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Abstract. In West Africa, the zonal band of precipitation is generally located around the southern coast in June
before migrating northward towards the Sahel in late June/early July. This gives way to a relative dry season
for coastal regions from Cote d’Ivoire to Benin called “little dry season”, which lasts until September—October.
Previous studies have noted that the coastal rainfall cessation in early July seems to coincide with the emergence
of an upwelling along the Guinea coast. The aim of this study is to investigate the mechanisms by which this
upwelling impacts precipitation, using a set of numerical simulations performed with the Weather Research and
Forecasting regional atmospheric model (WRF v 3.7.1). Sensitivity experiments highlight the response of the
atmospheric circulation to an intensification or reduction of the strength of the coastal upwelling. They clearly
show that the coastal upwelling emergence is responsible for the cessation of coastal precipitation by weakening
the northward humidity transport, thus decreasing the coastal convergence of the humidity transport and inhibit-
ing the deep atmospheric convection. In addition, the diurnal cycle of the low-level circulation plays a critical
role: the land breeze controls the seaward convergence of diurnal anomaly of humidity transport, explaining
the late night—early morning peak observed in coastal precipitation. The emergence of the coastal upwelling
strongly attenuates this peak because of a reduced land—sea temperature gradient in the night and a weaker land
breeze. The impact on the inland transport of anthropogenic pollution is also shown with numerical simulations
of aerosols using the CHIMERE chemistry-transport model: warmer (colder) sea surface temperature (SST) in-
creases (decreases) the inland transport of pollutants, especially during the night, suggesting an influence of the
upwelling intensity on the coastal low-level jet. The mechanisms described have important consequences for
inland humidity transport and the predictability of the West African monsoon precipitation in summer.

Precipitation in West Africa is mostly controlled by a mon-
soon driven by a very strong meridional temperature and hu-
midity contrasts between the eastern tropical Atlantic and
the dry continent further north (Parker et al., 2017). In re-
sponse to the annual cycle of the insolation, precipitation ex-
hibits a strong seasonal latitudinal cycle (Hagos and Cook,

2007; Thorncroft et al., 2011; Maranan et al., 2018). The lo-
cation and intensity of Sahel precipitation in boreal summer
are mainly controlled by the zonal tropical overturning cir-
culation and the mid-tropospheric African easterly jet (AEJ)
and high-tropospheric tropical easterly jet (TEJ), which are
maintained by two diabatically forced meridional circula-
tions, one associated with deep moist convection and a sec-
ond from dry convection to the north over the Sahara (Hay-
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wood et al., 2016). In addition, aerosols play an important
role, as the absorption of sunlight by dust affects not only sur-
face temperature but also surface wind speed, vegetation and
humidity transport, leading to complex interactions (Miller
et al., 2014). Balkanski et al. (2021) also highlighted the po-
tential for a stabilizing feedback loop involving dust emis-
sion, atmospheric absorption and Sahel precipitation in cli-
mate models.

Between late April and early July, the precipitation maxi-
mum is located just south of the Guinea coast (i.e. the south-
ern coast of West Africa, located along about 5° N) (Fig. 1,
left and middle). It shifts northward in late June/early July
until September, bringing precipitation to the Sahel region
and leaving the Guinea coast relatively dry, during the so-
called “little dry season” (Fig. 1, right). The Guinea coast
experiences a second rainfall peak in October—November
when the monsoon recedes (not shown), as precipitation is
mainly localized over the ocean during the rest of the year
(Sultan and Janicot, 2003; Zhang and Cook, 2014). Along
the coastline, the major rainy season around June is called
“Guinea coast rainfall” (or GCR; Nguyen et al., 2011). Its
onset is controlled by the emergence of the eastern Atlantic
equatorial upwelling (also called “cold tongue”) in late May
(Leduc-Leballeur et al., 2013; Meynadier et al., 2016). Its
cessation in July generally coincides with the development of
coastal upwelling along the Guinea coast from Cote d’Ivoire
to Benin, where the sea surface temperature (SST) decreases
from about 30 °C in May to 24-25 °C in August (Odekunle
and Eludoyin, 2008; Ali et al., 2011; Kouadio et al., 2013).
Note that the dynamics of coastal upwelling remain poorly
understood, but it is likely forced by local or remote sur-
face winds, as demonstrated, for instance, in Djakouré et al.
(2017). They conducted idealized numerical experiments and
found that while the coastal upwelling west of Cape Three
Points is highly sensitive to inertia and Guinea Current de-
tachment from the coast, the upwelling east of Cape Three
Points is mainly induced by local winds through the diver-
gence of Ekman transport. This is further supported by the
modelling study of Da-Allada et al. (2021), which found that,
west of Cape Three Points, a SST cold event in February—
June 2012 was largely explained by enhanced vertical mix-
ing caused by the strengthened Guinea Current, whereas
east of Cape Three Points, a major contributor to the SST
change was the zonal wind. The SST in the Guinea coast
upwelling is thus significantly influenced by the Guinea Cur-
rent and surface winds. The question being studied here is
whether it can, in turn, influence atmospheric circulation
and precipitation. Indeed, at interannual timescales, Ali et al.
(2011) found strong correlations between the GCR variabil-
ity and both equatorial and coastal upwellings, and Bakun
(1978) observed an important rainfall reduction along the
coast where the coastal upwelling is the strongest (Fig. 1,
right). Other studies suggested an influence of the Guinea
coast upwelling on nearby continental precipitation (Gu and
Adler, 2004; Kouadio et al., 2013; Nnamchi and Li, 2011;
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Aman et al., 2018). Nevertheless, Tanguy et al. (2022) were
the first to propose a mechanism explaining the coastal up-
welling impact on GCR. Using satellite observations (of con-
vective clouds mainly) and ERAS reanalyses between 2008
and 2015, they suggested that the emergence of the Guinea
coast upwelling weakens the low-level southerlies just be-
fore they meet the mainland, which, in turn, decreases coastal
convergence and thus inhibits deep convection and precipita-
tion. However, their results were based on composite analy-
ses derived from an empirically determined date of the ap-
parition of the coastal upwelling. Therefore, numerical sim-
ulations forced by coastal upwellings of varying intensities
are necessary to assess the mechanisms involved unambigu-
ously.

