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Abstract 

The SST variability during the summer period in the northeastern tropical 
Atlantic region (NTA) is characterized by an alternation of warming/cooling 
which represents 87% of the total variability. The aim of this paper is to study 
the atmospheric responses as well as the precipitation associated with these 
oceanic conditions. Based on Reynolds’s SST from 1982 to 2019, a normalized 
Northern Tropical Atlantic index (NTAI) is computed into the region be-
tween 15˚ - 25˚W; 12˚ - 16˚N and a composite analysis is then performed. It 
is shown that the NTAI is significantly correlated with the SST’s first principal 
component mode (PC1) in this region. Moreover, the composite of SST ano-
malies and atmospheric parameters exhibits a strong local ocean-atmosphere 
interaction which highly impacts the large-scale atmospheric circulation in 
West Africa, particularly in the western Sahel. An in-depth analysis shows 
that the atmospheric response to the warm (cold) SST is a cyclonic (anticyc-
lonic) circulation in the lower layers near the West Africa Coast. This cyclon-
ic (anticyclonic) circulation strengthens/reduces the moisture transport to-
wards the continent in the low levels. In the middle layers of the atmosphere 
(500 hPa), the warm (cold) composite is associated with a decrease (increase) 
in the intensity of the African Easterly Jet (AEJ) whereas, in the upper at-
mosphere (200 hPa), the strengthening (weakening) of the Tropical Easterly 
Jet (TEJ) is observed. With regard to the composite precipitation field, a posi-
tive/negative SST anomaly is associated with significantly enhanced/reduced 
rainfall in the western Sahelian region. It is found that this relationship (cor-
relation) increases as we are closer to the coasts. 
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1. Introduction 

The northeastern tropical Atlantic (NTA) is dominated by a pronounced sea-
sonal and interannual cycle in Sea Surface Temperature (SST) and surface wind. 
Figure 1(a) shows the first empirical orthogonal function (EOF) mode of Rey-
nolds monthly SST anomalies during June-September from 1982 to 2019. This 
figure shows that the interannual SST variation in the NTA region is characte-
rized by the positive (negative) SST anomalies (SSTA) off the Senegalese coast. 
More closely connected with the seasonal cycle, NTA warming usually develops 
in boreal spring (March-May, MAM), peaks in the summer (June-August, JJA), 
and dissipates in autumn (September-November, SON). The warmest SST is 
observed in boreal summer when the Intertropical Convergence Zone (ITCZ) 
migrates northward. This migration leads to a slowdown of the northerly trade 
winds which induces a low-level wind convergence in the NTA region. Then, the 
SST gradually warms from April to September with a maximum located off the 
Senegalese-Mauritanian coast. Then, this SSTA variability confined off Senegal is 
explored from a new viewpoint of the ocean-land-atmosphere interaction [1]. 
The interannual variability of the regional mixed-layer temperature anomaly that 
evolves in boreal early summer and peaks in July-August is associated with the 
northern wind anomaly, mixed-layer depth anomaly, and atmospheric pressure 
gradient anomaly, suggesting the existence of ocean-land-atmosphere coupled 
processes. The NTA warming (cooling)’s oceanic aspect may be explained by the 
anomalously thin (thick) mixed layer, which absorbs shortwave surface heat 
flux. 

The development of the northeastern tropical Atlantic SST anomalies is also 
attributed to remote atmospheric and oceanic forcing from the Pacific Ocean 
([2] [3] [4]) or local air-sea interactions in the tropical northeastern Atlantic 
Ocean ([1] [5] [6]). The evolution of this coupled mode is locked to a boreal 
spring and develops through thermodynamic air-sea interaction linked with the 
ITCZ migration. Then, the weaker trade winds in the northern hemisphere asso-
ciated with the anomalously northward shift of the ITCZ are responsible for 
warming SST anomalies thereby suppressing evaporation and thus latent heat 
loss. However, the acceleration of surface winds leads to an increase in evapora-
tive heat loss and induces a cold SST anomaly. This process is known as the 
wind-evaporation-SST (WES) positive feedback ([7] [8]). [9] suggested that the 
SST variability would be a passive response of the ocean to seasonal winds, the 
latter being themselves a passive response to seasonal temperature changes in 
the West African continent. On the other hand, the SST influences the winds 
through thermodynamic or dynamic feedback, local or remote ([7] [10]). Al-
though the north tropical Atlantic SST anomalies are significantly correlated 
with El Niño-Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD) and 
the Interdecadal Pacific Oscillation ([3] [11] [12]). Recent studies have demon-
strated that the coastal Niño/Niña events independently exert a substantial in-
fluence on the regional climate and marine ecosystems along the neighborhood 
regions ([13] [14]). 
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Figure 1. The spatiotemporal characteristics of northeastern tropical Atlantic. (a) First 
empirical orthogonal function (EOF) mode of monthly SST anomalies (˚C) during 
June-September 1982-2019 derived from TMI Reynolds data. The blue box in (a) denotes 
the region for the Northeastern Tropical Atlantic Index (NTAI). The percentage of total 
variance explained by the EOF1 reaches 87%. (b) Normalized time series of EOF1 (PC1, 
red solid curve) and NTAI (blue dashed curve) average for the region (25˚ - 15˚W, 12˚ - 
16˚N) marked by the blue box in (a). 
 

