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Abstract: Among techniques proposed to limit global warming, there is Stratospheric Aerosol
Geoengineering (SAG) which is aiming to increase Earth-atmosphere albedo by injecting sulfur
dioxide into the stratosphere in order to reduce the solar radiation that reaches the earth. This study
aims to assess the potential impact of SAG on Sea Surface Temperature (SST) in the Northern Gulf
of Guinea and its causes using GLENS (Geoengineering Large Ensemble) simulations performed
under a high anthropogenic emission scenario (RCP8.5). Here, we focus on two dynamically different
regions: Sassandra Upwelling in Côte d’Ivoire (SUC, located east of Cape Palmas) and Takoradi
Upwelling in Ghana (TUG, located east of Cape Three Points). Results show that in the SUC region,
under climate change, there is an increase in SST (referred to as the current climate) all year long
(by 1.52 °C on average) mainly due to an increase in net heat flux (lead by the decrease in longwave
radiation) and also in weak vertical mixing (caused by strong stratification which dominates the
vertical shear). Under SAG, SST decreases all the seasonal cycle with its maximum in December
(−0.4 °C) due to a reduction in the net heat flux (caused by a diminution of solar radiation) and
an increase in vertical advection (due to an increase in vertical temperature gradient and vertical
velocity). In the TUG region, under climate change, SST warming is a little more intense than in the
SUC region and SST changes are driven by an increase in the net heat flux and strong stratification.
The cooling of the SST in TUG is similar to the SUC region, but contrary to this region, the cooling
under SAG is not only explained by a decrease in the net heat flux but also by the remote forcing of
wind changes at the western equatorial Atlantic.

Keywords: SST; GLENS; SAG; northern Gulf of Guinea; RCP8.5 scenario

1. Introduction

Global temperature keeps growing and efforts to reduce greenhouse gas emissions do
not seem to be sufficient [1–3]. Additionally, Sub-Saharan Africa is the most vulnerable to
the effects of climate change [4,5]. To limit global warming and probably its consequences,
solar radiation management (SRM) has been proposed to reflect part of the solar radiation
reaching the Earth [6–8]. One of the SRM methods capable of reducing the temperature
increase quickly is Stratospheric Aerosol Geoengineering (SAG), which involves injecting
sulfur into the stratosphere to increase its albedo [9–12]. While this technique could mitigate
some of the effects of global warming, it may also have harmful effects on the climate. Indeed,
it has been shown that this technique can modify the global hydrological cycle [9,13–15].
Regionally, using simulations with and without SAG from the GLENS (Geoengineering Large
Ensemble) project under the Representative Concentration Pathway 8.5 (RCP8.5) scenario,
previous studies show that under the SAG, monsoon rainfall is reduced in the West African
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region while it stays practically unchanged in the northern and southern Sahel [16]. These
changes in monsoon precipitation are largely related to atmospheric circulation changes.
Apart from rainfall, it is shown that SAG decreases Sea Surface Temperature (SST) in the
equatorial Atlantic cold tongue and SST changes are predominantly associated with wind
modification in the western equatorial Atlantic [17]. However, no study has examined the
possible consequences of SAG in the northern Gulf of Guinea (NGG), which is known to have
large variations in SST due to the presence of coastal upwelling. SST changes in the NGG
influence, on the one hand, marine life [18] and therefore fishery activities [19], and on the
other hand, coastal monsoon rainfall [20,21], impacting on agriculture, which is still rain-fed
in West African countries.