The Dynamics Aerosol Cloud Chemistry Interactions in
West Africa (DACCIWA; Knippertz et al., 2015, 2017)
project offers a database to analyse coastal upwelling,
through observations and modelling. Numerical simulations
of meteorology and atmospheric composition were carried
out with the WRF-CHIMERE modelling system for the pe-
riod 1 June—8 July 2016 (Deroubaix et al., 2019; Menut et al.,
2019). In the present work, the role played by the coastal up-
welling in the transition between GCR in June and the be-
ginning of the little dry season in early July is investigated
with similar numerical simulations. We seek to quantify the
impact of the coastal upwelling on regional atmospheric con-
ditions and anthropogenic pollution transport. We also want
to estimate how far inland this influence is propagated by
the monsoon transports of humidity and pollutants from the
coastal areas northward. Two ensemble of sensitivity sim-
ulations, forced either by a weaker upwelling (resulting in
warmer coastal SST) or a more intense one (resulting in
colder coastal SST), are therefore tested and compared to an
ensemble of reference simulations, and the impact of SST
anomalies on surface winds, surface wind divergence, pre-
cipitation, humidity transport and pollutant transport is anal-
ysed. The production of the reference ensemble simulation is
discussed in Sect. 2. The design of the weaker or stronger up-
welling ensemble simulation is described in Sect. 3. The re-
sponse of atmospheric dynamics and precipitation to changes
in coastal SST is examined in Sect. 4. The impact of coastal
SST on the transport of anthropogenic pollution is studied in
Sect. 5. A summary and a discussion conclude this work in
Sect. 6.

2 Reference ensemble simulation (RefES)

The modelling system couples the Weather Research and
Forecasting (WRF) meteorological model (v 3.7.1) (Pow-
ers et al., 2017) and the CHIMERE chemistry-transport
model (v 2017) (Mailler et al., 2017). We use a regional
domain (10km x 10km) extending from 1°S to 14° N and
from 11°W to 11°E (Fig. 2), with 32 vertical levels (up to
50hPa) which are projected on 20 levels for CHIMERE (up
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Figure 1. Observations from May (a), June (b) and July (¢) 2008-2017: sea surface temperature (SST; black contours with 1 °C intervals
and red—green—blue shading) and Tropical Rainfall Measuring Mission (TRMM) precipitation exceeding 4 mm d-! (grey shading). The red

and blue frames show the simulation coverage and the subregion under scrutiny 2—-8° N, 6° W-2° E.
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Figure 2. For 25 June to 8 July 2016, skin temperature (SKT in
°C, shading) from the reference ensemble simulation (RefES). The
red frame highlights the subregion of 2-8° N, 6° W—2° E, shown in
Figs. 6, 7, 8 and 10. The black contours represent the isotherms of
26 and 27 °C.

to 300 hPa) without chemistry but with passive tracers, as has
been done in Deroubaix et al. (2019) from which we use the
same simulation set-up. Meteorological initial and boundary
conditions are obtained from operational analyses generated
by the US National Center for Environmental Prediction (re-
ferred to as operational analyses; for a comprehensive de-
scription, please consult Deroubaix et al., 2019).

The main simulation was conducted with this configura-
tion from 1 June to 8 July 2016, when the surface ocean
temperature drops the fastest in the coastal upwelling region
(from about 28 to 25 °C). The National Oceanic and Atmo-
spheric Administration National Centers for Environmental
Prediction (NOAA NCEP) real-time global SST (Thiébaux
et al., 2003) is used to force the SST in the WRF-CHIMERE
simulations.
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In order to identify significant changes in coastal atmo-
spheric dynamics resulting from a SST modification in the
sensitivity experiments described in the next sections, nine
additional simulations were produced, each slightly modi-
fying the SST forcing fields: in the second simulation, the
SST on 1 June at 00:00 UTC was replaced by the SST of
06:00 UTC; in the third run, the SST at 06:00 UTC was re-
placed by the SST of 12:00 UTC; and the pattern continues in
this way. These minor modifications do not modify the SST
field that forces the reference simulations before 3 June sig-
nificantly, but they are relevant in order to produce an ensem-
ble of 10 independent simulations. Since they are all forced
by a similar SST field after 3 June, their spread can be consid-
ered an indication of the physical and numerical variability of
the model.

In the following, we present the average of the 10 sim-
ulations computed over their last 2 weeks (i.e. 25 June-
8 July 2016), considering the previous period as time for
the model to spin up before the coastal SST becomes and
remains colder than 27 °C. It will be referred to as the “ref-
erence ensemble simulation” or RefES hereafter. RefES is
then presented for spatial and vertical averages of key me-
teorological variables over the studied period in the coastal
upwelling region. It is also the RefES that will be used with
the CHIMERE model to analyse the impact of the transport
on aerosol concentrations.

Figure 3 shows skin temperature (hereafter SKT), 10 m
wind speed, 10m wind divergence, total precipitation and
humidity transport integrated between 1000 and 850hPa
(i.e. within the monsoon flow; see below). Near-surface
southerlies strongly weaken when encountering the conti-
nent (Fig. 3a) because surface roughness and heat fluxes are
much larger over land than over sea. As a result, strong con-
vergence is found at 10 m all along the coastline (Fig. 3c).
Over the continent, the divergence pattern is dominated by
dipoles of 10 m divergence/convergence associated with the
topographic features in the Lake Volta region, namely the
Mampong range (south of 8° N, ranging from 2° W to 0° E)
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Figure 3. For 25 June to 8 July 2016, reference ensemble simulation (RefES). (a) The 10 m wind speed (shading) and direction (arrows).
(b) Magnitude (shading) and direction (arrows) of humidity transport integrated between 1000 and 850 hPa. (¢) The 10 m wind divergence
(shading, zero in red contour). (d) Precipitation (shading, mm h_l). The black contours represent the isotherms of 26 and 27 °C. Horizontal
pink lines indicate the latitudinal extent of the coastline in the simulation domain.

and the Akwapim-Togo range around 1° E (ranging from 6
to 11°N).

