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ABSTRACT 
The Gulf of Guinea (GG) is an area where a seasonal upwelling takes place, along the equator 

and its northern coasts between Benin and Cote d'Ivoire. The coastal upwelling has a real impact 

on the local yet documented biological resources. However, climatic impact studies of this seasonal 

upwelling are paradoxically very rare and disseminated and this impact is still little known, 

especially on the potential part played by the upwelling onset on the regional precipitation in early 

boreal summer. This study shows that coastal precipitations of the July-September period are 

correlated by both the coastal and equatorial sea-surface temperatures (SSTS). This correlation 

results in a decrease or a rise of rainfall when the SSTs are abnormally cold or warm respectively. 

The coastal areas that are more subject to coastal and equatorial SSTs influence are located around 

the Cape Three Points, where the coastal upwelling exhibits the maximum of amplitude. 
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INTRODUCTION 
Lamb (1978), Hastenrath (1984), Lough (1986) and Wagner and da-Silva (1994) are among 

the first scientists who suggested that Sea-Surface Temperature (SST) anomalies in the tropical 

Atlantic are linked to the deficit in Sahelian rainfall in West Africa. More recent studies have 

confirmed these results (Janicot et al., 1998; Fontaine et al., 1999) demonstrating that, when SSTs 

are high in the Tropical Atlantic, Sahel precipitations decrease, whereas coastal precipitations 

increase. Lamb and Peppler (1992) also insisted on the key role played by SSTs in the rainfall 

variability of West Africa at interannual and decadal time-scale. Recently, Gu and Adler (2004), 

by using Tropical Rainfall Measuring Mission (TRMM) satellite data, demonstrated that the rainfall 

peak recorded in May along the coastal areas of the Gulf of Guinea (hereafter GG), was mainly 

modulated by the seasonal forcing of the ocean. Eltahir and Gong (1996) explained that the 

intensity of West African monsoon and the northward penetration of the rain band in boreal 

summer depend on the meridional gradient of the static and humid energy in the boundary layer 

between the ocean and the continent. That suggests a significant influence of the tropical Atlantic 

SSTs on the GG regional climate. More local studies confirmed the key role of the SSTs on the 

rainfall variability in West Africa. Opoku-Ankomah and Cordery (1994) showed a possible strong 

correlation between SSTs in the Tropical Atlantic and the rainfall in Ghana. In the same way, 
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Kouadio et al. (2002), whose study was based on statistical correlations between oceanic SSTs and 

precipitations, showed the impact of the tropical Atlantic SST on the precipitation in Cote d'Ivoire. 

SST thus appears as a key parameter for the modulation of the variability of precipitation. Previous 

theoretical, modelling and observational analyses suggested that intraseasonal SST variability 

provides important feedbacks onto atmospheric convection. For example, by using idealized column 

models, Sobel and Gildor (2003) and Maloney and Sobel (2004) suggest that atmosphere-ocean 

coupling can generate strong, local intraseasonal oscillation having a discharge/charge character. 

Thus, the SST variability is strongly linked with rainfall anomalies over the African continent. 

SS Ts are also linked with the position and the latitudinal extension of the West Africa monsoon 

system (Vizy and Cook, 2001). Various diagnostic and sensitivity studies show that during the 

second half of the 20th century, the West African mean sources of predictability for the Sahelian 

rainy seasons are from the tropical eastern Pacific (negative correlation) and from meridional 

gradients of the SST anomaly in the tropical basins of the Atlantic and other oceans. In the case 

of the tropical Atlantic basin, correlations are positive (negative) with the North (Equatorial and 

South) basins (Folland et al., 1986, 1991; Moron et al., 1995; Rowell et al., 1995; Janicot et al., 

1996; Fontaine et al., 1998; Camberlin et al., 2001). In the same way, the Guinean 

precipitations are mainly associated with the South and Equatorial Atlantic basins in boreal 

summer. Quite often a warmer basin leads in the disappearance of the August short dry season 

(Wagner and da-Silva, 1994). The second September-October rainy season is also mainly linked 

to the tropical Atlantic: warmer basin is associated with positive rainfall anomalies 

(Camberlin et al., 2001). 

In the northern part of the GG, the circulation is dominated by the eastward flowing Guinea 

Current, which is sometimes considered as the extension of the North Equatorial Counter Current 

in boreal summer. However, the circulation in the eastern part of the GG is complex, highly 

variable and not well documented (Bourles et al., 2002). Presently, the processes that modulate the 

SSTs in this area and the relative role of oceanic processes and air-sea fluxes for the SST 

variability, are very complex and still remain not well understood (Foltz et al., 2003; Bourras et al., 

2009; Marin et al., 2009). 