In many respects, the influence of the SST on West African rainfall variability 
has long been studied and a large number of papers ([15]-[21]) have investigated 
the influence of the tropical eastern Atlantic SST on West African rainfall. On a 
seasonal scale, West African rainfall is strongly conditioned by the evolution of 
the ITCZ ([15] [22]) which is influenced mainly by seasonal SST anomalies. [16] 

https://doi.org/10.4236/acs.2023.134024


D. Wane et al. 
 

 

DOI: 10.4236/acs.2023.134024 434 Atmospheric and Climate Sciences 
 

showed a significant influence of the seasonal cooling of the Atlantic Cold Ton-
gue (ACT) SST on the West African monsoon (WAM), through the intensifica-
tion of the southerly winds in the ACT region and pushing the rain band north 
of the Guinean regions. Thus they show that the WAM remains blocked in the 
south if the cold tongue does not develop. Supporting this, other modelings 
([19]) and diagnostic ([23]) studies found meridional SST and SLP gradients and 
meridional winds over the Gulf of Guinea to be tightly related, and these me-
chanisms strongly impact moisture flux convergence near the coast, leading to 
the installation of the first rainy season of the WAM system. This is confirmed 
by [17] and [21] who show a strong influence of the SST seasonal variations on 
the seasonal ITCZ and WAM variations, using an atmospheric general circula-
tion model (AGCM). Indeed, SST Warming in this region leads to a southward 
migration of the ITCZ in the boreal summer of the ITCZ. To explain the me-
chanism of this influence, [24] suggests that the SST anomaly in the ACT con-
tributes to the northward migration of moisture and convection and is asso-
ciated with a possible jump in the West African monsoon. 

In contrast to the southeastern region of the tropical Atlantic, the impact of 
the northeastern tropical Atlantic SST anomalies on the West African rainfall 
variability is poorly documented despite the important role of the West African 
Westerly Jet (WAWJ) on the Sahelian rainfall [25]. The atmospheric circulation 
in the lower layer is characterized by a northward flow over the ACT region and 
a southwesterly flow over West Africa which wraps around the thermal low over 
the central-east Sahara [26]. In the north tropical Atlantic, previous studies ([25] 
[26] [27]) show the existence of a relatively strong westerly flow with a maxi-
mum zonal component around 10˚N (8˚ - 11˚N) and speeds above 5 - 6 m∙s−1 to 
the east of 20˚W: this jet is identified as the West African westerly jet. This jet is 
associated with a westward extension of the low thermal over the eastern Atlan-
tic to about 35˚W [28]. It is clearly distinguished from the monsoon westerly 
flow by its structure and dynamics and plays an important role in transporting 
moisture from the tropical eastern Atlantic to Sahelian West Africa during bo-
real summer. [26] show that the variations of the WAWJ are significantly and 
positively correlated with precipitation variations over the Sahel on both inte-
rannual and decadal time scales. In wet (dry) periods over the Sahel, enhanced 
(decreased) westerly moisture fluxes are associated with a strong (weak) jet in-
crease (decrease) the low-level moisture content over the Sahel, decreasing (en-
hancing) the stability of the atmosphere. 

This paper focuses only on the effect of the northeastern Atlantic SST anoma-
lies on West African rainfall, particularly over the Sahel. This study contributes 
to the understanding of the influence of SST anomalies on Sahelian rainfall 
which lead to an improvement in seasonal rainfall forecasts in this region. The 
article is organized as follows. Firstly we briefly introduce the data sets and me-
thods used in this study. Then, we analyze the precipitation and large-scale at-
mospheric circulation anomalies associated with the NTA warming/cooling. Fi-
nally, the conclusion is presented in the summary section. 
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2. Data and Methodology 
2.1. Data 

The atmospheric reanalysis data, including three-dimensional winds, relative 
and specific humidity, divergence, and air temperature, were obtained from the 
European Center for Medium-Range Weather Forecasts (ECMWF) ERA5 rea-
nalysis data set [29]. These data are available at a horizontal resolution of 0.25˚ × 
0.25˚ and extend from 1000 to 100 hPa with 27 vertical pressure levels. The 
ERA5 data cover the study period from 1982 to 2019. The monthly data are used 
to provide monthly averaged atmospheric fields including horizontal wind, sur-
face pressure, etc. The observed sea surface temperature (SST) fields are based 
on the National Oceanic and Atmospheric Administration (NOAA) Optimal 
Interpolated Sea Surface Temperature (OISST, [30]) data set, which provides 
global, gridded, daily-mean fields starting from 1982 with a horizontal resolution 
of 0.25˚ × 0.25˚. Version 4.04 of the Climatic Research Unit gridded Time Series 
(CRU-TS4.04, [31]) product is also adapted to provide the monthly averaged 
surface precipitation rate over West Africa. The rain rate data have a horizontal 
resolution of 0.5˚ × 0.5˚ and cover the study period from 1982 to 2019. 