A weaker belt of surface wind convergence (of about —2
or =3 x 107 s_l) is also found over the ocean, around 2—
3°N in the east and just south of the 27°C SST contour
further west, resulting from a slowing down of southerlies
over SST colder than 27 °C that surrounds the coastal up-
welling (Fig. 3a, ¢). Indeed, surface wind speed tends to de-
crease when blowing over colder SST: a first mechanism to
explain this is a reduction in the vertical flux of horizontal
momentum, due to an increase in vertical stability above the
sea surface, preventing the surface wind from mixing with
the — generally stronger — upper-boundary-layer wind (Sweet
et al., 1981; Wallace et al., 1989; Hayes et al., 1989). The
second mechanism is an adjustment of the pressure gradi-
ent to the SST gradient via hydrostatic balance (Lindzen and
Nigam, 1987). In addition, east of 2° W, the wind intensi-
fies and shifts to an easterly direction along the Togo—Benin
coastline. This shift is likely influenced by a positive SST
gradient downwind in the northeastward direction, a merid-
ional surface temperature gradient between land and sea, or
the coastal topography (Flamant et al., 2018).

Over the ocean, the strong link between precipitation and
surface wind convergence is well known: between 65 % and
90 % of global precipitation is associated with low-level lines
of convergence (Weller et al., 2017). Hence, a precipita-
tion maximum of up to 0.5mmh~! fits the convergence belt
just south of the 27°C isotherm, whereas a minimum of
0.2mmh~! is collocated with the weakly divergent surface
winds near the coast, east of 1° W (Fig. 3c—d). Indeed, since
the marine atmospheric boundary layer is nearly saturated
in humidity, surface wind convergence often corresponds to
convergence of humidity transport, which favours convection
and precipitation (Meynadier et al., 2016).

Over the continent, despite much weaker surface winds,
humidity transport in the monsoon flow is at least as strong as
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over the ocean except east of Lake Volta (Fig. 3b) because the
water vapour content in the lower atmosphere is higher over
the land than the ocean, as can be seen in Fig. 4b. This results
in a divergence of humidity transport over the continent near
the coast (not shown), which may explain the lower precipi-
tation rates seen between the coast and 10° N (Fig. 3d).

Figure 4 shows the vertical section of the atmosphere up to
500 hPa averaged between 6° W and 2° E, where the coast-
line is located between roughly 5 and 6.2° N, as framed in
pink lines (horizontal lines in Fig. 3, vertical lines in Fig. 4).
SKT and precipitation latitudinal profiles averaged between
6° W and 2°E are also plotted for comparison (Fig. 4c, d).
Two important features of the West African monsoon are
clearly seen in the zonal velocity: the near-surface West
African westerly jet (Pu and Cook, 2010) between 5 and
10°N and the African easterly jet (AEJ) around 650 hPa
north of 8° N (Fig. 4a). It also shows that the largest southerly
winds are confined under 850-900 hPa and that they lie be-
low a widespread convective circulation over the ocean evi-
denced by ascending motion (Fig. 4a).

Near the ocean surface, two zones of convergence (i.e.
negative divergence) are found (Fig. 4b): one occurring as
a response to the negative SKT gradient on the edge of the
coastal upwelling between 2 and 3° N (already mentioned;
see Fig. 3c) and one associated with the coastal convergence
at 5° N. These two convergence areas correspond to peaks
in precipitation (Fig. 4d). Divergence is observed above each
convergence area over the ocean, capped with a third layer
of convergence, at the top or just above the monsoon flow,
probably in response to local mass conservation. This “sand-
wich” is confined to under 800 hPa in the coastal region and
extends up to 700 hPa over the ocean (Fig. 4b).

The SKT latitudinal profile exhibits a minimum down to
26 °C at the coast and a SST increase of 3—4 °C due to the
coastal upwelling within 100-200 km southward from the
coast to about 3° N (Fig. 4d). Unlike oceanic SKT, which

https://doi.org/10.5194/acp-23-15507-2023
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Figure 4. For 25 June to 8 July 2016, RefES, within the region
6° W=2°E: (a) meridional and vertical velocity (arrows), merid-
ional velocity (shading), and zonal velocity (black contours, plain
for positive, dashed for negative, intervals of lms_l, null veloc-
ity in bold black); (b) meridional and vertical velocity (arrows),
horizontal divergence (shading), and specific humidity (black con-
tours, gkg_l); (c) precipitation; and (d) surface temperature pro-
files (black profiles, average in thick line). The vertical pink lines
frame the coastline between 6° W and 2° E. Vertical scale for ar-
rows indicated in (a).

is very close to the forcing SST and therefore identical in
the 10 reference simulations between 25 June and 8 July, the
continental SKT is controlled by the surface layer scheme in
the model, which leads to some variance in the different runs
that constitute RefES (black profiles). While SKT latitudi-
nal profiles are weakly dispersed (Fig. 4d), the dispersion of
precipitation is important north of 7° N (Fig. 4c): the mon-
soon flow is indeed capped by a strong wind shear related to
the presence of the AEJ at these latitudes, which is known
to favour baroclinic instability and storm formation (Parker
et al., 2017). Baroclinic instability enhances the sensitivity
of the model to turbulence and hence the dispersion between
the simulations at these latitudes.

https://doi.org/10.5194/acp-23-15507-2023
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In summary, RefES reproduces the transition period of
the monsoon system from the GCR to the Sahel rainy sea-
son well: precipitation is still present over the ocean, and
the coastal upwelling is already well developed, contributing
to triggering and maintaining the belt of converging near-
surface winds surrounding the 27 °C surface isotherm be-
tween 2 and 4° N (Figs. 3c, 4b) and precipitation (Figs. 3d,
4c). This configuration is therefore appropriate for conduct-
ing sensitivity experiments with different upwelling intensi-
ties and investigating the response of the atmospheric circu-
lation to these changes.

