warmer SST and the end of the high-flow season. 

As for the other rivers, the flow at the mouth of the Banda-
ma River (Fig. 6) is at a minimum in the first months of the 
year even though a significant flow amplitude is maintained.  

 

 
Figure 6: Time series variability of the concentration of 
chlorophyll and sea surface temperature at the mouth of 
the Bandama River. Chla, SST and river flow are shown by 
the continuous line with filled circles, dotted line and 
dashed line, respectively. 

There is a clear minimum in Chla from March to May (be-
low 1 mg m-3), coincident with the great warm season (SST 
reaches a maximum in May, ~28°C). The Chla values reach 
higher levels already between June and August while the SST 
is steadily decreasing. Here again, the coastal region can be 
influenced by additional inputs from small rivers and lagoons 
in May-June [15]. Then, Chla increases again in coincidence 
with the surge in river flow and the main upwelling season to 
reach its annual peak in September. Finally, Chla decreases 
before the decline of the high flow while SST is rising again to 
its second annual peak. 

At the Comoé River (Fig. 7), a very low flow rate is meas-
ured from December to May, a period with sparse data cover-
age for Chla and fairly low values (less than 1 mg m-3 in 
March-April), and with increasing SST up to a peak of circa 
28°C. After May, Chla increases to reach its annual peak (6 mg 
m-3) while SST decreases and the river flow slightly increases. 
In that case, the Chla peak clearly precedes the maximum of 
upwelling (minimum SST in August-September) and river 
flow (maximum in September-October), suggesting a signifi-
cant influence on Chla variations by local flows associated 
with regional precipitations [30], [31]. The two former factors 
(upwelling and river discharge) may however contribute to 
the maintenance of fairly high Chla values until at least Sep-
tember. 

 
 

 
Figure 7: Time series variability of the concentration of 
chlorophyll and sea surface temperature at the mouth of 
the Comoé River. Chla, SST and river flow are shown by 
the continuous line with filled circles, dotted line and 
dashed line, respectively. 

4 DISCUSSION AND CONCLUSION 
Satellite data from MERIS were used to document the varia-
tions of Chla at the scale of the Ivorian coastal region, and 
these variations were commented with respect to the varia-
tions observed in SST. They show that the period of high Chla 
broadly extends from June to October with a maximum most-
ly in August-September coincident with the coldest tempera-
tures associated with upwelling [32]. The observed variations 
are generally consistent with those described in [12], [33] using 
SeaWiFS data at the scale of the Gulf of Guinea or for the Ivo-
rian region during the upwelling season. This is an encourag-
ing result in view of creating a long-term data record for the 
region relying on multiple satellite missions. This being said, 
some differences are apparent. For instance, Djagoua et al. [33] 
show Chla values along the coast lower in September than in 
August, which is opposite to the MERIS annual cycle de-
scribed here. A dedicated study is needed to understand this 
type of discrepancies between the climatology of different sat-
ellite missions. These discrepancies can originate from actual 
differences between the data sets associated with each mission 
and/or from interannual variations (the climatology for each 
sensor being calculated over different periods). 

The description of the annual cycle of Chla and SST at the 
level of the Ivorian domain has served to put in perspective 
the analysis made at specific coastal locations for which hy-
drographic data are available. Phytoplankton in the coastal 
region can benefit from two main sources of nutrients, the 
upwelling of cold, nutrient-rich, waters and terrigenous inputs 
with the former likely being the most important [10]. Locally, 
it is difficult to assess the relative importance of these inputs in 
terms of Chla variations since the periods of upwelling and 
high-flow are actually close in time (shift of 1-2 months be-
tween minimum SST and peak flow). The Chla annual peak is 
well associated with the river maximum for the Canally River, 
and a second peak in Chla (representing the annual maxi-
mum) is also fairly coincident with the high flow for the rivers 
Sassandra and Bandama. But for these two rivers, there is a 
first peak in Chla before the increase in river flow, coinciding 
with the onset of the upwelling season. For these three rivers, 
the highest rate of increase in Chla (from August to Septem-
ber) corresponds to the annual minimum in SST. For the 
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Comoé River, the main Chla peak is found earlier at the be-
ginning of the upwelling season (Fig. 7). It is acknowledged 
that there might be a slight mismatch in the annual cycle of 
Chla and river flow since the climatology has been computed 
on different periods (see section 2) and the satellite coverage 
for the region is irregular due to the atmospheric conditions in 
the region, but a refined temporal analysis is not possible be-
cause the actual monthly hydrographic data are not available. 
On the other hand the temporal patterns shown by the river 
flow data can be well trusted since at least the phase of the 
hydrographic data appears fairly stable between different pe-
riods [28]. Finally, the hydrographic data presented do not 
account for other secondary sources associated with local pre-
cipitations or smaller rivers (e.g. [28], [30], [31]). 

