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In situ, satellite andmodel analyses data in April–July 2006 are used to investigate the
links between sea surface temperature (SST) and the marine atmospheric boundary
layer (MABL) in theGulf of Guinea. The study region between 10oWand 6oE is divided
into three areas with different characteristics: the North Area (4.5oN to 1oN) with the
wettest atmosphere and the warmest SST, the Upwelling Area (1oN to 4oS) with the
strongest SST decrease, and the South Area (4oS to 8oS) with a drier atmosphere and a
more slowly decreasing SST than in the Upwelling Area. The key zone of the air-sea
interactions in this region seems to be the SST front between North and Upwelling
Areas. On the one hand, the study of the MABL on either side of the front shows
a well-mixed layer between the surface and about 500m high, sensitive to surface
variations, which gets shallower (deeper) when the SST decreases (increases). The
MABL height (about 1500m) follows the same variations but is not exactly collocated
with the SST variations. On the other hand, the observation of the MABL across the
SST front shows a strengthening of southeasterlies in the South Area coinciding with
a strong SST decrease in the Upwelling Area. In the latter, the wind weakens above
the colder SST. Besides, in the North Area, the wind strengthens above the warmer
SST. However, the wind acceleration spans from the equator to 2oN in April and as
far as 4oN in June. A convergence zone is observed in the vicinity of 2oN in April,
suggesting a convection activity there, favoured by the SST front.
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1. Introduction

In the Gulf of Guinea, an equatorial upwelling develops in
boreal summer (Merle et al. 1980; Picaut 1983). At the same
time, the West African monsoon is engaged by an abrupt
latitudinal shift of the intertropical convergence zone (ITCZ)
from about 5oN in May–June to about 10oN in July–August
(Sultan and Janicot 2003). Caniaux et al. (2011) observed a high
correlation between the onset of the equatorial upwelling and
this northward jump of the ITCZ. Several authors suggested
an influence of the sea surface temperature (SST) cooling on
the West African monsoon onset (Vizy and Cook 2001, 2002;
Sultan and Janicot 2003; Gu and Adler 2004; Okumura and

Xie 2004). However, the mechanisms of this influence are still
largely unknown.
To provide a better understanding of the processes playing a

role in the West African monsoon, the AfricanMonsoonMul-
tidisciplinary Analysis (AMMA) programme (Redelsperger
et al. 2006) performed an extensive observation period
between 2005 and 2007, with an intensive field campaign
in 2006 (Janicot et al. 2008). Thanks to this programme, the
oceanic mixed layer and upwelling processes are better known
(Marin et al. 2009; Caniaux et al. 2011; Wade et al. 2010), as
well as the oceanic circulation there (Kolodziejczyk et al. 2009).
However, the marine atmospheric boundary layer (MABL)
processes remain poorly documented. In particular, interac-
tions between the SST and theMABLneed an exhaustive study
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in order to understand how the upwelling and the resulting
colder SST impact the humidity transport, which comes and
supplies the West African monsoon.
Between April and July, the whole eastern equatorial

Atlantic is cooling. However, the cooling in the equatorial
upwelling is faster and creates a strong SST gradient between
the cold water south of the equator and the warmer one
north of 1oN. Conversely, the SST gradient at its southern
boundary is weak, as the SST is colder south of the upwelling
than north of 1oN (Figure 1 (a)). Several previous experiments
were conducted in the Pacific and North Atlantic oceans in
the vicinity of such SST gradients, such as the Joint Air–Sea
Interaction (JASIN; Pollard et al. (1983)), the Frontal Air–Sea
Interaction Experiment (FASINEX; Stage and Weller (1985))
and the “Structure des EchangesMer–Atmosphère, Propriétés
des Hétérogénéités Océaniques: Recherche Expérimentale”
(SEMAPHORE; Eymard et al. (1996)). For awind blowing from
cold to warm SST, a strengthening of the wind, an increase of
the turbulent fluxes and a thickening of the MABL above the
warm side of the SST front were mainly observed (Businger
and Shaw 1984; Friehe et al. 1991; Kwon et al. 1998). These
characteristics now need to be studied in the frontal zone in
the Gulf of Guinea.
The aim of this study is to explore theMABL characteristics

and investigate the possible links between the cooling of the
SST leading the development of the front, and the MABL in
the Gulf of Guinea during the 2006 season, using in situ and
satellite data, as well as model analyses. A focus is made at
the time of the equatorial upwelling formation, between April
and July 2006. Section 2 describes the data used for the study.
General characteristics of the eastern equatorial Atlantic are
exposed in section 3, followed by a description of the observed
effects of the SST on the MABL, on either side and across the
SST front, in section 4. Finally, the results are discussed in
section 5.