3 Sensitivity experiment design

In order to build the SST forcing fields for the sensitivity ex-
periments, the SST pattern which forces RefES (i.e. the ref-
erence SST) is modified in a way that the coastal upwelling is
either dampened (weaker upwelling meaning warmer coastal
SST, hereafter “warm ensemble simulation” or WarmES) or
amplified (stronger upwelling meaning colder coastal SST,
hereafter “cold ensemble simulation” or ColdES).
The methodology used to modify the SST is as follows:

i. A linear trend is first computed by a least-squares fit be-
tween 5 June and 31 July 2016 in the reference SST time
series at each oceanic grid point: large negative values
emphasize the area where the coastal upwelling devel-
ops (Fig. 5, top). Note that these trends were computed
after 5 June (and until 31 July, when the upwelling is
maximum) because the SST experiences a strong warm-
ing episode just before, as seen for the two particular
points A and B (Fig. 5, bottom, black).

ii. A threshold value of —0.052°Cd~! has been deliber-
ately selected to define the boundary of the region in
which the SST is to undergo modification (Fig. 5, top,
delineated by the black contour). This specific value
has been chosen in a purposeful manner, approximately
aligning with the 27 °C SST contour, which corresponds
to the edge of the coastal colder zone (Fig. 3a). The ra-
tionale behind this choice lies in its ability to encom-
pass areas where the average SST value remains below
27 °C throughout the final 2 weeks of simulation. Be-
yond this demarcated region, the SST time series remain
unaffected.

iii. Inside this area where the SST is modified, at each time
step and grid point, the difference between the thresh-
old (—0.052°Cd~') and the local linear trend value
is added to the SST time series, thereby leading to a
warmer SST time series. All time series in the upwelling
area thus have a linear trend of —0.052°Cd~".

For example, the WarmES time series at points A and B
show a progressively growing warm anomaly of about 0.5 °C
on 25 June and 1°C on 7 July, while the synoptic variabil-
ity is conserved (Fig. 5A and B, red vs. black time series).

Atmos. Chem. Phys., 23, 15507-15521, 2023
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Figure 5. Top: linear trend in the RefES SST time series from
5 June to 31 July 2016 (shading, °C d—1, with a threshold value
of —0.052°Cd~! shown as black contour). Bottom panels for
points A and B: RefSST time series (solid black) and linear trend
computed from 5 June onwards (dashed black), WarmES SST time
series (red) and linear trend (dashed red), and ColdES SST time se-
ries (blue) and linear trend (dashed blue). Vertical black lines frame
the period under scrutiny (25 June—8 July).

Note that the warm anomaly is slightly larger at point A
than at point B, since the negative seasonal trend is also
more pronounced in A than in B. The resulting WarmES
SST anomaly, averaged over the last 2 weeks of the simu-
lation, exceeds 1°C off Cote d’Ivoire and is approximately
0.7 °C off Ghana (Fig. 6a, black contours). Because the ref-
erence SST decreases by about 3° between 5 June and 8 July
at these locations, it means that the magnitude of the coastal
upwelling is dampened by about one-third in WarmES.

ColdES SST was built with similar SST anomalies to
WarmES but with the opposite sign (cold anomalies instead
of warm): ColdES is then forced by a SST with cold anoma-
lies, thereby simulating a coastal upwelling with a magni-
tude enhanced by about one-third (Fig. SA and B, blue).
The anomalies averaged over 25 June—8 July in ColdES are
then identical to those in WarmES but cold instead of warm
(Fig. 6e).

Finally, the same methodology as for RefES was used to
produce each of the 10 WarmES or ColdES simulations (i.e.
with slight changes in SST in the first 2-3d of the sim-
ulation). All the simulations were then averaged between
25 June and 8 July 2016: for a given variable, the differ-
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ence between the ensemble values in RefES and the ensem-
ble values in WarmES (resp. ColdES) is considered signifi-
cant when it passes a two-sample ¢ test at the 5 % confidence
level (i.e. with a p value less than 5 %).

4 Atmospheric responses in WarmES and ColdES

The most striking effect of SST anomalies can be observed
in the 10 m wind field: surface winds are stronger over warm
SST anomalies (Fig. 6a) and weaker over cold SST anoma-
lies (Fig. 6e). As already mentioned before, both vertical
stability and pressure gradient mechanisms concur to re-
duce (strengthen) wind speed over cold (warm) SST regions
(de Coétlogon et al., 2014).

Off Céte d’Ivoire, the maximum wind speed response to
positive SST anomalies larger than 1°C is up to +0.4 to
0.5ms~! in WarmES, whereas the response to negative SST
anomalies of the same amplitude is on the order —0.7 to
—0.8ms~! in ColdES. This means that the response of sur-
face winds to a SST anomaly is not symmetric for cold or
warm anomalies: the weakening of surface winds over the
cold surface is more pronounced than the strengthening over
the warm surface. It may be explained by the fact that a ver-
tical stabilization effect on the wind over a cooling SST oc-
curs only below a threshold of about 26 °C (Meynadier et al.,
2016; see in particular their Fig. 8), since the SST is more
often colder than 26 °C in ColdES than in WarmES in the
coastal upwelling (Fig. SA-B).