Another significant question is the effect of the coastal and equatorial upwellings on the West 

African monsoon. If the upwellings vary primarily seasonally (Gouriou and Reverdin, 1992), their 

existence and their amplitude are also variable from one year to another, partly according to the 

equatorial mode of variability that, along with the meridional mode, controls the climate and the 

SS Ts in the tropical Atlantic (Servain et al., 2000). Such SST variability is consequently likely to 

influence the onset and the intensity of the monsoon observed in West Africa (Fontaine et al., 

1999). For example, the seasonal SST cooling of the boreal summer established between Cote 

d'Ivoire and Benin tends to increase the meridional gradient of the SSTs in the GG. However, all 

these previous studies are either too focalized on reduced area or mostly devoted to Sahelian 

regions. Furthermore, they do not clearly address the relative role of coastal and equatorial 

upwellings on precipitations over the Northern coastal areas of the GG. 

In this study, we both examine and try to determine how coastal and equatorial SSTs may 

influence the rainfall along the GG coastline in boreal summer (i.e., during the annual period of 

the oceanic major equatorial and coastal upwellings and African monsoon), in order to understand 

their potential impact on the rainfall variability during that period. 
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MATERIALS AND METHODS 
Two types of data have been used in this study: monthly SST data from 1998 to 2007, retrieved 

from the TRMM Microwave lmager (hereafter TM!) (www.ssmi.com) on board the TRMM satellite 

and monthly Global Precipitation Climatology Center (GPCC) data during the same ten years. 

Sea surface temperature and precipitation: Monthly averaged gridded TM! SST data were 
obtained from Remote Sensing Systems (http://www.ssmi.com) for the 1998-2007 periods. The data 

are provided on a 0.25°x0.25° grid and cover a global region extended from 40°S to 40°N. With a 

distinct advantage over the traditional Infrared (IR) products that require a cloud-free field of view, 

TM! can estimate SSTs in cloudy condition. It provides a continuous coverage of tropical SSTs 

(Wentz et al., 2000) and thus TM! SST products are better suited for studying SSTs in regions with 

strong atmospheric convection (Maloney et al., 2008). 

Furthermore, the high spatial resolution of the TM! data provides a realistic product to assess 

the SST evolution, particularly in the case of a local study in a region marked by a strong 
spatio-temporal variability of the SST. Some studies have compared TM! products to other ones and 

have shown the quality of TM! data for regional and local analysis (e.g., Sengupta et al., 2001; 

Bhat et al., 2004). For our statistical study, we use the 1998-2007 period of TM! data, 

corresponding to a 10 years period during which they are available and the best possible .. 

In order to analyze the possible impact of the SST anomalies on the continental precipitations, 
we use the monthly precipitation fields from Global Precipitation Project (GPCC) data set 

(Rudolf et al., 1994) extracted on a 1°xl 0 regular grid, also for the 1998-2007 periods. This data 

set is based on quality-controlled data from 7000-8000 stations. The product is optimized for best 

spatial coverage and use for water budget studies. 

Methodology: SST data are used for the April-September period and precipitation data for the 
July-September period, both during 10 years (from 1998 to 2007). For a suitable comparison 

between SST and precipitation data sets, we first processed to calculate standardized anomalies as 

the ratio between the monthly anomalies and the corresponding standard deviation, in order to 

eliminate some seasonality effects in the data. It has to be kept in mind that a negative anomaly 

of SSTs corresponds to oceanic cooling whereas a positive anomaly is the signature of oceanic 

warming. For the precipitations, a negative (positive) anomaly indicates a rainfall decrease 
(increase), respectively. 

Precipitations and SST statistical links have been checked as follow: (1) for a selected oceanic 

zone, the correlation between the SST and the precipitation standardized anomalies are computed 
during the upwelling period, i.e., from July to September (hereafter JAS for July-August

September). Oceanic zones include the coastal zone (8°W-5°E; 4°N-5°N) and the equatorial zone 

(12°W-0°E; 0°-2°S). The selected oceanic zones correspond to regions where SST variability 

(seasonal and interannual) is the highest observed in Equatorial Atlantic Ocean (Picaut, 1983; 

Servain et al., 1985). The equatorial zone is taken in the 0°N - 2°S latitude band because the 
equatorial upwelling is primarily centred around 1°S (Colin, 1988; Colin et al., 1993). (2) 

Correlations have first been computed with no temporal lag (0-lag, SST: JAS). In order to evidence 

an eventual time delay between SSTs and precipitations, SSTs have been lagged. The performed 
lags are taken from one to three months as follows: 1-lag for SST in June-August (hereafter JJA 

for June-July-August); 2-lag for SST in May-July (hereafter MJJ); 3-lag for SST in April-June 

(hereafter AMJ). The real interest in taking into account temporal lags is to consider time factors 