2. Data

All the data described below were supplied by the AMMA
database (http://database.amma-international.org/; Fleury
et al. (2011)).

2.1. In situ data

Within the oceanic component “Etude de la circulation
océanique et du climat dans le golfe de Guinée” (EGEE) of
the AMMA programme, an oceanic survey of the Gulf of
Guinea was made in May–July 2006 (EGEE–3) (Bourlès et al.
2007). The covered region is located between 5oN–10oS and
10oW–10oE (Figure 1). During the cruise, air temperature,
SST, relative humidity and wind were continuously measured,
aswell as the total columnwater vapour (WV). Radiosoundings
measuring air temperature, relative humidity, pressure and
wind were launched two to four times a day.

2.2. Satellite measurements

Satellite measurements were used to supplement and put the
EGEE–3 survey into a regional perspective. Specifically, the
TRMM Microwave Imager (TMI) measures the SST through
clouds, except under rainy conditions, and the WV (Wentz

1997; Wentz et al. 2000). In addition, the QuikScat (Quick
Scatterometer) satellite provided wind vector data (Liu et al.
2000). These satellite data are available as 3–day runningmean
on a 0.25o grid.

2.3. ECMWF operational analyses

The operational analyses from the European Centre from
Medium–RangeWeather Forecasts (ECMWF) provide surface
parameters (air temperature, SST, WV and wind) and atmos-
pheric profiles (air temperature, specific humidity and wind).
In contrast to the satellite data, they allow the study of the
low atmosphere vertical structure. The horizontal resolution
is 0.25o from April to July 2006 with 6–hourly data (0, 6,
12 and 18 h). The 91 model levels provide a good vertical
precision for the boundary layer study, with 20 levels between
the surface and about 3000m. However, the available dataset
on the AMMA database is limited to 5oS in latitude.

2.4. Consistency analysis of the datasets

Figure 2 shows the hourly mean of the SST andWVmeasured
along the cruise compared to the closest satellite and model
data in time and space. Themean and standard deviation (STD)
are very similar for the three SST datasets (Table 1). However,
if the mean differences between cruise measurements, satellite
and ECMWF SST data are very small, some important
differences exist punctually (STD of about 0.5oC). The same
goes for the WV, where the most important differences are
observednear theAfrican coast (about 10 kgm–2 during 15–25
June and the first days of July), where the rainfall perturbs
the sensor. Note that the EGEE–3 cruise radiosoundings and
QuikScat wind measurements are assimilated in the ECMWF
operational analyses.

3. Overview of April–July 2006

Figure 1(a), which shows the TMI SST mean map from 15
May to 15 June 2006, suggests a zonal pattern of the SST in
the eastern equatorial Atlantic, and similarly for TMI WV and
QuikScat wind speed (not shown). Roughly, three different
regions appear between 5oN and 10oS during boreal spring,
visible on the zonal mean of the SST, WV and wind speed
(Figure 1(b)–(d)): north of the equator, characterized by the
wettest atmosphere and thewarmest SST; south of the equator,
less wet and with the coldest SST; and a drier southern zone
with a slightlywarmer SST.Thewind follows a similar scheme:
maximum north (> 6.5m s–1), strongly decreasing south of the
equator (about 5.5m s–1), and then strengthening again in the
Southern Atlantic (> 6m s–1; Figure 1(d)). The WV increases
linearly from south to north (Figure 1(c)). These three areas
were therefore delimited for the study, as inMarin et al. (2009):
the North Area from 4.5oN to 1oN, the Upwelling Area from
1oN to 4oS and the South Area from 4oS to 8oS (grey frames in
Figure 1(a)). These areas were taken between 10oW and 6oE in
longitude, far from the African coastline and islands.

Figure 3 shows the TMI and QuikScat measurements aver-
aged in each area from April to July 2006. At first sight, a
decrease of 5–6oC over the whole period is generally observed
in the SST, as well as a WV decrease of about 15 kgm–2.
In agreement with Figure 1(d), the WV exhibits a sharp
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Figure 1. (a) Map of the mean SST TMI between 15 May and 15 June 2006. The trackline of the EGEE cruise in May-July 2006 in the Gulf of Guinea is
superimposed. (b–d) Meridional section averaged between 12oWand 12oE of SST TMI (b), WV TMI (c) and wind speed QuikScat (d). The grey lines define the
various areas of the Gulf.