SST in the NGG has important seasonal cycle which can be split into four
seasons [22–24], namely (1) a short cold season (minor upwelling) between January and
February; (2) a large warm season from March to June; (3) a large cold season (major up-
welling) from July to September; and (4) a short warm season from November to December.
The greatest seasonal variability of SST in the NGG is mainly located in the upwelling
regions at Sassandra (east of Cape Palmas in Côte d’Ivoire) and at Takoradi (east of Cape
Three Points in Ghana) [25–28]. Although the seasonal cycle variability of SST is dominant
in the NGG, there are also significant inter-annual variations [28,29]. The mechanisms
involved in SST variations are atmospheric processes (air–sea heat fluxes) and/or oceanic
processes (advection, entrainment term, and vertical mixing at the base of the mixed
layer) [30–34]. However, the processes related to SST modification in the Cape Palmas
region have been shown to be different from those in Cape Three Points [33,35]. At the
region of Cape Palmas (Côte d’Ivoire), the SST cooling is mainly due to Guinea Current
detachment [33]. It is shown that the intensification of Guinea Current leads to an increase
in vertical shear, which dominates the stratification of the water column and enables strong
vertical mixing, inducing a cooling of the SST [31,32]. Contrary to the Cape Palmas region,
in the Cape of Three Points (Ghana), it is essentially the Ekman transport due to the wind
stress which is at the origin of the observed cooling [33,34,36–42]. A recent study based on
an exceptional cooling that occurred in 2012 in these two regions reveals that east of Cape
Palmas, strong vertical mixing in the presence of weak stratification explains anomalous
SST cooling, whereas east of Cape Three Points it is mainly related to meridional Ekman
current [29]. Besides the local processes mentioned above, remote forcing (non-local pro-
cesses) can also lead to SST variability in the NGG. Indeed, wind changes in the western
equatorial Atlantic induce Kelvin waves that propagate and in turn impact the SST in the
NGG [18,43–46].

As SST in the NGG is a key parameter of the region’s climate due to its influence on
the distribution of precipitation and the regulation of the monsoon onset [47,48], it is crucial
to study the effect that SAG may have on SST in the NGG. Therefore, the goal of this study
is to investigate the impact of SAG on the SST seasonal cycle in the NGG using GLENS
simulations. In the remainder of this manuscript, the observation and model data used are
described together with the methodology in Section 2. Section 3 exposes the main results
found and finally, there are a conclusion and discussion in Section 4.

2. Data and Methods

To assess the impact of SAG on SST in the northern Gulf of Guinea, we used data from
the GLENS project [12]. The GLENS simulations were obtained using the Community Earth
System Model version 1, with the atmospheric component being the Whole Atmosphere
Community Climate Model (WACCM) and the ocean component the Parallel Ocean Pro-
gram version 2 (POP2). The WACCM model has a spatial resolution of 1.125° in longitude
and 0.9° in latitude [49,50], while its ocean component POP2 has a horizontal resolution
of 1.125° × 0.33° with 60 vertical levels [51,52]. The objective of the GLENS simulations
is to maintain not only the global mean temperature but also the inter-hemispheric and
equator–pole surface temperature gradients at 2020 values under the RCP8.5 greenhouse
gas scenario (i.e., a high anthropogenic emission scenario) [53]. To achieve these objectives,
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the GLENS simulations were performed by injecting SO2 at four different locations in the
stratosphere (30° N, 30° S, 15° N, and 15° S, at 180° longitude) [10]. The RCP8.5 simulations
(named control, without SAG) were performed with a set of 20 members over a reference
period from 2010 to 2030, of which only three members were extended to 2097. The sim-
ulations with SO2 injection (called feedback, with SAG) are based on the 20 members of
RCP8.5 from 2020 to 2099.

Based on recent studies [16,17,54], “control” simulations over 2010–2029 (20 years)
were used for current climate, referred to as baseline (BSL), “control”, simulations over
2050–2069 (20 years) for climate change without SAG (RCP8.5) and “feedback” simulations
with SAG (GLENS) over 2050–2069 (20 years). Additionally in this study, the first three
simulation members of the model were used with the monthly data like in recent studies. To
evaluate the ability of the model to simulate the NGG SST, the model historical simulation
(HIST) of SST was compared with the National Oceanic and Atmospheric Administra-
tion monthly Optimum Interpolation Sea Surface Temperature (OISST) available at 1/4°
horizontal resolution [55] and the monthly SST from ERA-Interim data available at 0.75°
horizontal resolution [56] over the common period 1990–2009 (20 years). Subsurface tem-
perature of the model is also compared with those from the monthly ISAS (In Situ Analysis
System) observations from IFREMER in Brest (France) provided on 0.5° × 0.5° horizontal
resolution with 152 depth levels over the common period from 2002 to 2009 [57,58].