2.2. Methodology 
2.2.1. Definition of the Northeastern Tropical Atlantic Warm Event 
A conventional northeastern tropical Atlantic (NTA) warm event starts in June, 
matures in boreal summer (July-September), and finally decays in October [1]. 
Empirical orthogonal function (EOF) analysis has been frequently used to ex-
amine the temporal and spatial characteristics of NTA warm events ([13] [14]). 
To identify NTA warm events, an EOF analysis is performed on the monthly 
SSTAs from June to September 1982-2019 over the 30˚W - 10˚E, 8˚ - 20˚N do-
main. The first EOF (EOF1), which explains 87.4% of the total variance), cap-
tures the NTA warm SST pattern with the warmer-than-normal SST located off 
the West Africa coast (Figure 1(a)). The second EOF mode accounts for only 
4.3% of the total variance (not shown). The normalized time series of the first 
principal component (PC1) well resembles the remarkable variability of the 
NTA index (NTAI) calculated by the averaged SSTA in the region of 25˚W- 
coast, 12˚ - 16˚N (see the blue box in Figure 1(a)), with simultaneous correla-
tion coefficients of +0.97 (Figure 1(b)). Therefore, PC1 effectively provides a 
benchmark to denote the interannual variation in the NTA warm events. 

2.2.2. Composite Method 
For this work, a composite method is used to identify warm and cold summer 
seasons. The composite analysis is a very useful statistical tool to isolate the cha-
racteristics of a large number of cases of a given meteorological phenomenon 
over time and space in relation to a region of interest. It has clear advantages for 
extracting signals or interactions from a complex environment and allows in ad-
dition to observe whether a signal previously defined in a reference variable is 
found in other variables. The composite analyses were carried out using a cha-
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racteristic index of SST anomalies in the NTA, called NTAI. This NTAI is con-
structed over the season from June-September for the period 1982-2019. 

For this work, warm and cold years in the NTA region are defined using two 
thresholds: S1 and S2 in which 1 0.5 NTAIS σ= ×  and 2 0.5 NTAIS σ= − × . We de-
fined warm years when the NTAI of a particular year is greater than S1, cold 
years when the NTAI is less than S2 and normal ones when the index is ranging 
between S1 and S2 (Figure 2). However, we did not consider the normal year for 
the purpose of this work. Thus, all years that are categorized as warm (cold) are 
classified as warm (cold) composite. The two indices associated with warm and 
cold years are averaged. Both averaged fields are then associated with the posi-
tive and negative SST anomalies phases and the difference between these two 
average fields is used to evaluate the amplitude of the average modulation. The 
advantage of this method is that there is no assumption made on the nature of 
the relationship (linear or not) between variables but rather on thresholds. In 
summary, a composite is defined as the average of the warmest or coldest years 
over the period considered. 

2.2.3. Precipitable Water Vapor and Humidity Transport 
Precipitable water vapor refers to the integrated water vapor content of an at-
mospheric column (Precipitable Water Vapor, PWV) and is defined as:  

1PWV dt

s

P

P
q p

g
= ∫                         (1) 

where the moisture transport is analyzed using the approach of [32] [33] and 
[34]. The horizontal moisture flux vector, vertically integrated for different at-
mospheric layers, is given by (Equation (2)):  
 

 

Figure 2. Normalized Northeastern Tropical Atlantic Index (ATNI) from 1982 to 2019. 
The cooling (warming) periods in this region are shown by the blue (red) bars showing 
the indices below (above) the standard deviation and, the black bars show the neutral pe-
riods. 
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( )0

1 1 d dt

b

T P
hP

Q qV p t
T g

= − ∫∫                     (2) 

where g is the gravitational acceleration (9.8 m∙s−2), q the specific humidity, Vh 
the horizontal wind, Pb and Pt the lower and upper limits of the vertical integra-
tion and T the temporal mean considered. In this study vertical integration is 
considered in three atmospheric layers: the low layer (from surface pressure, 
Psurf, to 850 hPa), the middle layer (700 - 500 hPa), and the upper layer (400 - 100 
hPa). The cold and warm composites of these flows are shown in Figure 5. 

3. Results and Discussion 
3.1. Precipitation Anomalies Associated with the NTA SST  

Anomalies 

Figure 3 shows the linear regression of PC1/NTAI onto June-September mean 
surface pressure (shaded), wind (vector), and SST anomalies (Figure 3(a)) and, 
precipitation (Figure 3(b)). 