Table 1. Mean and standard deviation (STD) of SST and WV for in situ, satellite and operational analyses data.a

SST (oC) WV (kgm-2)
EGEE TMI ECMWF EGEE TMI ECMWF

Mean 26.88 26.65 26.76 45.1 40.0 41.9
STD 1.38 1.22 1.31 12.5 9.6 11.3
Mean diff. – -0.01 -0.13 – -3.2 -3.8
STD diff. – 0.50 0.54 – 4.1 2.1
aDifference between in situ data used as reference and satellite data and operational analyses.

Figure 2. Hourly mean SST (a) and WV (b) during the EGEE cruise from 27 May to 5 July 2006. TMI satellite and ECMWF operational analyses of 0.25o
resolution at the closest grid point and time from the ship location.
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south–north gradient fromApril to July 2006, with the humid-
ity maximum standing in the North Area. Southeasterlies in
the South Area become southsouthwesterlies in the North
Area after crossing the equator, due to the Coriolis effect,
turning from a leftward deflection of thewind into a rightward
deviation.

The Upwelling Area is marked by the most intense SST
cooling between April and July (of 6.4oC). This cooling is not
smooth and continuous, but results from the succession of
events of various durations. As the cooling is less important
in the South Area, the SST is globally 0.5oC warmer than in
the Upwelling Area. Moreover, the mean surface wind in the
South Area weakens from about 7m s–1 to less than 6m s–1 in
the Upwelling Area. In both areas, the surface wind tends to
weaken after the end of June.

A similar comparison shows that the mean SST from
April to July in the North Area is 2.4oC warmer than in the
Upwelling Area. This meridional SST gradient between the
equator and 1oN is stronger in July (with a mean difference
between the two areas of about 3oC) than in April (about
1.8oC). In April, the surface wind is quite weak (less than
5m s–1) in the North Area, but strengthens from May to July
to reach 6.9m s–1 (against 5.4m s–1 in the Upwelling Area).
In parallel, whereas the Upwelling Area sky is mainly clear,
theNorth Area has an overcast sky with the presence of some
high clouds (MSG classification, Derrien and Le Gléau (2005),
not shown). Thus a strong intraseasonal variability in the SST,
wind speed and WV is exhibited in Figure 3.

A wavelet analysis was performed on the parameters in
the three areas and revealed three main modes (Figure 4).
In each area, the WV variability is dominated by a 40–day
periodicity. Time series spanning over 4 months are too short
to statistically confirm a mode with a 40–day periodicity here,
but at least this agreeswithEymard et al. (2010),who also found
an intraseasonal 30– to 40–day mode between 5oW–5oE and
20oS–10oS in the 2005–2007 period, by using AMSU–B data
on the humidity in the troposphere (at about 3 and 8 km of
altitude). This frequency could be linked to a Madden–Julian
oscillation (Matthews 2004; Janicot et al. 2009), or also perhaps
to the Southern Hemisphere equivalent of the North Atlantic
Oscillation (Foltz and McPhaden 2004). Then, a mode with
periods from 15 to 20 days dominates the SST intraseasonal
variability in the three areas, with the strongest domination
found in the Upwelling Area. This is also observed in the
wind variability in the three areas, equally, albeit less intensely.
Eventually, an 8– to 10–daymode appears in thewind andWV
variability for the Upwelling and South Areas. These various
variability modes are discussed in section 5.3.

Altogether, this suggests that the upwelling development
influences the low atmosphere circulation, spatially (since
it divides the region into roughly three areas), as well as
temporally. The strong meridional SST gradient between the
Equator and 1oN appears to be a key zone for the air–sea
interactions in the eastern equatorial Atlantic: in order to
properly address the processes affecting theMABL response to
this SST front, it is useful to make a clear distinction between
the processes occurring on either side of the front and those
occurring in the frontal region itself.

4. Impact of the SST front

4.1. Mean characteristics of the MABL on either side of the SST
front

A first approach to study the link between the SST and the
MABL was to compare the vertical MABL structures above
the cold SST in the Upwelling Area and the warmer SST
in the North Area. Figure 5 shows the mean profiles of the
soundings made above the cold SST (between 0oN and 3oS)
and the warmer SST (between 4.5oN and 1oN) from 2 to 5 July
2006,when the ship followed ameridional direction along 3oE.
A preliminary study of the SST, wind and relative humidity
variations showed that their diurnal cycle does not perturb the
mean of the soundings made at different hours (not shown).