To evaluate changes under global warming and SAG (relative to current climate),
differences (RCP8.5—BSL) and (GLENS—BSL) were computed respectively. In addition,
statistical significance using a two-sided t-test was calculated for changes, and for evalua-
tion of the error estimate of changes in SST, the standard error was calculated. To explain
the possible causes of SST changes in the NGG, the mixed-layer heat budget was used like
in previous studies [17,29,32]:

∂〈T〉
∂t︸ ︷︷ ︸

TOT

=
Qnet −Qpen

ρCph︸ ︷︷ ︸
NHF

− 〈~Vh.~∇hT〉︸ ︷︷ ︸
ADH

− 〈w ∂T
∂z
〉︸ ︷︷ ︸

ZAD

− 1
h

∂h
∂t

(〈T〉 − Tz=−h)︸ ︷︷ ︸
ENT

+R, (1)

with 〈•〉 = 1
h

∫ 0
−h • dz.

T is the model potential temperature, ρ the surface reference density (set to 1021 kg m−3

as in [29]), Cp the specific heat capacity (set to 3984 Jkg−3◦C−1 as in [29] or in [31]), h the
mixed-layer depth (MLD), Qnet the net surface heat flux, Qpen the amount of shortwave
radiation passing through the base of the mixed layer, ~Vh(u, v) the horizontal current, w
the vertical velocity, and R is the residual term that incorporates lateral diffusion, vertical
mixing, and errors in the estimation of each term in the heat balance Equation (1). Qnet is
estimated as Qnet = SW − (LW + LH + SH), where SW is the solar shortwave radiation,
LW the net longwave radiation, LH the latent heat flux, SH the sensible heat flux, while the

Qpen is computed as Qpen = 0.47 · SW · (V1 e
−h
ε1 +V2 e

−h
ε2 ) with ε1 and ε2 representing the

attenuation depths of long visible, short visible, and ultraviolet wavelengths. Values of V1,
V2, ε1, and ε2 are fixed at 0.39, 0.69, 1.52, and 18.9, respectively, as used in previous studies
(e.g., [59]). In Equation (1), the term on the left is the total temperature tendency (TOT),
NHF is the total air–sea heat flux in the mixed layer, ADH is the horizontal advection, ZAD
is vertical advection, and ENT is the entrainment at the base of the mixed layer. Hereafter,
we define the oceanic processes under the term OCP (OCP = ADH + ZAD + ENT + R),
which could also be expressed as OCP = TOT− NHF. Firstly, we qualitatively evaluated
the changes in each term of Equation (1) to understand how these terms contribute to SST
changes and then we completed this first analysis with a quantitative study by calculating
the different terms of Equation (1). To assess the role of atmospheric heat fluxes in SST
changes, changes in the different components of net heat flux (solar shortwave, latent heat
flux, sensible heat flux, and longwave radiation) were examined. For the total advection,
the changes in current and temperature gradient were analyzed. To explain the contri-
bution of vertical mixing to SST changes, the vertical stratification of the region and the
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vertical shear were examined [32,60]. The vertical shear squared Sh2 is calculated following
Da-Allada et al. [61]:

Sh2 = (
∂u
∂z

)2 + (
∂v
∂z

)2, (2)

where u is the zonal current and v the meridional current. The Brunt–Väisälä frequency
(N2) is used to obtain the density stratification and is determined as follows [61,62]:

N2(T, S) = − g
ρ

∂ρ

∂z
' gα

∂T
∂z
− gβ

∂S
∂z

, (3)

where T and S are the vertical profiles of temperature and salinity, respectively; α: the
thermal expansion coefficient; β: the haline contraction coefficient; g: the gravity; and ρ:
the density. Finally, it has also been shown that wind changes (intensification or diminu-
tion) in the western equatorial Atlantic basin also influence the SST of the NGG region
[18]. Thus, in addition to the local causes, non-local processes are also investigated by cal-
culating correlations between the zonal wind stress at the western equatorial Atlantic
(WEA) and the depth of the thermocline (represented here by the 20 °C isotherm, D20)
in the study area on the one hand, and the correlation of the thermocline depth with the
SST on the other hand. The wind at the western Atlantic basin is taken from a region
called WEA, between 2° S–2° N and 40° W–20° W, as in a recent study [17]. As explained
above, upwelling mechanisms east of Cape Palmas (Côte d’Ivoire) are different from those
east of Cape Three Points (Ghana), so in this paper we studied these two regions differ-
ently (Figure 1), which are defined as in previous studies [29,63]: Sassandra Upwelling
in Côte d’Ivoire (SUC, 4° N–6° N, 4° W–7° W) and Takoradi Upwelling in Ghana (TUG,
4° N–6° N, 2° W–1° E).