273 



8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

8

5

0
-2

20        -10           0 20        -10           0 20        -10           0

20        -10           0 20        -10           0 20        -10           0

20        -10           0 20        -10           0 20        -10           0

20        -10           0 20        -10           0 20        -10           0

23       24        25       26        27       28       29        30

January                                         February                                              March

April                                                 May                                                June

July                                             August                                              September

October                                          November                                         December



260 

240 

i 220 

.s 200 

" .s t 180 

::> 160 

Asian J. Applied Sci., 4 (3): 271-285, 2011 

- Upwelling index 1.5 

....... Standardized SST anomalies 

--------- / ::: j v 0.0~ 

1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 
Years 

:::I 

Fig. 2: Annual upwelling index and standardized SST anomalies calculated from TM! between 
8°W-5°E; 4°N-5°N during 1998-2007 

Moore, 1968; Lighthill, 1969; Moore et al., 1978; O'Brien et al., 1978; Adamec and O'Brien, 1978). 

Other ones put forward the potential role of the Guinea Current and cape effects (Ingham, 1970; 

Roy, 1995). However, the relative importance of these different processes responsible for this 

phenomenon still deserves to be better documented, that is beyond the scope of this study. 

Nevertheless, since it was shown that the sea surface temperature is a very good indicator of 

upwelling (Sadrinasab, 2009), the study of the SST evolution in boreal summer using weekly SSTs 
enabled us to compute the annual upwelling index from 1998 to 2007 between 8°W-5°E and 

4°N-5°N. This index is considered as being the sum of the differences between a threshold SST of 

26°C (Arfi et al., 1991) and the lowest temperature of the week. This sum is multiplied by the total 

number of weeks of the cold season during which SSTs are lower than 26°C. The validation of the 

upwelling index is illustrated by the opposite evolutions of the upwelling index and the 
standardized SST anomalies over the JAS period: the stronger (weaker) upwelling index 

corresponds to the colder (hotter) SSTs (Fig. 2). The index indicates the intensity of the upwelling 

over the period of the calculations, as illustrated in Fig. 2 that shows a strong decrease from 2002, 

suggesting that the years 1998 to 2001 have been cooler than the years 2002 to 2007 during boreal 

summer and along the coasts. The high index from 1998 to 2001 could be explained by the 

important duration of the upwelling (1999, 2000, 2001) and by the high intensity of the cooling 
(1998). On the other hand, the low index observed from 2002 to 2007 is related with the duration 

of the coastal upwelling (2004 case), the weakness of the cooling (2002 case) and the combination 

of both parameters (2003, 2005, 2006 and 2007 cases). To illustrate this, some examples of monthly 

evolution of the coastal SST from July to October during 1998, 1999, 2002 and 2004 are plotted 
(Fig. 3). 1998 registered the lowest temperatures (SSTs < 25°C) in August while the upwelling in 

1999 was prolonged until October. For the years with low upwelling index, SSTs were relatively 
warm during September 2004 (SSTs > 26°C), even though upwelling is generally intense in this 

month. That indicates a short duration of the upwelling. The cooling was weak in 2002 with SS Ts 
above 25°C in September and August. 

Figure 4 shows the evolution of the monthly climatology of the precipitation calculated over the 
1998-2007 period in West Africa. The major rainy season in West Africa begins in April at 

approximately 5°N and reaches its maximum in June along the coasts. It moves gradually 

northward until approximately 15°N in July-September with a maximum in August. This northern 

area is characterized by only one rainy season (Sultan and Janicot, 2000). A second rainy season, 
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Fig. 5: Monthly precipitation anomalies from July to October along 8°W-5°E during (a) 1998, (b) 

1999, (c) 2002 and (d) 2004 calculated from GPCC data 

less intense than the April-June one, is observed along the coasts in October-November 

corresponding to the minor rainy season. This latitudinal evolution of the precipitation system is 
related to the oscillation of the ITCZ (lntertropical Convergence Zone) (Sultan and Janicot, 2000; 

Le-Barbe et al., 2002). Indeed, the band of rain follows the movement of the ITCZ which itself 

moves according to the position of the thermal equator generally located at the latitude of the 

hottest air. In boreal summer, it moves northward with the top of the overheated continents to 
approximately 15°N. In boreal winter, it moves southward to reach approximately 5°N. The 

northern and the littoral regions of West Africa are also characterized by dry periods. Along the 

coastal regions, the major dry season begins in December and ends in March. In the Northern 

regions, it lasts from October to June. A minor dry season is observed along the littoral from July 
to September. Figure 5 presents the precipitation anomalies at 5°N along 8°W to 5°E of longitude 

for 1998, 1999, 2002 and 2004, i.e., the same years as for Fig. 3. It shows that in JAS, the months 
that sustained a relatively weak coastal cooling recorded a positive rainfall anomaly (as observed 

in 1999 and September of 2004). Conversely, the months during which the coastal upwelling has 
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Fig. 6: Monthly mean of GPCC rain at 5°N and of the SSTs from TM! between 8°W-5°E; 4°N-5°N. 