The mean potential temperature exhibits very similar
profiles on both sides of the front (Figure 5(a)). Two different
layers in the MABL are observed: a well–mixed layer,
extending from the surface up to 500m high, and the layer up
to the MABL top, characterized by a large stability.

In the mixed layer, a nearly constant potential temperature
takes place, in agreement with the existence of strong surface
buoyancy fluxes near the surface (Small et al. 2008), a strong
relative humidity (Figure 5(b)) and a maximal wind speed
(Figure 5(c)). Note that the wind speed in the mixed layer
is weaker (about 6.5m s–1 maximum) on the cold side than
above thewarmSST (8m s–1maximum), in agreementwith the
observations made in the previous section with satellite wind
data at the surface.

The location of the MABL top can be seen here in the
profiles of Figure 5 as a decrease in the relative humidity,
a wind speed minimum and a sharp wind shear where the
wind turnswestward. Significant contrasts appear between the
profiles above the cold and warm sides. The MABL is wetter
above the warm side: the relative humidity is of about 90 % on
average in theMABL and remains important (more than 80 %)
above theMABL top at the vicinity of 2000m high. Moreover,
the wind speed minimum (of 2.7 and 2.2m s–1 respectively
above the cold and the warm SST) stands higher on the
warm side (1600m) than on the cold side (1100m). The same
applies to the wind shear altitude. Thus, these observations
show that the MABL is thicker above the warm SST than
the cold SST. This agrees with the clear spatial and temporal
coherence found in the previous section between the surface
wind and SST patterns. Several previous studies of the SST
front in the Pacific orNorth Atlantic also emphasized the same
characteristics (Businger and Shaw 1984; Friehe et al. 1991;
Kwon et al. 1998; Hashizume et al. 2002; Small et al. 2008). To
obtain a wide view of the differences between both sides of the
SST front, ECMWF operational analyses are used to compute
the mixed layer and the MABL heights.

4.1.1. Determination of the mixed layer and MABL heights

Several methods exist to compute the MABL thickness. The
cloud base was often used as a cut–off for the MABL (Kwon
et al. 1998). Wayland and Raman (1989) and Hashizume et al.
(2002) used virtual potential temperature profiles, searching
the maximal gradient. Mathieu et al. (2004) computed the
MABL height by using the Richardson number, but this
method requires the fixing of a critical Richardson number, on
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Figure 3. SST (a) and WV (b) measured by TMI and wind vector by QuikScat fromMay to July 2006 for North (c), Upwelling (d) and South Area (e).

which the MABL height depends strongly. This is the method
used in the ECMWF analyses, but it leads generally to thinner
MABL layers than those observed (Palm et al. 2005).
Here, the potential temperature criterion was used (note

that using the virtual potential temperature instead does not
change the results). As shown in the previous section, EGEE–3
soundings led to defining the MABL top as the altitude where
the gradient of the potential temperature between 700 and
2500m is maximal. The definition of the upper limit prevents
the top rises up to several kilometres in the deep convection
areas; the lower limit stops at the mixed layer top, which
can also be characterized by a strong potential temperature
gradient (Hashizume et al. 2002). Thus the mixed layer top
can be defined as being collocated with the lowest level where
the potential temperature increases by more than 0.3 K with
a 100m increase in height. In some cases, where the mixed
layer is more than 700m high, it is considered to merge
with the MABL top. Moreover, a strong draining exists at the
MABL top: a comparisonwith the specific humiditymaximum
gradient can be used to check the consistency of thismaximum
altitude with the MABL height computation. They are in
very good agreement, except near the Guinean coast and
in the northeastern part of the domain, where some deep
atmospheric convection takes place (not shown).

4.1.2. Structure of the mixed layer and MABL

Maps of MABL and mixed layer thicknesses were computed
with these criteria by using ECMWF operational analyses.
In early May, when there is no SST front at the equator, no
characteristic pattern is observed (not shown). As the SST front
develops, however, the layer heights change. Figure 6 shows
the average of the mixed layer and MABL heights in the first
10 days of July 2006, when the SST front is well established.
Their thickness is clearly larger over a warmer temperature:

about 1800m for theMABL and 550m for the mixed layer are
observed on the warm side, against about 1000m and 350m
respectively on the cold side.Moreover, the spatial fluctuations
of the mixed layer height are very well collocated with the
SST ones. This indicates that the mixed layer fully responds
to the local SST changes through heat flux variations. The
changes in MABL height due to the SST front also show very
similar spatial fluctuations, albeit located downstream of the
SST gradient. This difference between mixed layer andMABL
is discussed in section 5.