Figure 1. Spatial pattern of mean monthly July to September SST (°C) computed for 1990–2009 in the
NGG from OISST observation (color shading) and HIST simulation (contours). Boxes shown indicate
the two regions of focus of this study.

3. Results
3.1. Evaluation of Model’s Ability to Simulate SST in NGG

OISST data show the lowest SST values near the NGG coast between Côte-d’Ivoire
and Bénin during the boreal summer (upwelling season), while SST remains higher in
the rest of the basin (Figure 1). The simulated SST exhibits a similar structure to OISST
during the upwelling season; however, the SST values of the model are warmer than
those of OISST. The hovmöller diagrams of SST averaged between 4° N and 6° N for the
model, and observations (OISST and ERAI) display the major upwelling season, which
starts in July and reaches its maximum in August–September and then begins to weaken
until November (Figure 2). The minor upwelling season is from January to February in
observations (OISST and ERAI) but is hardly detectable in the model (Figure 2). Note
also that the observation and model highlight the discontinuity at the level of the capes



Climate 2023, 11, 87 5 of 20

with a more intense upwelling at their east side, which is consistent with the theory of
Marchal and Picaut [64]. Compared to the observation, the model presents a warm bias of
SST throughout most of the year with large bias values in SST (+3 °C; Figure 3) in boreal
summer as shown earlier. This warm SST bias at the NGG is similar to the one usually
found in models at the equatorial Atlantic cold tongue and Benguela regions [65]. A cold
bias of −0.5 °C relative to observations (OISST and ERAI) is also located between 4° W
and 4° E from October to December. These biases obtained at the NGG region are similar
to those found in the SST reproduced by the HIST model at the equatorial Atlantic cold
tongue [17]. It is probably the ocean dynamics and/or the parameterizations used in the
model that are responsible for these SST biases. For example, Richter et al. [66] suggest
that model equatorial easterlies that are weaker than those usually observed contribute
remotely, via equatorial and coastal Kelvin waves, to the large warm SST biases along the
southwest coast of Africa.

Figure 2. Hovmuller diagram of SST, averaged over latitude 4° N–6° N for the period 1990–2009,
computed with (a) HIST simulation, (b) OISST, and (c) ERAI. The dashed black line at 7.7° W (2° W)
represents the longitude of Cape Palmas (Cape Three Points).

To continue this study, we focus on the two regions, SUC and TUG, defined above.
The model SST seasonal cycle is similar to those in the observations (OISST and ERAI), but
still with a larger warm bias in the model during the boreal summer upwelling (Figure 4).
Apart from validating the SST, HIST model subsurface temperatures are also compared with
ISAS observations (Figure 5). The HIST model reproduces well the vertical temperature
structure in the SUC and TUG regions with an increase in the thermocline during the
major upwelling period. As shown above, some differences also exist between model and
observation (ISAS) temperatures. It can be also noted that the thermocline (D20) in the
model does not rise sufficiently towards the surface during the main upwelling season as
shown by the observations. During this period, compared to the thermocline position in
the observation (ISAS), the model thermocline is about 20 m lower in the SUC region and
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about 12 m lower in the TUG region. Thus, the bias of the model could be partly explained
by the weak upward movement of the thermocline.

Figure 3. Hovmuller diagram of SST difference, averaged over latitude 4°N–6°N for the period
1990–2009, between model simulation (HIST) and observations (OISST and ERAI): (a) HIST- OISST
and (b) HIST-ERAI. The dashed black line at 7.7° W (2° W) represents the longitude of Cape Palmas
(Cape Three Points).

3.2. Changes in SST of SUC Region and Associated Causes

In the SUC region (Côte d’Ivoire), the seasonal cycle of SST in the BSL increases from
October to April, with a maximum of 30 °C obtained in April, and then SST decreases the
rest of the year (May to September), with a minimum value of 26.8 °C reached in September
(Figure 6a). Under climate change (RCP8.5) and SAG (GLENS), SST seasonal cycles display
the same features as the BSL, but with differences in terms of amplitude. Compared to
the BSL, under RCP8.5, SST increases throughout the year (an average of +1.52 °C in the
region), with maximum warming of 1.7 °C recorded in February, whereas under GLENS,
SST cools year round (average of −0.25 °C in the region) with a maximum cooling of
−0.4 °C recorded in December (Figure 6b).