The general relationship between Chla and river flow is in 
any case not straightforward. The inputs of rivers also include 
sediments and dissolved organic matter that increase turbidity 
and prevent light penetration (e.g., [34], [35], [36]). This effect 
can therefore introduce a light limitation on phytoplankton 
growth even in the presence of additional nutrients. The vary-
ing concentrations of these optically significant constituents as 
well as other factors typical of coastal waters like the presence 
of continental aerosols or possible bottom effects also make 
the determination of Chla with bio-optical algorithms particu-
larly challenging [37], [38]. The standard band-ratio algorithm 
used in this study [21] is known to be sensitive to independent 
variations of non-pigmented particles and chromophoric 
dissolved organic matter (CDOM) [37], [39], and has shown 
large uncertainties in coastal waters (e.g., [40]). On the other 
hand, Djagoua et al. [12] have not detected a significant distri-
bution of turbid waters along the Ivorian coast using a reflec-
tance test [41]. In any case, it is admitted that the Chla values 
shown on Fig. 4-7 might be affected by significant uncertain-
ties that are hard to quantify in the absence of validation data. 

Keeping these cautious notes in mind, a correlation analysis 
is performed linking Chla with SST and river flow. For the 
Cavally and Sassandra Rivers, Chla appears more related to 
the river flow than to SST, with a high correlation coefficient 
for Cavally (r=+0.80, N=10) and a lower correlation for Sas-
sandra (r=+0.61, N=8), while the correlation of Chla with SST 
is -0.63 and -0.42 for Cavally and Sassandra, respectively. In 
the case of the Bandama River, Chla is equally well related to 
the other two variables (r equal to +0.74 and -0.76 for river 
flow and SST, respectively; N=9). With its peaks in Chla and 
river flow clearly shifted, the Comoé River shows a low corre-
lation between Chla and flow (r=+0.21, N=9), whereas the cor-
relation with SST is high (r=-0.85). Performing a multiple line-
ar regression on the Chla values as a function of two explana-
tory variables (river flow and SST), the correlation coefficient 
is 0.83, 0.80, 0.90 and 0.88 for the four rivers (west to east), 
meaning that such as a simple model explains 64% to 81% of 
the variance in Chla. 

As a conclusion, the concentration of chlorophyll-a in the 
Ivorian coastal waters appears greatly related to the input of 
nutrients from upwelling and from river flows. A simple cor-
relation analysis suggests that most of the Chla variations in 
coastal waters can be explained by river flow and SST but to a 
varying extent between rivers. Admittedly the analysis is lim-

ited by the uncertainties that likely characterize the standard 
Chla product used here, and future work should ideally use 
algorithms more tuned to the type of coastal waters encoun-
tered in the Gulf of Guinea, and/or rely on semi-analytical 
algorithms that compute a full set of optical properties. In that 
context the collection of field measurements that could serve 
for the validation of ocean color products in the coastal waters 
of Côte d’Ivoire would be of great value. Finally, this study 
stresses the strength of optical remote sensing in monitoring 
the coastal regions of the Gulf of Guinea and the importance 
of creating a consistent long-term data record using the past, 
present and upcoming ocean color missions. 
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