4.2. Across the SST front

A second approach consisted of investigating the MABL
during the crossing of the SST front, in particular when
there is a strong cooling in the Upwelling Area. Indeed, the
development of the equatorial cold tongue between April and
July is not smooth and continuous. Instead, its formation
results from the succession of cooling events of short or long
duration (Figure 3). In parallel to these events, short or long
periods of stronger wind are observed.
Figure 7 focuses on two particular sequences of 10 days

each, at the end of April and June 2006, during a strong wind
event (about 9m s–1) in the South Area. A strong negative SST
anomaly (< –0.5oC)develops south of the equator and stretches
as far as 3oS in April and 5oS at the end of June (Figure 7(a)).
In both sequences, a strong wind appears in the South Area,
slows down above the cold SST in the Upwelling Area and
then accelerates north of the Equator. This acceleration stops
around 2oN in April, but reaches 4oN at the end of June.
Moreover, the surfacewind is convergent north of 2oNinApril
(Figure 7(b)), where theWV is maximal (> 60 %), suggesting the
occurrence of deep atmospheric convection there. Conversely,
no convergence is observed at the end of June, when the
northern part of the Gulf of Guinea is rather dry (< 55 %).
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Figure 4. Mean wavelet spectrum energy for the TMI SST (top), QuikScat wind speed (center) and TMI WV (bottom) between April and July 2006 in North
(right column), Upwelling (centre column) and South Area (left column). A high pass filter was applied to remove the seasonal signal.

This agrees with Janicot et al. (2008), who described an
intensification of the convective activity during the second
half of April and most of May 2006 off the Guinean coast,
and a weakening of the convection at the end of June, as
the ITCZ migrates northward. Thus, in the same way as the
MABL thickness (see previous section), some differences take
place depending on the period within the April–July season.
However, the physical processes of the air–sea interactions
remain quite similar all along the season.
In order to investigate these physical processes linking

the fluctuations in the low atmosphere and the surface
ocean during the successive SST coolings, composites were
computed and averaged in the meridional band between 6oW
and 10oW. This area was chosen because it is far from the
African coastline to the East, while stayingwithin the EGEE–3
cruise area and thus benefiting from its data assimilation in
the ECMWF model. Moreover, the oceanic and atmospheric
patterns are the most marked there (see, for example, Figure 1
for the SST and Figure 6 for the MABL height). The largest
SST variation is located between 1oS and 3oS over the whole
period. The criterion used to extract the set of dates for the
composite is a SST cooling of at least 0.1oC per day in the

TMI data averaged over the 6–10oW/1–3oS region. This zone
between 1oS and 3oS is chosen because it is in the Upwelling
Area where the cooling is the most intense and away from the
transition zones between the other areas. Thirty–two days of
such cooling events were found between April and July 2006
(representing about 25 % of the time period). This set was then
divided into two subsets: the first one selects only short cooling
events of only 1 day duration (10 events selected, case 1), and
the second one selects the cooling events lasting between 2 and
5 days (22 selected, case 2). Composites on both datasets of
these dates were computed using satellite data (TMI SST and
WV, QuikScat wind) and the ECMWF operational analyses.
Composites with temporal lags were computed, from 2 days
before the cooling dates to 7 days after, showing the complete
event development on a full 10–day period in both cases
(short and long). Eventually, at each meridional gridpoint, the
significance of the composite was tested using a Monte Carlo
method: 1000 subsets of 10 days were randomly generated
between April and July 2006, and the 901st value among the
sorted 1000 resulting composites gave the 10 % significant
threshold.
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Figure 5. Mean profiles of (a) potential temperature (oC), (b) relative humidity (%), (c) wind speed (m s–1) and (d) wind direction (0o northward, clockwise)
over warm (plain lines) and cold sides (dashed lines) with envelope as computed by the EGEE radiosondes from 2 to 5 July 2006, along 3oE. There are 4 (5)
radiosondes for the warm (cold) side.

Figure 6. Boundary layer (left) and mixed layer (right) height (m, colours) computed with ECMWF operational analyses and SST TMI (oC, black contours)
between 1 and 10 July 2006.