To understand the mechanisms behind SST changes, we start our investigations
with air–sea heat flux changes. NHF in BSL dominated by solar shortwave radiation
and latent heat flux is positive throughout the year, except for July, when it is negative
(Figure 6c). The negative NHF in July is essentially due to the latent heat flux (Figure 6c).
Under RCP8.5 (compared to BSL), NHF increases from November to January, and in May
and July (Figure 6d) and this contributes to explaining the SST increase. The augmentation
of NHF during these months results mainly from a decrease in net longwave radiation,
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which may be due to greenhouse gases in the atmosphere that block and reflect this
radiation to the ocean [67,68]. From August to October, February to April, and in June,
NHF decreases and does not explain the SST warming noted. Under GLENS, apart from
July when the change in NHF is positive and the first 3 months of the year when it is
almost zero, NHF for decreases for the rest of the year (from April to June and August to
December), and this helps to explain the cooling noted (Figure 6e). The diminution of NHF
is driven by the decrease in solar shortwave radiation which is explained by the use of SAG
that prevents part of the solar radiation from reaching the Earth’s surface.
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Figure 4. Seasonal cycle of SST over the period 1990–2009, obtained from ERAI (dashed red
line), OISST (dashed blue line) observations, and HIST simulation (black line) in the (a) SUC and
(b) TUG regions.
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Figure 5. Seasonal cycle of vertical temperature structure over period 2002–2009 in (a) the HIST
simulation (b) the ISAS observation and (c) their difference at SUC region; and in (d) the HIST
simulation (e) the ISAS observation and (f) their difference at TUG region.
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Figure 6. Seasonal cycles in SUC region of (a) SST from RCP8.5 (dashed red line), GLENS (dashed
blue line), BSL (black) in SUC region; (b) SST changes under RCP8.5 (red) and under GLENS (blue);
the shaded areas represent the standard error of changes in SST. Seasonal cycles in SUC region (c) of
atmospheric flux (longwave (blue), shortwave (magenta), sensible heat flux (green), latent heat flux
(cyan), net heat flux (red)); (d) change in fluxes under RCP8.5; (e) and change in fluxes under GLENS.

Although NHF changes contribute largely to understanding the warming under
RCP8.5 and the cooling under GLENS, changes in this term do not explain SST changes
throughout the year. This suggests that oceanic processes also participate in SST changes.
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Oceanic processes can be split into horizontal and vertical processes. For horizontal pro-
cesses, changes in the horizontal gradient of temperature and surface current are analyzed.
The results obtained indicate small changes in the horizontal gradient and surface current
and therefore their contributions to SST changes are negligible under RCP8.5 and GLENS.
For the vertical processes, we have mainly examined vertical mixing and vertical advection
processes. As mentioned above, vertical mixing is driven by stratification and vertical
shear, so changes in these two terms are investigated to understand the impact of vertical
mixing on the SST changes. Under RCP8.5 (compared to BSL), stratification increases
from November to March and June – July, whereas vertical shear changes are very low
throughout the year (Figure 7a,c). This strong stratification limits the mixing between the
thermocline cold waters and the warm waters at the surface and therefore leads to SST
warming in the SUC region. Under GLENS, changes in vertical shear and stratification are
minor and do not contribute to SST cooling (Figure 7b,d). Regarding the vertical advection,
under RCP8.5, there is a decrease in both vertical velocity and vertical temperature gradient
during April and from August to October (Figure 8a,c), which then contributes to surface
water warming. Under GLENS, vertical velocity increases during the first three months of
the year (January to March) and in June (Figure 8b), which contributes to bringing more
cold water from below the thermocline to the surface. From February to July, there is also an
increase in the vertical temperature gradient (Figure 8d), which leads to a further increase
in the cooling by vertical advection. It is therefore the changes in vertical advection that
explain the SST cooling during the months when the atmospheric fluxes do not explain
it. In summary, strong NHF and stratification are the main drivers of SST warming under
climate change (RCP8.5), while under SAG use, weakening NHF and vertical advection
augmentation are mainly responsible for SST cooling.