The regression map NTAI on the SSTA field (Figure 3(a) contour) shows a 
slightly different signal from that of the EOF1 mode however both highlight the 
maximum SSTA appearing along the West Africa coast with a warm tongue ex-
tending southwestward (Figure 3(a)). The NTA warm anomalies induce a re-
duction of surface pressure over the NTA region, generating a dipole with a re-
gion of low and high surface pressure located over the Ocean and Continent, 
respectively. This pattern of surface pressure is associated with a northward cir-
culation which favors a northward humidity transport. This coupled feedback 
mechanism is often referred to as the Bjerknes feedback and has been shown to 
be an important component of equatorial Pacific and Atlantic variability ([35] 
[36] [37]). Surface wind is generally considered to be the result of a balance be-
tween pressure gradient force, Coriolis, and friction forces, generally neglecting 
the term advection as in the simple model of [38]. SST influences wind via a lo-
cal modification of the pressure gradient ([39] mechanisms), opposing the 
large-scale pressure gradient, controlled by the free troposphere above the ma-
rine atmospheric mixing layer. In addition, variation in SST can influence sur-
face winds through the mechanisms of [40] and [41] and stratification in the 
marine atmospheric boundary layer (MABL) by partially controlling the vertical 
flux of horizontal momentum. An anomaly in atmospheric circulation above the 
top of the MABL, where vertical gradients (moisture gradient) are very strong 
[34], could have a significant impact on surface winds. 

In particular, significant positive precipitation anomalies are mainly observed 
off the coastal regions of WA (West of 10˚W) with counterpart a reduction of 
precipitation (Figure 3(b)) over the Guinean coastal region (South of 8˚N). The 
influence of the NTAI index on West African rainfall is more pronounced in the 
west and decreases considerably towards the eastern regions, particularly in the 
Sahelian region. This is in adequation with the enhanced rainfall signal over the 
Sahelian obtained by averaging the regression coefficients over the same region  

https://doi.org/10.4236/acs.2023.134024


D. Wane et al. 
 

 

DOI: 10.4236/acs.2023.134024 438 Atmospheric and Climate Sciences 
 

 

Figure 3. (a) Summer (June-September, JJAS) mean sea level pressure (shading: Pa), 10-meter wind (vector: m∙s−1 obtained by 
regressing against PC1 during 1982-2019 and the associated SST anomalies pattern (red contours: ˚C). (b) JJAS mean precipita-
tion (shading: mm∙d−1) 925 hPa wind (vector: m∙s−1 and surface pressure (contour: Pa) obtained by regressing against PC1 during 
1982-2019. (c) Linear regression coefficients of the JJAS mean PC1 with precipitation average into the Sahalian band by 5˚ of lon-
gitude from 20˚W to 10˚E (red box). (d) scatter plot of JJAS mean precipitation average over the Western Sahel (WS: 20˚ - 10˚W, 
red dots) and Eastern Sahel (ES: 10˚W - 10˚E, bleu dots), the horizontal axis is the value of PC1. The red (blue) solid line denotes 
the linear regression for the WS (ES) region, and the regression equation and its associated correlation coefficients are shown on 
the top of the panel. 

 
(red box in Figure 3(b)) per 5˚ of longitude from 20˚W to 10˚E. This figure 
shows the strongest regression coefficients (60 mm∙d−1∙C−1) value occurs in the 
west of 10˚W while the lowest ones (20 mm∙d−1∙C−1) is observed in the eastern 
region of 10˚W. This is in agreement with [14] in the Indian Ocean. They show 
that when a Ningaloo Niño develops, remarkably enhanced precipitation ano-
malies occur primarily off the coast of northwestern Australia (NWA) rather 
than over the offshore area of western Australia, where the most significant sea 
surface temperature warming prevails. This enhanced NWA precipitation mani-
fests as jointly intensified stratiform and convective precipitation accompanied 
by an increase in high cloud cover. Figure 3(d) depicts the relationships between 
the NTA warm anomalies and the variation of precipitation over the western and 
eastern Sahelian regions (WS and ES, respectively). The area-averaged total preci-
pitation anomalies show a significant positive correlation with the NTA warm 
anomalies over the WS region with a coefficient value of +0.8 while a weaker 

https://doi.org/10.4236/acs.2023.134024


D. Wane et al. 
 

 

DOI: 10.4236/acs.2023.134024 439 Atmospheric and Climate Sciences 
 

value of +0.5 is observed over the ES region. In addition, the regression coeffi-
cient for the WS region is 2.5 times greater than the one for ES region, indicating 
that the WS precipitation is more sensitive to the intensity of the NTA warm 
events.  

Figure 4 shows the behavior of West African rainfall, particularly in the Sahel, 
in response to warm and cold events in the NTA region. Figure 4(b) shows an 
increase in Sahelian rainfall (10˚ - 18˚N) associated with the warming of the 
NTA SST (Figure 4(a)). The composite of warm years shows the presence of 
very warm water located North of 17˚N and West of 20˚W with a maximum 
anomaly value of +0.8˚C (Figure 4(a)). The figure also highlights that the warm 
waters are almost present over the whole area and the coldest waters are located 
South of 12˚N with an anomaly of +0.15˚C. Thus this southward propagation of 
warm waters generates strong meridional SST gradients in the NTA that play an 
active role in forcing convection over the ocean by organizing convergence in 
the lower layers [42], a mechanism that can enhance rainfall over the continent. 
The surface wind pattern associated with the warm composite shows a streng-
thening of the northward circulation and a strong surface convergence anomaly 
in the WS region co-located with the strongest positive rainfall anomaly. 
 