Figure 8 shows the composites of the TMI SST and the
QuikScat wind speed. In case 1, in the southern part of the
domain, a strong wind (> 7.5m s–1) precedes the SST cooling
(lag –2 to 0) and tends to slow down afterwards (about 7m s–1).
In comparison, in case 2, the wind is stronger and longer
(> 8m s–1, from lag –1 to lag 3) and slows down around lag 4
(about 7.5m s–1). In both cases, between 2oS and the equator,
the surface wind is clearly much weaker, both spatially and
temporally, with a cooler SST in parallel: this agrees with
a vertical stability in the MABL increased by a colder SST,
which would limit the downward momentum flux of stronger
winds aloft (as described in Wallace et al. (1989). North of the
SST front, the wind strengthens up to 7m s–1 for a period
significantly longer in case 2 than in case 1 at 2oN (Figure 8).
Other tests show that the patterns are generally not significant

in case 1, suggesting that isolated SST cooling events are not
linked to some notable change in the atmosphere.

Composites of the ECMWF operational analyses for case 2
in the three areas are shown in Figure 9. Unfortunately, this
dataset is only available over a region limited to 5oS in latitude
(section 2); thus the South Area is restricted here between 4oS
and 5oS. The wind pattern up to about 2000m high remains
similar to the surface wind one (Figure 9(a)–(c)): the wind
strengthening during the first days is indeed observed in the
whole MABL, as well as its weakening above the cold SST
in the Upwelling Area (at lag 4). A wind speed minimum is
also reached in the North Area at lag 3. However, the wind
is much slower there than in the Upwelling Area, contrary to
whatwas observed in the composites of satellite data (Figure 8).
Hersbach (2010) observed the same underestimation of the
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8 M. Leduc-Leballeur et al.

Figure 7. (a) QuikScat wind speed (colours, m s–1) and TMI SST anomaly (black contours, oC) between 22 April and 2May 2006 (right) and 24 June and 4 July
2006 (left). Anomaly is computed removing by the cubic tendency in the SST time series. (b) TMI WV (colours, kgm-2) and wind divergence computed with
QuikScat measurements (only two contours are plotted: plain for 0 and dotted for 1.10-5 , s-1).

Figure 8. QuikScat wind speed (colours, m s-1) and TMI SST (black contours, oC) composites for (a) case 1 and (b) case 2 (see text for details). White lines limit
the various areas of the Gulf.

surface wind speed in the Gulf of Guinea by the operational
ECMWF when compared with scatterometer data, and
suggested it could be due to stability–dependent errors in the
ECMWF boundary layer formalism. Note, however, that the
wind maximum is observed at an altitude of about 500 m, in
agreement with the radiosoundings shown in section 4.1.

As both relative humidity and potential temperature are
continuously and strongly stratified between the surface and
3 km high (not shown), their anomalies were computed by

removing the temporal cubic tendency at each gridpoint
(latitude, longitude, altitude) and their composites performed
on these anomalies instead of their absolute values. A strong
positive anomaly of relative humidity is observed in theMABL
with a maximum near the top of the MABL (about 2000 m) in
the three areas around lag 3 (i.e. 3 days after the SST cooling,
Figure 9(d)–(f)). This coincides with a strong negative anomaly
of potential temperature. At this altitude, just above the top of
the MABL, the winds are no more northwestward as in the
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MABL, but have a strong westward component (not shown),
advecting colder and wetter air from the free troposphere
further east (toward the African continent), thereby creating
these anomalies.
While these colder and wetter anomalies are restricted

to the top of the MABL in the Upwelling and South Areas
(other anomalies observed in both of these areas are generally
not significant and thus will not be discussed), in the North
Area, on the contrary, the relative humidity anomaly stretches
significantly vertically in the whole MABL column around lag
3. The WV would thus be logically stronger than usual in the
North Area from lag 1 to 5, which was indeed found in the
TMI WV composites, as well as in the TMI liquid cloud water
north of 2oN (not shown). Moreover, the cold anomaly of air
temperature at the top of the MABL is found, as well as at
its base. The presence of such a wet and cold atmosphere in
the whole column in the North Area suggests an increased
convective activity in the low atmosphere, a few days after the
strongest wind event taking place in the southern part. This is
probably linked with the signal found in the composite of the
TRMM rainfall product (3b42, Huffman et al. (2001)), which
exhibits significant precipitation at the same time north of 2oN
(not shown).