To reinforce the above results with a quantitative study, the heat budget terms are
evaluated in the SUC region. Figure 9a shows that the SST tendency in BSL is positive
from September to April, corresponding to the period when the SST increases and from
May to August there is a negative tendency of SST, corresponding to SST decrease. Net
heat flux (NHF) contribution is positive all year long except in June and July, while oceanic
processes (OCP) contribution is negative throughout the seasonal cycle. Therefore, SST
increase is essentially due to an increase in NHF, whereas SST decrease will be related to a
decrease in OCP and NHF. As mentioned above, NHF is found to depend largely on solar
shortwave radiation and latent heat flux. OCP is dominated by the residual (R) term as
the contribution of the total advection and entrainment terms are negligible (Figure 9b).
As lateral diffusion is negligible in the SUC region [29,32], this R term is mainly due to
vertical mixing. Under RCP8.5 (relative to BSL), changes in NHF are similar to those found
above (Figure 6d), and thereby positive NHF contributes to SST warming (Figure 9c). OCP
changes are mainly correlated with R (correlation of 0.92 significantly at 95% level), which
is dominated by vertical mixing (Figure 9d). Then, positive changes in R contribute to
explaining SST warming, and this is consistent with the result obtained. Under GLENS,
NHF and OCP changes are relatively smaller than under RCP8.5. As explained above,
changes in NHF and ZAD mostly contribute to SST cooling in this region (Figure 9e,f). ZAD
contributions in SST cooling are most important in March and are explained by a strong
vertical temperature gradient and an increase in vertical velocity. All these results are in
agreement with the precedent results. To conclude on the processes that are responsible for
SST changes, the role of non-local processes (remote forcing) in SST changes is investigated.
Results reveal that there are no strong links between changes in the western equatorial
Atlantic wind, SST, and D20 in the SUC region, under either RCP8.5 or SAG.
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Figure 7. Seasonal evolution of changes relative to the baseline of vertical profiles at SUC (shaded
colors) in terms of stratification: (a) under RCP8.5, (b) under GLENS and in vertical shear, (c) under
RCP8.5 and (d) under GLENS. Stratification in baseline is plotted on Figures (a,b) by contours and
vertical shear on Figures (c,d); the mixed-layer depth (dashed black diamond line for RCP8.5; magenta
line for BSL and dashed black triangle line for GLENS) and the thermocline represented by D20(black
line for RCP8.5, dashed blue line for BSL, and red line for GLENS.

Figure 8. Cont.
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Figure 8. Seasonal evolution of changes relative to the baseline of vertical profiles at SUC (shaded
colors) in terms of vertical velocity: (a) under RCP8.5, (b) under GLENS and in vertical temperature
gradient, (c) under RCP8.5, and (d) under GLENS. Vertical velocity in baseline is plotted in Figures
(a,b), and by contours and vertical temperature gradient on figures (c,d); the mixed-layer depth
(dashed black diamond line for RCP8.5; magenta line for BSL and dashed black triangle line for
GLENS) and the thermocline represented by D20 (black line for RCP8.5, dashed blue line for BSL,
and red line for GLENS).

To complete this study, the mean efficacy ( SSTGLENS−SSTRCP8.5
SSTRCP8.5−SSTBSL

) of SAG to offset the
effects of global warming is derived for SST in the SUC region following previous stud-
ies [16,17,69]. If the efficacy ratio is greater than −1 then climate change was under-
compensated by geoengineering relative to baseline, while if the ratio is less than −1,
geoengineering-induced changes over-compensated for climate change conditions. In this
study, we find an efficacy ratio of −1.16 for SST, suggesting that SAG will be slightly
over-compensated for SST in the SUC region.

3.3. Changes in SST of TUG Region and Associated Causes

In the Ghana region (TUG), the SST seasonal cycles of BSL, RCP8.5, and GLENS are
similar to those of the SUC region with always higher SST under RCP8.5 (relative to BSL)
and lower temperature under GLENS (Figure 10a). Under RCP8.5 (relative to BSL), there
is an SST increase throughout the seasonal cycle, like in the SUC region, but warming is
slightly stronger in the TUG region than SUC (SST average of 1.52 °C in SUC while it is
1.59 °C in TUG, Figure 10b). Under GLENS, the SST cooling is similar to the SUC region.
The maximum cooling is obtained in December for the two regions (SUC and TUG).