In response to these changes in surface wind, the thin band
of coastal convergence is amplified, as a consequence of
stronger winds, in the warm case (Fig. 6b; negative values
indicate increase in convergence) and dampened by weaker
winds in the cold case (Fig. 6f; positive values indicate de-
crease in convergence). As explained in Sect. 2, precipi-
tation tends to follow the convergence pattern in the ma-
rine boundary layer; therefore more coastal precipitation is
found in WarmES (Fig. 6¢) and less in ColdES (Fig. 6g)
along the Guinea coast. The amplitude and offshore exten-
sion of precipitation anomalies are larger west of Cape Three
Points than further east, reflecting the SST anomalies am-
plitude. In the warm case, maximal precipitation anomalies
off Céte d’Ivoire can exceed +0.2mmh~! but are less than
—0.2mmh~! in the cold case: contrary to surface wind, pre-
cipitation is more strongly impacted in the warm case than in
the cold case. This signal is more robust west of Cape Three
Points than further east, off Ghana and Togo, where anoma-
lies are just above the significance threshold.

When the intensity of the upwelling is dampened
(WarmES), humidity transport is enhanced from the ocean
to the continent by up to Skgm~!s™!, due to a more in-
tense monsoon flow, especially west of Cape Three Points
(Fig. 6d). When the upwelling is enhanced (ColdES), the
humidity transport anomaly is, conversely, southwestward
over and off Cdte d’Ivoire and Ghana, indicating a reduced

https://doi.org/10.5194/acp-23-15507-2023
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Figure 6. For 25 June-8 July 2016, differences between WarmES and RefES simulations (left) and between ColdES and RefES simulations
(right). (a, e) The 10 m wind (speed in shading, m s_l) and surface temperature (black contours, intervals of 0.1 °C). (b, f) Divergence of
10 m wind (shading, g1 ). (¢, g) Total precipitation (mm h~! ). (d, h) Humidity transport integrated between 1000 and 850 hPa (kg m1g! ).
Only difference values passing a two-sample ¢ test at the 5 % confidence level are shaded.

northward humidity transport in the monsoon flow by about
5kgm~!s~! (Fig. 6h). Note that these changes in the humid-
ity transport magnitude are small compared to its mean value
(about 100-150kgm~!s~!, Fig. 3b), but they are nonethe-
less significant, except east of Cape Three Points where there
are only significant changes in the direction of the trans-
port, which tends to be oriented more north/northwestward
in WarmES and more southeastward in ColdES.

The impact of the coastal upwelling is further investi-
gated in the low and middle troposphere up to 500 hPa,
with vertical meridional sections computed between 6° W
and 2°E. The mean SKT and precipitation differences
WarmES — RefES and ColdES — RefES are plotted (Fig. 7c—
d and g—h, thick blue), as well as 10 profiles of differ-
ence arbitrarily chosen (among 100 possible time series of
WarmES — RefES and ColdES — RefES differences) in order
to illustrate the typical dispersion in the numerical simula-
tions (thin black). Despite being modest (with amplitudes of
slightly more than 0.5 °C, Fig. 7d-h), SKT anomalies in the
coastal upwelling region correspond to significant changes
in precipitation within 100 km of the coast, with an increase
by up to 0. mmh~! in WarmES (Fig. 7c) and a decrease
by slightly less than 0.1 mmh~! in ColdES (Fig. 7g): these
changes represent about one-third of the mean rainfall at
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this latitude (i.e. 0.2-0.3 mmh~', Fig. 4c), emphasizing how
much the coastal precipitation is sensitive to the coastal SST.
North of 6-7° N, the precipitation anomalies are too small to
clearly show a response emerging above the noise. Further
analysis in the following therefore only focuses on the link
between SKT and precipitation south of 6° N.

In response to the warm SKT anomaly in WarmES, a neg-
ative pressure anomaly is found in the near-surface boundary
layer between 3 and 5° N (Fig. 7a, black contours). The in-
duced wind acceleration (Fig. 7a, shading) clearly leads to
an increase in convergence below 900 hPa on the southern
edge of the coast (Fig. 7b, shading), explaining an increase in
low-level humidity (Fig. 7b, black contours) and coastal pre-
cipitation (Fig. 7c). Convergence at the surface is capped by
divergence between 900 and 825 hPa and a convergent area
located slightly further north and up to 700 hPa, indicating
an overall acceleration of southwesterlies below 800 hPa and
observed as far north as 8° N (Fig. 7b). In ColdES, opposite
anomalies are found: the cold SKT anomaly creates a pos-
itive near-surface pressure gradient anomaly, forcing south-
ward surface wind anomalies (Fig. 7e). The resulting diver-
gent anomaly (Fig. 7f) decreases humidity under 850 hPa and
inhibits the convection around 5° N, explaining the decreased
coastal rainfall (Fig. 7g).

Atmos. Chem. Phys., 23, 15507—15521, 2023
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Figure 7. For 25 June-8 July 2016, differences between WarmES and RefES (left column) and between ColdES and RefES (right column)
within the region 6° W-2° E. (a, e) Meridional and vertical circulation (black arrows, meridional velocity (shading), and geopotential height
anomalies (black contours, dashed for negative, plain for positive, intervals of 0.2 m). (b, f) Meridional and vertical circulation (black arrows),
horizontal divergence (shading), and specific humidity (black contours, plain for positive, dashed for negative, intervals of 0.4gkg71).
(c, g) Precipitation (blue, mm h_l). (d, h) SKT (blue, °C). In (¢)—(h), 10 time series are shown (black) out of 100 possible time series
from WarmES — RefES or ColdES — RefES, roughly indicating their dispersion. The coast latitude is framed by vertical pink lines. Only
difference values of meridional velocity and horizontal divergence that pass a two-sample ¢ test at the 5 % confidence level are shown as

shaded areas.