5. Discussion and conclusion

5.1. The interaction between oceanic surface and atmosphere

The analysis of the 2006 boreal spring provides some
information on the air–sea couplingmechanisms in theGulf of
Guinea.With a composite analysis based on the SST cooling in
the Upwelling Area (section 4), it was shown that this cooling
is led by an intensification of the southeasterlies in the South
Area. The cooling starts immediately, and leads to a maximum
SST anomaly a few days later. This agrees with de Coëtlogon
et al. (2010), who found similar results by performing lagged
linear regressions onto an intraseasonal index of the SST
variability on years 2000–2007. It was proposed that the SST
cooling was partly due to the horizontal advection of colder
waters in the cold tongue, dragged northward by stronger than
usual southerlies, and also probably to vertical mixing oceanic
processes (entrainment + diffusion). The wind strongly slows
down in the Upwelling Area, and strengthens in the North
Area. A linking mechanism between the SST and the wind was
first described by Sweet et al. (1981) and Wallace et al. (1989);
the vertical stability of the atmospheric column is enhanced
through decreased surface turbulent heat fluxes when passing
over colder water, and this would decrease the downward
vertical momentum flux coming from the stronger winds aloft
(i.e. from the top of the atmospheric mixed layer, which is
about 500m high in this region, as shown in section 4.1.1).
As the wind blows from cool to warm waters, the surface
fluxes increase, the atmospheric mixed layer is destabilized,
and the vertical mixing enhances, increasing the observed
surface winds.
However, a decrease in the wind speed is observed not only

in the surface winds but also in the whole MABL (Figure 9,
left); this suggests that the mechanism could rather be linked
to the dynamics of the MABL itself, and particularly to the
adjustment of its height, instead of a simple shear in the
sole mixed layer. This is confirmed by the very good spatial

correlation obtained between the SST and the MABL height
(and to a lesser extent the mixed layer height) when the latter
was averaged over a 10–day period (Figure 6). These results
are thus in agreement with previous studies (Sweet et al. 1981;
Wayland and Raman 1989; Kwon et al. 1998; Hashizume et al.
2002), which discussed in particular how the adjustment of
the mixed layer and the MABL to a SST front differs: the thin
mixed layer responds to the local changes in the SST, whereas
the thickerMABL follows the SST variationswith a spatial and
temporal lag, due to the advection by the mean atmospheric
flow.

5.2. Role of the SST front

The SST front also has an effect on the MABL dynamics.
Indeed, Small et al. (2008) explained that pressure anomalies
are due to the change in air temperature andmoisture induced
by the SST front, with lower pressure over the warm air, and
higher pressure over the cold air. Due to the thermal advection,
the length scale of the adjustment of the whole MABL may be
longer than the SST frontal width. The height of the MABL
maximal gradient is hence located downstream of the SST
gradient. No clear signal can be seen in the sea–level pressure
composite (not shown). In the same way, no significant signal
was obtained directly in the composites of the MABL height,
but this probably comes from the delayed response of the
MABL height to SST fluctuations. Moreover, this height is
computed indirectly from the discretized model levels in
the operational model, which must raise large uncertainties.
However, the strong positive anomaly in the relative humidity
found in the composites at the top of the MABL is an indirect
proof of this influence (Figure 9, right): asmost of the humidity
remains within the boundary layer, by definition, a very strong
vertical gradient of humidity takes place at its top; it is thus
expected to produce large anomalies of humidity around the
MABL top, even with weak fluctuations of its altitude (note
that this could result from a local budget of humidity, as well
as from the advection of some air with different temperature
and humidity in the free troposphere).
Thus the cold tongue development tends to stabilize the

atmosphere above the cold water, but the equatorial SST
front strongly destabilizes the MABL in the northern part of
the cold tongue. This suggests a link between the upwelling
development and the onset of the coastal rainfall season, since
the latter benefits from the increased atmospheric instability
leading to the development of convective activity (Thorncroft
et al. 2011). The presence of a strong atmospheric convergence
north of 2oN in April–May 2006 (Figure 7(b)), which migrates
northward in June–July, therefore suggests an influence of the
upwelling on the convection. This is also emphasized by the
greater cloud cover over the warm side of a SST front, which
was observed here with the MSG classification in the North
Area (not shown) and in other several studies (Rogers 1989;
Deser et al. 1993; Xie 2004; Small et al. 2008). For example,
Pyatt et al. (2005), who studied the structure of the MABL
over an SST front in the tropical eastern Pacific Ocean, found
variable cloudiness on the cold side (coverage of 20–90 %),
and high cloudiness (greater than 80 %), as well as being quite
constant in time, on the warm side with the highest cloud
tops, which suggests deep convection. Further investigations
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Figure 9. ECMWF operational analyses composite of (a–c) wind speed (m s-1) and (d–f) relative humidity (colours, %) and air temperature (contours (grey
negative and black positive), oC) anomalies for case 2 according to altitude averaged between 6oW and 10oW and in three boxes: North Area (a,d), Upwelling
Area (b,e) and 4–5oS (c,f). Anomalies are computed removing the cubic tendency in the time series.

are thus needed to document the interaction between the SST
front and the coastal convection.