To explain the possible causes responsible for SST changes in the TUG region, we
apply the methodology used in the SUC region. The seasonal cycles of heat fluxes in BSL
are close to those of the SUC region with NHF being positive all year long and reaching
zero between June and July (Figure 10c). Under RCP8.5 (relative to BSL), NHF increases
(due to net longwave radiation diminution as in the SUC region), which explains the
SST warming throughout the year, except in March and April where the NHF decrease
does not explain the SST warming (Figure 10d). Note that the NHF increase is slightly
greater in the TUG region compared to SUC, which contributes to a large SST increase.
Under GLENS, except in July, there is a diminution in NHF (caused by a reduction in
solar shortwave radiation), which participates in SST cooling (Figures 10e). Although NHF
changes play a major role in SST changes, they do not explain SST changes in March, April,
and July, suggesting that oceanic processes also play a role in SST changes. In the TUG
region, oceanic processes are dominated by vertical mixing and vertical advection because
horizontal advection, lateral diffusion, and entrainment terms are negligible (not shown).
Under RCP8.5, vertical mixing changes due to important stratification with a weak vertical
shear contribute to SST warming in TUG, as in the SUC region (Figure 11a,c). However,
under GLENS, the vertical shear is very weak with a small stratification, and does not
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explain SST cooling (Figure 11b,d). Regarding the vertical advection, under RCP8.5 (relative
to BSL), there is a slight decrease in vertical velocity below the mixed layer in April and
from July to September (Figure 12a), and a diminution in vertical temperature gradient
in the same period (Figure 12c) contributing slightly to SST warming. Under GLENS,
vertical velocity changes are small and vertical temperature gradients decrease below the
mixed layer almost over the whole seasonal cycle, and thereby cannot explain SST cooling
(Figure 12b,d).
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Figure 9. Seasonal cycle for 2050–2069 of the mixed layer heat budget in the SUC region: (a) base-
line simulation, Total temperature tendency (TOT, black), net air-sea heat flux (NHF, red), oceanic
processes (OCP, blue); (c) under RCP8. 5, changes in total temperature tendency (black), changes in
net air-sea heat flux (NHF, red), changes in oceanic processes (OCP, blue); (e) same as previously but
under GLENS. Decomposition of oceanic processes, (OCP, blue); Horizontal advection (ADH, dashed
green), vertical advection (ZAD, dashed blue), Entrainment (ENT, cyan), Residual (R, dashed black)
(b) in baseline simulation and changes (d) under RCP8.5 and (f) under GLENS.

Figure 13a shows the SST tendency at the TUG region in BSL which is decomposed
by the contribution of NHF and OCP. NHF in BSL is positive through the seasonal cycle
except in June–July, and thus contributes to SST increase. OCP contribution is negative
all year and therefore leads to SST decrease. The decomposition of OCP in Figure 13b
shows that it is dominated by the residual term, which is essentially related to vertical
mixing. Under RCP8.5 (relative to BSL), NHF increases from December to February and
in May, contributing to SST warming. This increase in NHF is caused by a decrease in net
longwave radiation as shown above (Figure 10d). In March, April, and from August to
December it is the oceanic processes dominated by vertical mixing that are responsible for
SST warming. Note also that from July to September, vertical advection changes contribute
slightly to SST warming. Under GLENS, NHF changes contribute to SST cooling as in
the SUC region (Figure 13e) but OCP contribution to SST cooling is weak. As in the SUC
region, non-local processes are also examined in the TUG region. Results obtained show
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that (Figure 14b,d) there is a strong correlation of 0.72 (significant at 95% level) between
changes in the thermocline depth and zonal wind stress at the western equatorial Atlantic
(WEA) on the one hand, and a correlation of 0.61 (significant at 95%) between changes
in the thermocline depth and SST in the TUG on the other hand. Thus, SST changes
(cooling) in the TUG region are also influenced by changes in the wind stress at WEA. So,
the contribution of remote forcing to SST changes is weak under RPC8.5 (as the correlations
are weak Figure 14a,c) for the SUC and TUG regions but plays an important role only in
the TUG region under GLENS. To finish with the TUG region, the mean efficacy of SAG to
offset the effects of global warming is estimated for SST. Like in the SUG region, the mean
efficacy ratio (−1.16) suggests that SAG will be also slightly over-compensated for SST.
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Figure 10. Same as in Figure 6 but from TUG region.

Figure 11. Cont.
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Figure 11. Same as in Figure 7 but from TUG region.