 

Figure 4. Warm ((a) and (b)) and cold ((c) and (d)) composites of SST (left column: ˚C) and precipitations (right column: 
mm∙d−1). For (b) and (d) are showing the 925 hPa horizontal wind (vector: m∙s−1) anomalies in June-September 1982-2019. 
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The opposite mechanism is observed during cold years of NTA (Figure 4(c) 
and Figure 4(d)). According to the Wind-Evaporation-SST (WES or Bjerknes) 
mechanisms, a cold SST anomaly induces a southward acceleration of the 
northern wind (Figure 4(d)) and thus limits the penetration of the convergence 
zone to the north during this period (June-September). This results in a south-
ern location of the rain zone with regard to its climatological mean position and 
therefore with less precipitation over the regions of interest. This is confirmed by 
studies of the relationship between ACT and ITCZ (or WAM) northward migra-
tion ([7] [42] [43]). They show that a northward acceleration of the southerly 
wind results from cold SST anomalies in the ACT region, leading to a northward 
migration of the ITCZ and associated West African rainfall. Figure 4(d) shows 
negative rainfall anomalies over West African regions, except for mountainous 
regions (i.e. Guinean regions). However, this decreasing trend in rainfall is more 
pronounced over the WS, particularly over Senegal and it can be explained by 
the low-level anomalous atmospheric circulation in this region (WS). On one 
hand, the surface wind composite shows a divergence, which is more pro-
nounced over the north of Senegal (North of 16˚N). On the other hand, the low- 
level circulation anomaly shows weak oceanic flow penetrating the continent 
that induces weak moisture transport into the continent. 

According to [44], the precipitation variability is strongly correlated with that 
of precipitable water, showing the existence of a threshold relationship between 
these variables. This relationship results in a band of heavy precipitation located 
above areas of high PWV (larger than 50 kg∙m−2), suggesting that little (or no) 
precipitation is observed over areas of PWV less than 50 kg∙m−2. However, PWV 
is controlled by moisture flux, i.e. moisture transport [34], showing the impor-
tance of understanding the distribution of precipitable water. Thus, Figure 5 
shows the composites of precipitable water anomalies associated with the NTA 
warm and cold events. The composite analysis shows a positive (negative) preci-
pitable water anomaly associated with the warming (cooling) of the SST in the 
NTA, reflecting a moistening (drying) of the atmospheric column. 

A warm event in the NTA region induces moisture transport further north in 
the Sahelian region (north of 12˚N), with more pronounced transport from the 
ocean to the continent in the lower layers (from surface to 850 hPa, Figure 
5(a)). This figure shows that the highest amount of precipitable water in the 
lower layers is located north of 12˚N, especially in the western region of 10˚W. 
However, all this moisture is transported to higher altitudes by the ascending 
branch of the convergence zone (Figure 4(b)) and, there is humidification of the 
atmospheric middle layers (700 - 500 hPa, Figure 5(c)). The deceleration of the 
upper jets (i.e. AEJ), at this level, leads to a weakening of the transport of mois-
ture available for rain towards the west. Whereas at high altitudes (400 - 100 
hPa, Figure 5(e)), the divergent circulation of the upper air jets (i.e. TEJ) trans-
ports all the moisture to the west. This pattern of moist air mass circulation as-
sociated with a deep convection zone is favorable for precipitation. 
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Figure 5. Same in Figure 4 but for precipitable water vapor (PWV, shading) and moisture transport (vector): ((a) WARM 1000 - 
850 hPa and (b) COLD 1000 - 850 hPa) in the lower layers (from the surface pressure, Psurf to 850 hPa), ((c) WARM 700 - 500 hPa 
and (d) COLD 700 - 500 hPa) middle layers (700 - 500 hPa), and ((e) WARM 400 - 100 hPa and (f) COLD 400 - 100 hPa) upper 
layers (400 - 100 hPa). Left column (composite warm) and right column (composite cold). 

 
On the other hand, during a cold event in the NTA region, there is a consi-

derable reduction of precipitable water in the lower layers (Figure 5(b)) north of 
12˚N in the western region of 10˚W associated with a strong southward mois-
ture transport, thus creating divergence of the moisture flow in this region. This 
drying of the air masses in the lower layers could induce shallow lift (weak con-
vection) in this region. In the middle layers (Figure 5(d)), a negative precipita-
ble water anomaly is also noted associated with the strengthening of the upper 
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jets (divergent circulation) at this level. In the upper layers, a reduction in the 
moisture transport by the upper jets (Figure 5(f)) can be observed throughout 
the study region. In contrast to the warm composite, this air mass circulation is 
typical of shallow (or dry) convection and is unfavorable for increasing precipi-
tation in the region. 