In short, the emergence of the Guinea coast upwelling in
early July clearly induces a low-level atmospheric pressure
gradient anomaly, which weakens the near-coastal oceanic
southerlies. It strongly dampens the coastal convergence
within the monsoon flow, thereby inhibiting coastal con-
vection and decreasing local precipitation, as well as in-
land humidity transport, particularly over C6te d’Ivoire and
Ghana west of Cape Three Points. This mechanism was al-
ready proposed by Tanguy et al. (2022) using observations
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and ERAS reanalyses, but they also suggested an impact
of coastal upwelling on the diurnal timescale via the land—
sea breeze mechanism, which is also found in RefES: in
the night and early morning, when the land (around 22 °C,
Fig. 8a) is colder than the sea (around 27 °C), a southward
pressure gradient force weakens the strong southerlies that
meet the continent, resulting in a low-level convergence (and
thus increased precipitation) along and just south of the coast
(Fig. 8b), with divergence further north. During the afternoon

https://doi.org/10.5194/acp-23-15507-2023
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Figure 8. For 25 June-8 July 2016, a time-latitude diagram (diurnal cycle) within the region 6° W-2° E. In RefES, (a) the diurnal cycle of
SKT (shading) and diurnal anomalies of 10 m wind (arrows), (b) diurnal anomalies of 10 m wind divergence (shading) and the diurnal cycle
of precipitation (black contours, intervals of 0.1 mm h! ). Differences between WarmES (c) or ColdES (d) and RefES of diurnal cycles of
precipitation (shading) and 10 m surface wind (arrows). Only precipitation and velocity anomalies passing a two-sample ¢ test at the 5 %
confidence level are plotted. The horizontal scale of the vectors represents a velocity, despite being aligned in the direction of time.

and evening, when the land (up to 30°C) is warmer than
the ocean (still around 27 °C), this anomaly reverses: conver-
gence occurs on the land side and favours precipitation over
the continent, while the latter is inhibited on the sea side via
alow-level divergence (Fig. 8b). Note that the wind is always
from the south because the amplitude of the diurnal anoma-
lies (of about 0.5ms~!, Fig. 8a) is only about 10 % of the
average wind (4 to 6m s—L Fig. 3a); however, these anoma-
lies are directed southward, with precipitation occurring over
the ocean during the night and early morning, and turn pro-
gressively northward until the end of the day, with precip-
itation over the continent in the late afternoon. In addition
to dampening low-level coastal convergence at the seasonal
timescale, a more intense coastal upwelling therefore has a
stronger impact during the night, since it reduces the land—
sea surface temperature gradient during the night and early
morning: the land breeze strength decreases, as well as low-
level convergence and precipitation on the oceanic side of
the coast (Fig. 8d). Reducing the coastal upwelling strength
leads to the exact opposite situation (Fig. 8c).

In summary, the emergence of the coastal upwelling leads
to a decrease in coastal precipitation. We quantified this im-
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pact using numerical experiments: for a coastal precipita-
tion of 0.3-0.4mmh~! on average in late June/early July
(Fig. 4c), a dampened (increased) coastal upwelling of about
0.5 °C (Fig. 7d, h) results in an increase (decrease) in coastal
precipitation of about 0.1 mmh~! (Fig. 7c, g). In addition,
an examination of the diurnal cycle shows that most of the
coastal precipitation occurs in the late night—early morning,
with a peak of 0.5mmh~! around 06:00 UTC (Fig. 8b), due
to the land breeze, as discussed previously: the dampening
(increase) of the upwelling leads to an increase (decrease)
in morning precipitation of 0.1-0.2mmh~! (Fig. 8c, d), fol-
lowing the reduction in the land—sea temperature gradient
during the night, thus accounting for much of the observed
0.1 mmh~! reduction in daily mean precipitation.

5 Tracers’ transport

In previous sections, we have analysed the changes of atmo-
spheric circulation due to a modification of the upwelling-
related SSTs. Sensitive experiments show that wind fields are
modified, thus impacting convection and precipitation pat-
terns. Consequently, we expect that the transport of pollu-
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tants emitted from the highly urbanized Guinea coast is also
impacted by coastal upwelling SST-related modifications.

To look at the impact of coastal SST anomalies on the
transport of pollutants, we use passive tracers released in
the CHIMERE model from five major coastal cities, namely
Abidjan (5°18'N, 4°00° W; Cote d’Ivoire), Accra (5° 33N,
0° 11’W; Ghana), Lomé (6°08’ N, 1°12'E; Togo), Cotonou
(6°21'N, 2°25’ E; Benin) and Lagos (6°27’ N, 3°23' E; Nige-
ria), with constant tracers’ emission rates proportional to the
city population. This approach allows us to analyse pollutant
transport modification that are only due to atmospheric cir-
culation because tracer emission is prescribed to be constant
in time (see Deroubaix et al., 2019, for details). It also allows
us to tag the emissions from a given city and compute its
contribution to the overall tracer budget on each of the model
grid points. We quantify the contribution at one of the DAC-
CIWA super-sites in Save (Benin). The pollutant simulations
are performed for the three main ensembles, RefES, ColdES
and WarmES, in order to extract the differences between the
SST-induced atmospheric conditions as clearly as possible.

We present the difference of tracer concentrations (in arbi-
trary units, a.u., summing the contribution of the five cities)
averaged over the period from 25 June to 8 July between
WarmES and RefES (Fig. 9a) and between ColdES and
RefES (Fig. 9b). In both cases, the anomalies of coastal SST
have an impact on the transport of tracers downstream of the
five cities at the coast. A significant impact is also seen as
far north as 8.5° N for all cities. The concentration anomaly
fields associated with the plumes emitted from individual
cities (i.e. the juxtaposition of positive and negative anoma-
lies) are less clear for Abidjan than those from the other
cities, which is related to the more complex dynamics of the
monsoon flow to the west of Cape Three Points, possibly due
to the fact that the near-surface monsoon winds are almost
parallel to the coastline east of 2° W, as the monsoon winds
are veering eastward inland (see Fig. 3b for RefES).