Figure 12. Same as in Figure 8 but from TUG region.
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Figure 13. Same as in Figure 9 but from TUG region.
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Figure 14. Seasonal cycles of the changes relative to the baseline in D20 at TUG (blue curve) versus
wind stress at WEA (orange curve) (a) under RCP8.5 (b) under GLENS; in D20 (blue curve) versus
SST (orange curve) at TUG, (c) under RCP8.5 and (d) under GLENS.
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4. Conclusions and Discussion

In this paper, we examined the impact of Stratospheric Aerosol Geoengineering (or
SAG) on SST seasonal variability in the northern Gulf of Guinea using GLENS simulations
performed under the RCP8.5 scenario. The climate model used in the GLENS project has
several components, including the atmospheric component (WACCM) and the oceanic
component (POP2) used in this study. The GLENS project consists of the injection of
aerosol into the stratosphere to reduce incoming solar radiation in order to reduce the
effect of global warming. This study focuses on two dynamically different regions in
the northern Gulf of Guinea: Sassandra Upwelling in the Côte d’Ivoire region (SUC)
and Takoradi Upwelling in Ghana (TUG). SST changes under climate changes and under
SAG (2050–2069) in relation to the current climate (2010–2029) were investigated, and
mechanisms behind SST changes awere examined. Seasonal temperature variability in
the NGG is well reproduced by the model, although biases exist between the model and
observations. Similar biases are also present in the Atlantic equatorial cold tongue [17] and
may result from parameterization errors in the model.

In SUC region, under RCP8.5 (compared to baseline), the results show that SST
increases throughout the seasonal cycle (average 1.52 °C), and this warming is related to
NHF increase and the weakening of the vertical mixing. NHF increase is due to a decrease
in net longwave radiation and the weak vertical mixing is caused by the enhancement of
stratification in the presence of a weak vertical shear. Under GLENS, SST decreases the
whole year (average −0.25 °C), and its results from NHF decrease due to the diminution of
incoming solar shortwave radiation as a consequence of SAG use and an increase in vertical
advection below the mixed layer. In the TUG region, under RCP8.5, SST also increases all
year long (average 1.59 °C), and the mechanisms behind this warming are similar to the
SUC region. Under GLENS, there is also an SST decrease throughout the year (of −0.26 °C
on average), and this SST cooling is due to a decrease in solar shortwave radiation and
changes in zonal wind stress at the western equatorial Atlantic (remote forcing). Contrary
to the SUC region, where the effect of remote forcing (non-local processes) is negligible,
this term plays an important role in the SST changes in the TUG region under GLENS.

The findings of this study reveal that the mechanisms responsible for SST cool-
ing in the SUC and TUG regions are different, which is consistent with the studies of
Djakouré et al. [33] and Da-Allada et al. [29] who found different mechanisms that explain
cooling events in these two regions. Additionally, the results obtained indicate an important
role of atmospheric fluxes in SST changes, contrary to previous studies which suggest an
important role of oceanic processes [29,32,33]. Using the GLENS simulation, a cooling of
the SST is noted in the NGG under the use of SAG. Note that the SST cooling under SAG has
also been highlighted by Pomalegni et al. [17] in the equatorial Atlantic cold tongue. As in
the TUG region, the study of Pomalegni et al. [17] also reveals the important role of remote
forcing in SST cooling. Finally, the results also show that SAG slightly overcompensates for
the effects of climate change on SST in the NGG.
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ADH Horizontal advection
ENT Entrainment at the base of the mixed layer
ERAI ERA-Interim
GLENS Geoengineering Large Ensemble
HIST Historical simulation
IFREMER Institut français de recherche pour l’exploitation de la mer
ISAS In Situ Analysis System
LH Latent heat flux
LW Net longwave radiation
MLD Mixed-layer depth
NGG Northern Gulf of Guinea
NHF Net Heat Flux
OCP Oceanic processes
OISST Optimum Interpolation Sea Surface Temperature
POP2 Parallel Ocean Program version 2
R Residual term
RCP8.5 Representative Concentration Pathway 8.5
SAG Stratospheric Aerosol Geoengineering
SH Sensible heat flux
SRM Solar Radiation Management
SST Sea Surface Temperature
SUC Sassandra Upwelling in Côte d’Ivoire
SW Solar shortwave radiation
TOT Total temperature tendency
TUG Takoradi Upwelling in Ghana
WACCM Whole Atmosphere Community Climate Model
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