3.2. Large Scale Atmospheric Circulation Anomalies Associated  
with the NTA Warm/Cold 

This section depicts the large-scale atmospheric circulation anomalies associated 
with the warming and cooling NTA region. 

In the atmospheric lower layer, the warming of the NTA SST induces a cyc-
lonic circulation around the low-pressure anomaly and considerably reduces the 
intensity of the northerly winds (Figure 6(a)). This results in a convergence of 
surface winds in the region of the oceanic ITCZ. Over West Africa, a diver-
gence/convergence dipole centered on 13˚N is observed in association with the 
surface wind circulation (Figure 6(a)). Indeed, the cooling of the NTA SST, fa-
voring an anticyclonic circulation resulting from the high pressure, leads to an 
acceleration of the northerly winds, thus creating a divergence of the surface 
wind (Figure 6(b)). As opposed to the warm composite, the circulation of the 
lower layer winds associated with the cooling of the SST induces an opposite di-
pole with convergence to the north of 13˚N (Figure 6(b)). In the middle layers 
(500 hPa), the most dominant signal of the atmospheric circulation is the signif-
icant reduction (acceleration) of the upper jets, particularly the African Easterly 
Jet (AEJ), in response to the warming (cooling) of the SST (Figure 6(c) and 
Figure 6(d)), respectively. While in the upper troposphere, we observe a streng-
thening of the tropical easterly jets (TEJ) for the warm composite (Figure 6(e)), 
contrary to the cold composite which contributes to the weakening of the eas-
terly winds (Figure 6(f)). In the upper troposphere, the dominant signal for cir-
culation is the divergence (convergence) of the winds associated with the warm-
ing (cooling) of the NTA SST. Except in the western 10˚W region between 8˚N 
and 14˚N where there is a convergence (divergence) of surface winds. The spa-
tial distribution of the relative humidity anomaly associated with the warm and 
cold composites is strongly correlated with that of the atmospheric circulation 
for each composite. Indeed, the atmospheric circulation shows a northward 
(southward) advection of moisture during a warm (cold) NTA event (Figure 
7(a) and Figure 7(b)). During a warm (cold) SST event, the highest (lowest) 
moisture amount is located towards the coast north of 14˚N over the ocean. In 
contrast, over West Africa, the warming (cooling) of the SST leads to a positive 
(negative) moisture anomaly north of 12˚N in association with the atmospheric 
circulation shown in Figure 6(a) and Figure 6(b). In the Sahel, a considerable 
decrease in the amount of moisture increases (decrease) towards the east (Figure 
7(a) and Figure 7(b)). For the warm composite, the co-location of the moisture 
accumulation zone (Figure 7(a)) and the divergence zone (Figure 6(a)) induces 
a high-latitude advection of moist air masses. As the warm and moist air particles  
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Figure 6. Same in Figure 5 but for wind divergence (×10−6 s−1 shading) and horizontal wind (vector) at 925 hPa ((a) WARM 925 
hPa and (b) COLD 925 hPa), 500 hPa ((c) WARM 500 hPa and (d) COLD 500 hPa) and 200 hPa ((e) WARM 200 hPa and (f) 
COLD 200 hPa). Left column (composite warm) and right column (composite cold). 

 
in the lower layers become colder and less moist, this leads to weak humidifica-
tion of the upper layers (Figure 7(c)). The opposite is observed during the NTA 
cold event, where the atmospheric column dries out (Figure 7(b) and Figure 
7(d)) due to atmospheric circulation. In summary, the atmospheric circulation 
and humidity distribution associated with the warm NTA events, which results 
in convergence in the lower layers and divergence at high altitudes, is favorable 
for an increase in rainfall. On the other hand, the cold composite induces an 
opposite effect and favors a reduction in precipitation. Indeed, the relationship  
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Figure 7. Same in Figure 5 but for Relative humidity (shading) and horizontal wind (vector) at 925 hPa ((a) RH-WARM 925 hPa 
and (b) RH-COLD 925 hPa) and 500 hPa ((c) RH-WARM 500 hPa and (d) RH-COLD 500 hPa), and ((e) PC-WARM and (f) 
PC-COLD) are for the potential of convection (shading). Left column (composite warm) and right column (composite cold). 

 
between atmospheric convection over West Africa and upper jets (AEJ, TEJ, and 
the sub-tropical westerly jet (STWJ)) is clearly shown in previous studies in as-
sociation with African Easterly waves, AEW, ([45] [46] [47] [48]). [45] shows 
that the anomalies in the large-scale circulation also change the vertical wind 
shear and the strength, position, and instability of the African easterly jet, which 
in turn leads to changes in interannual African easterly wave activity and Sahel 
rainfall. The AEJ is a key feature of the West African monsoon (WAM), linking 
large-scale aspects of the WAM to its characteristic weather systems [49]. Its 
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vertical shear is important for the growth of long-lived mesoscale convective 
systems (MCSs) [50] and its potential vorticity (PV) and low-level temperature 
contrasts are important for African-easterly-wave (AEW) development [51]. In 
[52] the WAM system is characterized by a strong JET at 200 hPa and an AEJ 
less intense than the first generating moist and deep convection in the ITCZ to 
the south of the ITD. This is confirmed by cloud-resolving model (CRM) simu-
lations and idealized models ([53] [54]) who show associated the activation of 
the convection to upper-level anticyclonic and divergent flow feeds the tropical 
easterly jet (TEJ) and subtropical jet (STJ) on their southern and northern flank, 
leading to fast displacement of the mesoscale convective systems (MCSs, [55]) 
account for most of the rain over the Sahel. 