When the upwelling is dampened (WarmES), the tracer
concentration anomaly field over the continent exhibits a dis-
tinct structure downstream of the four easternmost cities (east
of Cape Three Point) with positive anomalies to the northeast
and dominant negative anomalies to the southeast (Fig. 9a),
which may be related to an anti-clockwise veering of the
monsoon winds imposed by a change in the coastal SST in
the upwelling area. It is also worth noting that the transport
of pollution is significantly enhanced over the ocean east of
Lomé along the coast of Togo, Benin and Nigeria, as opposed
to the tracers emitted from Abidjan. This feature, taking the
form of a narrow band parallel to the coastline, is likely as-
sociated with the amplification of the land breeze (Fig. 7).
Downstream of Accra, the transport of urban pollutant trac-
ers is seen to be enhanced close to Accra (in connection with
the land breeze) but decreased further away, possibly due to
the influence of the shape of the coastline.

When the upwelling is enhanced, in ColdES, the structure
of the tracer concentration anomaly field over the continent
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is opposite to that seen in WarmES, thereby suggesting a
clockwise veering of the monsoon winds imposed by the in-
crease in the coastal SST (Fig. 9b). East of Cape Three Point,
there is almost no significant tracer concentration anoma-
lies offshore, except downstream of Accra, suggesting that
the land breeze circulation is weaker than in RefES when
the upwelling is strengthened, which is consistent with Tan-
guy et al. (2022). Overall, by comparing ColdES and RefES,
the picture emerges that when the coastal upwelling is rein-
forced, the transport of urban pollutant tracers inland is re-
duced.

Even though the mean near-surface wind direction over
southern West Africa was shown to be quite constant dur-
ing the period of simulation, there is a marked variability of
the strength of the monsoon flow at the diurnal scale in this
region, as discussed in the previous section. This daily vari-
ability has an impact on the diurnal cycle of the cloud cover
(Schuster et al., 2013). It also has an impact on the inland
transport of humidity from the ocean (Deetz et al., 2018;
Adler et al., 2019) as well as pollutants from coastal cities
(Deroubaix et al., 2019).

There are three noticeable phases during the day:

1. From 09:00 to 15:00 UTC, there is an accumulation of
pollutants at the coast due to convection and pollutants
not being transported far from the emission sources.
This period is defined as the “daytime drying” period.

ii. From 16:00 to 02:00 UTC, there is the formation of the
low-level jet. Pollutants accumulated along the coastline
are transported below 500 m above ground level, within
the boundary layer, toward the northeast, this period be-
ing defined as the “Atlantic inflow” period.

iii. From 03:00 to 08:00 UTC, the intensity of the low-level
jet decreases, thereby decreasing the northward trans-
port of moisture and pollutants, this period being de-
fined as the “moist morning” period.

CHIMERE-derived tracer simulations performed by Der-
oubaix et al. (2019) for the period 1-7 July 2016 have
highlighted that the emissions from the above-mentioned
large coastal cities are likely to affect the air quality in re-
mote cities located inland over 200 km from the Gulf of
Guinea coastline. They have shown that surface concentra-
tions of pollutants in Save (8°2'N, 2°29’E; Benin) are im-
pacted by emissions from Accra, Cotonou and Lomé and
exhibit a marked diurnal cycle, with a maximum between
18:00 and 22:00 UTC associated with pollution transport
from Cotonou.

In the following, we analyse the influence of the coastal
SST on the diurnal cycle of pollutant transport inland in
Save by comparing WarmES (Fig. 9d) and ColdES (Fig. 9g)
with RefES (Fig. 9c, f). It is worth noting that, as pointed
out in Deroubaix et al. (2019), only the emissions from
Accra, Lomé and Cotonou contribute to the tracer budget
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Figure 9. (a, b) Difference maps of urban tracer transport modelled with (a) WarmES — RefES and with (b) ColdES — RefES using a con-
stant release of urban tracers from five major coastal cities of the Gulf of Guinea (black dots): Abidjan (Cote d’Ivoire), Accra (Ghana), Lomé
(Togo), Cotonou (Benin) and Lagos (Nigeria), taking into account the city population (see Deroubaix et al., 2019, for details). (c=h) Hourly
diurnal cycle of the urban tracer concentrations at the DACCIWA super site of Save in Benin (green dot in upper panels) averaged over the
period from 25 June to 8 July modelled with (c) RefES (also in (f)), (d) WarmES or (g) ColdES. Differences: (¢) WarmES — RefES and
(h) ColdES — RefES. Note that the green colours associated with Abidjan are not visible because the pollution of Abidjan (studied by the
tracers emitted in Abidjan) does not reach the city of Save for any of the three ensembles.

in Save. Furthermore, all three simulations exhibit a maxi-
mum in tracer concentration around 22:00 UTC originating
mainly from Cotonou with a comparable magnitude, fol-
lowed by a period of high tracer concentrations originat-
ing from Cotonou, Lomé and Accra until 09:00 UTC and a
decrease in tracer concentration from 09:00 to 18:00 UTC
(Fig. 9c, d, g2).

When comparing the diurnal cycles from WarmES and
RefES (Fig. 9e), it appears that the transport of pollution
to Save is enhanced between 01:00 and 18:00 UTC when
the total concentration of tracers in WarmES is greater than
in RefES (see the solid black line in Fig. 9¢). From 01:00
to 12:00 UTC there is a clear enhanced contribution from
Cotonou and, to a lesser extent, Lomé, to the overall trans-
port in Save. From 13:00 to 18:00 UTC, it appears that Accra
and Lomé contribute to the excess of tracers’ concentration,
while the contribution from Cotonou diminishes. The trans-
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port of pollutants is higher for cities that affect Save at night
(namely Cotonou) and in the morning (namely Lomé and Ac-
cra).

When comparing the diurnal cycles from ColdES and
RefES (Fig. 9h), we can see that the transport of pollution
to Save is unchanged between 07:00 and 19:00 UTC but sig-
nificantly reduced between 19:00 and 07:00 UTC in ColdES
compared to RefES (see the solid black line in Fig. 9h). In
the latter case, there are fewer pollutants transported to Save
from Cotonou (which is the closest coastal major city) and
no clear modification of the transport from the other cities.