5.3. The intraseasonal variability mechanisms

The intraseasonal variability of the SST and the surface
wind was investigated using wavelet analysis (Figure 4). This
showed a very robust 15– to 20–day main periodicity in both
SST and wind speed. Garzoli (1987), Houghton and Colin
(1987), Athié and Marin (2008) and Guiavarc’h et al. (2009)
determined that this intraseasonal variability in the SST is
rather locally forced by the 15–day variability found in the
surface wind. On the other hand, Athié and Marin (2008)
showed that the intensity of this signature depends strongly
on the presence, and intensity, of the seasonal SST front, north
of the equatorial cold tongue. The intraseasonal variability of
the wind has also been linked to a zonal dipole of convection
between the Guinean coast and the mid–Atlantic (Sultan et al.
2003; Mounier and Janicot 2004; Mounier et al. 2008). In
addition, a large part of the wind in the Gulf of Guinea can
be related to the Santa Helena anticyclone (Marin et al. 2009;
de Coëtlogon et al. 2010). Although the latter does not exhibit
a significant biweekly variability (de Coëtlogon et al. 2010), the
South Atlantic variability could nonetheless explain the 8– to
10–day mode which appears in the wind and WV variability
in the Upwelling and South Areas (section 3). Indeed, the
composite analysis and the study of specific wind bursts in
April and June (section 4) showed that some strong wind
events are more effective for the SST cooling, south of the
equator. In the same way, Marin et al. (2009) observed that the
intraseasonal intensifications of the southeast trades are the
major contributor to the SST cooling, but that their efficiency
depends crucially upon their intensity, their equatorward

extension, and the local oceanic conditions at the time of their
occurrence. This can suggest that the wind bursts are possibly
most effective when the 15–day wind variability in the Gulf of
Guinea and the shorter one in the South Atlantic are in phase.
A study of the link between these two variability modes could
be interesting.

5.4. Summary and perspectives

The influence of the SST cooling on the MABL in the
Gulf of Guinea from April to July 2006 was investigated
using in situ measurements, satellite data and ECMWF
operational analyses. A short description of the region
(5oN–10oS/10oW–6oE) led to the definition of three areas,
which globally become cooler and dryer during this period.
The North Area (from 4.5oN to 1oN) is the warmest, wettest
and cloudiest, with southerlies tending to strengthen by the
endof June and turnnortheastward. TheUpwellingArea (from
1oN to 4oS) has the coldest SST, but the humidity remains high
although drier than the North Area. The South Area (from 4oS
to 8oS) is the driest, with a warmer SST than in the Upwelling
Area and the strongest southeasterlies.

Strong southeast wind events in the South Area lead to
SST cooling steps in the Upwelling Area, where the wind
weakens. This cooling creates a strong gradient of SST
between Upwelling and North Areas, which appears to be a
key zone for the air–sea interactions in the eastern equatorial
Atlantic. A thickening of the MABL and an acceleration of the
wind are then observed in the North Area. In addition, in the
same area, the increasing humidity in the atmosphere and the
convergence zone of the surface wind suggest a convection
activity, which can contribute to the onset of the rainfall season
on the West African coast. Moreover, a 15–day variability
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mode would link the wind and the SST, and an 8– to 10–day
mode would link the wind to the variability in the South
Atlantic.
A study over several years needs to be conducted to test the

validity of the mechanisms observed in 2006. Owing to the
prominent role that they could play in the region, particularly
on the coastal monsoon onset as discussed previously, a
thorough investigation is strongly needed here, for example
with regional modelling allowing the study of small–scale
features in the atmospheric circulation. It would also be
interesting to extend the study to the African coastal region
and to the free troposphere in order to understand the
mechanisms linking the SST in the Gulf of Guinea and
the precipitation in West African. For example, the African
easterly jet, located around 5–10oN at about 600 hPa, was
stronger than usual from June to August 2006, which could
be explained by the enhanced convection observed here near
the coast (Janicot et al. 2008). Finally, an in–depth study of
the intraseasonal variability must be made to emphasize the
leading modes in the different parameters, as well as the
mechanisms linked to their interaction.
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