After diagnosing the difference between the impacts of the two composites of 
SST on the atmospheric circulation using dynamical parameters, the mean state 
of the atmosphere is assessed using thermodynamic parameters such as the Po-
tential of convection (Pc, Figure 7(e) and Figure 7(f)). Following [56], Pc is the 
difference between the equivalent potential temperature at 1000 hPa (surface) 
and 500 hPa (mid-troposphere): 

( ) ( )Pc 1000 500 ,e eθ θ= −                     (3) 

where eθ  is the equivalent potential temperature. The potential of convection 
is a good parameter for studying the degree of atmospheric instability. High val-
ues of Pc (≥14 K) are necessary for the development of deep convection. Over 
West Africa, a dipole of Pc anomalies is observed with a strengthening of the 
convection north of 13˚N and a weakening in the south associated with warming 
in the NTA region (Figure 7(e)). The opposite dipole is noted during the cool-
ing of the SST in the NTA (Figure 7(f)). Furthermore, a zonal gradient of the Pc 
anomaly is noted with the highest values found in the west and a progressive at-
tenuation of the anomaly intensity towards the east in the Sahel (Figure 7(e) 
and Figure 7(f)). This shows a strengthening (weakening) of the convective ac-
tivity in the Sahel with the largest contribution in the western Sahel (WS), in as-
sociation with the warming (cooling) SST events. This may partly explain the 
increased or decreased rainfall in the Sahel region associated with NTA warm or 
cold events, respectively. Note also the high degree of correlation between the 
spatial distribution of relative humidity anomalies and convective potential. This 
result is consistent with [56] who show that the difference in Pc between AEWs 
associated with and without cyclones shows an axis of maximum positive values 
along 15˚N, which extends well into the North Atlantic Ocean, indicating that 
the atmosphere is more unstable for the cases of AEWs associated with cyclones. 
This northward shift in the peak in Pc for AEWs with cyclones corresponds to a 
general northward shift in the monsoon trough. [56] show that this greater in-
stability is associated with the presence of a monsoon layer deeper in latitude 
and more intense in magnitude. 

The complete analysis of the effect of the SST anomaly in the NTA region on 
the atmospheric circulation is shown in Figure 8, averaged over the western  
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Figure 8. Same in Figure 5 but average over the western Sahel (WS) region for (a) Vertical velocity (Omega × 10−3, Pa∙s−1), (b) 
Wind divergence × 10−7 (s−1), (c) Zonal wind (m∙s−1), (d) Meridional wind (m∙s−1), (e) Relative humidity (%) and (f) Potential 
temperature (K). The red (blue) curve is shown the composite warm (cold) during 1982-2019. 

 
Sahelian region, particularly Senegal. Overall, the warming and cooling of the 
NTA SST induce opposite effects on the atmospheric circulation in the whole 
troposphere. During an NTA warm event, the tropospheric column is marked by 
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an acceleration of the vertical velocity in the lower layers with a maximum ve-
locity recorded around 925 hPa (Figure 8(a)). In the upper layers, there is a 
progressive decrease of the vertical velocity until 500 hPa. This vertical velocity 
structure induced by the NTA SST anomalies correlates well with that of the di-
vergence (Figure 8(b)). This figure shows the convergence/divergence inversion 
at the maximum vertical velocity anomaly altitudes (Figure 8(a)). Indeed, the 
lower and upper layers are governed by divergence which is more important in 
the lower troposphere, while the middle layer is dominated by wind convergence 
(Figure 8(b)). Figure 8(c) shows that the NTA SST anomaly has a weak influ-
ence on the vertical structure of the zonal wind in the lower and middle layers, 
while in the upper troposphere, the warming is associated with an acceleration 
of the easterly jets with a maximum observed around 200 hPa. For the meri-
dional wind (Figure 8(d)), the warming of the SST induces a strengthening of 
the southerly wind from the surface up to 350 hPa with a maximum wind acce-
leration noted in the lower layer around 650 hPa. From 350 hPa, there is a pro-
gressive slowing down of the meridional wind. Thus, this atmospheric circula-
tion, associated with the warm and cold composites of NTA, largely explains the 
vertical distribution of relative humidity (Figure 8(e)) and potential tempera-
ture (Figure 8(f)) of air masses in the troposphere. Figure 8(e) shows that in the 
WS (or Senegal) region, a warm NTA SST event is associated with an anoma-
lously moist layer, from the surface to 550 hPa, with a moisture maximum rec-
orded around 925 hPa. From 550 hPa, there is a very small decrease in relative 
humidity. Thus, we speak of deep and humid atmospheric convection. This deep 
and moist convection over the WS region is also explained by the thermal insta-
bility of the atmospheric column. Figure 8(f) shows a gradual cooling of the air 
mass temperature throughout the troposphere during an NTA warm event. The 
instability is marked by the presence of lighter (warmer and wetter) air masses in 
the lower layers and heavier (colder and less wet) air masses in the upper layers 
(Figure 8(e) and Figure 8(f)). Indeed, the instability is more important between 
925 hPa and 500 hPa where the air cools down very quickly, while from 500 hPa 
there is a small increase in air temperature (Figure 8(f)). In summary, this 
shows that a warming of the SST in the NTA region enhances the atmospheric 
conditions favorable for increased rainfall in the WS region, particularly Senegal. 
The opposite is observed during periods of SST cooling, where conditions tend 
to stabilize the atmospheric column and thus reduce rainfall in this region 
(Figure 8). 