In ColdES, the period of reduced transport extends into
the moist morning period, suggesting that the strengthened
coastal upwelling further decreases the intensity of the low-
level jet. On the contrary, since pollutant transport is en-
hanced during this period in WarmES, it appears that an
anomalously warm upwelling may contribute to strengthen
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the low-level jet in the late night and early morning. In
WarmES, the tracer concentration coming from Cotonou
increases by more than 10% from 04:00 to 08:00 UTC.
Conversely, in ColdES, tracer concentration coming from
Cotonou decreases significantly by less than —5% from
19:00 to 07:00 UTC.

Overall, there is an impact of SST anomalies on the inland
transport of pollutants from major cities along the Guinea
coast. Cooler SSTs decrease the inland transport of pollu-
tants, while warmer SSTs increase it. These modifications of
the transport occur at night, which suggests an influence on
the low-level jet.

6 Conclusions and discussion

In this study, a set of numerical simulations was used to anal-
yse the seasonal impact of the coastal upwelling that emerges
along the Guinea coast in July. In addition to the reference
ensemble, two additional experimental ensembles were pro-
duced by decreasing or increasing the strength of the coastal
upwelling by about 30 %: a stronger (weaker) upwelling
leads to a decrease (an increase) in coastal precipitation of
about 20 %-30 %, thus explaining why the emergence of the
Guinea coast upwelling most often coincides with the onset
of the little dry season in July. These results confirm the rela-
tion between the strength of the upwelling and the humidity
transport suggested by Tanguy et al. (2022). The coastal up-
welling also has an impact on the distribution of atmospheric
pollutants: their northeastern transport in the monsoon flow
tends to weaken, reducing their continental concentration and
potentially increasing this concentration on some spots along
the coast. The intensity of the upwelling also affects the di-
urnal cycle of pollutants’ transport inland, especially during
the moist morning period when a weaker upwelling leads to
enhanced pollutant transport inland, whereas a stronger up-
welling reduces pollutant transport inland.

The mechanisms associated with the coastal upwelling
feedback on atmospheric dynamics break down as follows:
the cooling of the coastal SST induces a slowing of the mon-
soon flow near the coast; this decreases the coastal conver-
gence of humidity transport, which inhibits deep convection
and precipitation. In addition, it decreases the land—sea sur-
face temperature gradient during the night, which weakens
the land breeze strength. Since the diurnal alternation of land
breeze and sea breeze forces precipitation to occur in the
late night and early morning, a weakening of the land breeze
leads to a strong decrease in morning coastal precipitation.
This clearly shows that numerical weather models need a
good representation of the SST impact on the land and sea
breezes in order to produce an accurate forecast of the onset
of the little dry season along the Guinea coast.

Note that our results only demonstrate the impact of the
coastal upwelling on the reduction of coastal precipitation
south of 6°N; they do not indicate any influence further
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Figure 10. For 25 June-8 July 2016, differences between WarmES
and RefES (a) and ColdES and RefES (b) within the region be-
tween 6° W and 2° E: zonal velocity (black contours, intervals of
0.1ms™!, zero contour as thick line), horizontal relative vortic-
ity (shading) and RefES zonal velocity (blue contours, intervals
of 2ms™1). Shading indicates only vorticity anomalies passing a
two-sample ¢ test at the 5 % confidence level, while zonal velocity
anomalies passing the test are marked with black dots.

north, although a reduction in precipitation is generally ob-
served during the little dry season up to 8°N (Fig. 1).
However, it is very interesting to note that the dampening
(strengthening) of the coastal upwelling leads to a small de-
celeration (acceleration) of the AEJ on its southern side be-
tween 850 and 600 hPa, just above the coast (Fig. 10, black
contours), probably resulting from the convective anoma-
lies discussed in Sect. 4. Although this signal is weak, it is
nonetheless significant in both experiments and induces sig-
nificant relative vorticity anomalies (shading). An increase in
the latter at the AEJ altitude is known to increase the likeli-
hood of mesoscale convective system formation and precipi-
tation (see, for example, Cook, 2015), so it seems necessary
to further investigate whether a negative vorticity anomaly
following the emergence of the coastal upwelling could con-
tribute to the observed reduction in precipitation between 6
and 8° N during the little dry season.

Furthermore, the short duration of our simulations of only
a few weeks for a given year limits the reach of our findings.
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Further studies should examine their validity for simulations
spanning at least over several years. More detailed simula-
tions should also provide clearer results over the coastal re-
gion east of Cape Three Points: the results were less signifi-
cant there than further west, maybe because of a smaller am-
plitude of SST anomaly resulting from the methodology used
to dampen the seasonal cooling of the coastal SST.

Finally, the emergence of the Guinea coast upwelling in
July has been shown to oppose the inland monsoon flow.
The latter remains a major contributor of humidity to summer
precipitation in the Sahel, but generally in early July, it be-
comes weaker than the western low-level humidity transport
from the tropical North Atlantic (Lele et al., 2015): the timing
of this change could then be controlled by the emergence of
the Guinea coast upwelling. Moreover, previous studies have
suggested that the westward input of humidity is responsi-
ble for most of the interannual and decadal variability in ob-
served summer rainfall in the Sahel (Pu and Cook, 2010; Lele
et al., 2015), with September being the most variable month.
This variability is also probably impacted by global telecon-
nections, such as the El Nifio—Southern Oscillation. Hence,
coastal upwelling could potentially regulate the level of inter-
annual variability resulting from global teleconnections af-
fecting the summer monsoon in a particular year. However,
the SST of the coastal upwelling is heavily impacted by sur-
face winds and the Guinea Current (Djakouré et al., 2017):
considering that the Guinea Current is also likely influenced
by surface winds but on a larger scale, there might be a possi-
bility of better understanding the interaction system between
coastal upwelling and monsoon flow. A study with a cou-
pled ocean—atmosphere model is therefore needed to further
investigate the potential influence of this interaction on in-
traseasonal variability in southern West Africa, which could
lead to improved seasonal predictions of the summer mon-
soon.
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