The semi-transparent rectangle in gray indicates the period July-September 

been intense recorded a negative rainfall anomaly (as observed in 1998). Some authors (Nicholson 

and Grist, 2003; Matthews, 2004) noted a link between the coastal SST and precipitations for the 

July-September period. Figure 6, derived from our data sets and showing the monthly mean 

evolution of the coastal SST and precipitation at 5°N, illustrates this conclusion. Indeed, it indicates 
that, at 5°N, the rains begin to decrease in August when the SST values are minimal (Fig. 2). 

The following sections examine the possible links between SSTs and precipitations over West 

Africa. Concerning the precipitations, we focus on the continental areas of the littoral (South 

of 8°N and between 8°W and 5°E) and for the time period July-September which corresponds to 

the cooling period. The oceanic zones are defined between 8°W-5°E; 4°N-5°N and 12°W-0°E; 

0°N-2S. 

Effect of the coastal SST (8°W-5°E; 4°N-5°N) on the GG coastal precipitations during the 

major upwelling season: Figure 7 shows the correlations between the standardized anomalies 

of SSTs and precipitations. At 1-lag (SST: JJA I rain: JAS; Fig. 7, left), a non-significant positive 

structure of correlations is observed at the coastline. These positive correlations are extended from 

west to east along the coastal line, though those which are recorded in the south-east of Ghana 

(-0.43 correlation) are at the bound of the significance. This result suggests a weak linkage 

between SST and precipitations with a 1 month lag. In fact June is a transition month between the 

oceanic warm and cold major seasons in the GG (Gallardo, 1993; Fig. 1). It is characterised by a 

gradual SST decrease, indicating the beginning of the coastal upwelling (Fig. 6). 

At 0-lag, (SST: JAS/rain: JAS; Fig. 7, right), the regions with positive significant correlations 

are found along a diagonal from the west of Ghana to the South of Togo. There, the correlation 

coefficient is about 0.6, which indicates a simultaneous evolution of the SST and precipitations: an 

abnormal cooling of the SST (respectively an abnormal warming) is associated with a decrease of 

rainfall (respectively a rise). The SST influence on the precipitation is less spread, but rather 

concentrated in continental regions close to the oceanic zone where the upwelling is more 

intensified. However, the too localized character of the significant correlations structure may be due 

to a loss of information when the computations are done along the whole JAS period. For that 

reason, monthly correlations have been also computed. 
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This relational study between SSTs and precipitations was realized considering two oceanic 

zones: the coastal upwelling zone (8°W-5°E; 4°N-5°N) and the equatorial upwelling zone (12°W-0°, 

0°-2°S). Our statistical results show that the coastal SSTs have a weak influence over the coastal 

precipitations at the beginning of the upwelling and a more significant one during the 

intensification of the upwelling, i.e., in August and September. This influence results in a decrease 

of coastal precipitations when SST decreases in agreement with the works by Mitchell and Wallace 

(1992). The two types of situation, which indicate a positive (negative) anomaly of precipitation 

when SST increases (decreases), are in accordance with the positive correlations. 

The equatorial cooling which occurs during April and May and the coastal precipitations 

around/near the Cape of Three Points during the JAS period are subject to the same evolution. But 

this relation goes diminishing as soon as the equatorial cooling persists. 

This study points out a priori a non-combined influence of the SSTs of both oceanic zones on 

the littoral precipitation during the JAS period. The field of observed correlations displays the 

following structure between the equatorial Atlantic SSTs and the precipitation near the regions of 

Cape of Three Points: SST cooling associated with a decrease of the precipitation or SST warming 

linked to an increase of the precipitation. During the JAS period, only the coastal SSTs exert a 

significant influence on coastal precipitations. The most influenced continental zone is the south

east of Ghana with an extension towards the middle-east of Cote d'Ivoire. Concerning this 

continental area, the decrease of rainfalls during the JAS period is partly linked to the decrease of 

the SSTs. This work has been undertaken within the framework of the international program 

dedicated to the African monsoon (AMMA; eg Redelsperger et al., 2006) and its oceanic and air-sea 

exchanges component EGEE (e.g., Bourles, 2003) and has the merit to focus on the whole GG 

northern coastline. Our results highlight that both coastal and equatorial upwellings have a 

significant influence on the precipitations over that particular region during the JAS time period. 

These results deserve to be confirmed by model calculations in order to better understand the 

physical mechanisms at stake behind the SST and precipitation relationships. 
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