In summary, this is in agreement with the results found that warming of the 
SST is one of the actors contributing to the increase in Sahelian rainfall, particu-
larly in the western region (or Senegal). On the other hand, an abnormally cold 
NTA event contributes to the decrease in rainfall in the Sahel, with a considera-
ble reduction towards the coast. 

4. Conclusions 

In this study, we investigated the influence of the northeastern tropical Atlantic 
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(NTA) on the West African rainfall, particularly in the Sahel, as well as the asso-
ciated dynamic mechanisms on the inter-annual times scale. The empirical or-
thogonal function (EOF) shows that the dominant mode of the SST variability 
(87.4%) is characterized by a warming SST off the West African coast. The prin-
cipal component (PC1) associated with this EOF is well correlated (+0.97) with 
the NTA index (NTAI) defined as the averaged SST anomalies (SSTA) in the re-
gion of 12˚ - 16˚N of the East of 25˚W.  

The linear regression of PC1/NTAI of the West African rainfall and atmos-
pheric variables shows that the influence of the NTA index (NTAI) on West 
African rainfall is stronger in the western regions (West of 10˚W) and decreases 
considerably towards the east. Over the Sahel, the regression coefficients allowed 
us to show that the impact of the NTAI is three times greater in the west of 
10˚W than in the eastern part, indicating that the western Sahel (west of 10˚W, 
WS) rainfall is more sensitive to the NTA SST anomalies.  

The surface wind pattern associated with the warm composite shows a 
strengthening of the northward circulation and a strong surface convergence 
anomaly in the WS region co-located with the strongest positive rainfall anoma-
ly. The opposite mechanism is observed with cold composite where a cold SST 
anomaly induces a southward acceleration of the northern wind and thus limits 
the penetration of the convergence zone to the north during this period (June- 
September). Then, warming (cooling) events in this Atlantic region contribute to 
an increasing (decreasing) of rainfall in the Sahel with a maximum noted in the 
western regions, particularly over Senegal.  

In the atmospheric lower layers, the warming of the NTA SST induces a cyc-
lonic circulation around the low-pressure anomaly and considerably reduces the 
intensity of the northerly winds. While the cooling event favors an anticyclonic 
circulation resulting from the high pressure, leading to an acceleration of the 
northerly winds. The atmospheric circulation response, to the warming (cool-
ing) NTA, in the middle layer (500 hPa) dominates a significant reduction (ac-
celeration) of the upper-level jets (African Easterly Jet, AEJ). While in the upper 
troposphere, we observe a strengthening of the tropical easterly jets (TEJ) for the 
warm composite, contrary to the cold SST composite which contributes to the 
weakening of the easterly winds. 

In terms of humidity transport (or advection), the warming event induces a 
northward moisture transport in the Sahel region (north of 12˚N), with more 
pronounced transport from the ocean to the continent in the lower layers (from 
surface to 850 hPa) leading to a high amount of precipitable water to the north 
of 12˚N, especially in the western region. During the cold event in the NTA re-
gion, we have the opposite mechanism resulting in strong southward moisture 
transport. Then, the cold composite is associated with less precipitable water 
vapor and a weakening of convection leading to a decrease of the precipitation 
over Sahel. 

Figure 9 shows a strong relationship between the NTA and rainfall index over 
the Sahel (9a), which is more significant over Senegal (9b) on a decadal scale. It  
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Figure 9. Bar plots of precipitation anomalies index over Sahel (20˚W - 10˚E, 12˚ - 18˚N) 
(a) and Senegal (18˚ - 11˚W, 12˚ - 17˚N) (b). The red (blue) curve shows the time series 
of the precipitation (NTAI) anomalies smoothed over 10 years and their correlation coef-
ficient is shown below for each panel. 
 
shows the important role of NTA SST anomalies on Sahelian rainfall. However, 
our results show that this influence is more significant in the western Sahel re-
gion (Senegal). Hence the interest to consider this SST anomaly index in weather 
forecasts in the Sahel, particularly in Senegal. 
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