
1.  Introduction
The dynamical downscaling of Earth system models (ESMs) by means of regional climate models (RCMs) has 
significantly improved the numerical representation of the African climate system (Crétat et al., 2013; Dosio 
et al., 2015; Gibba et al., 2018; Giorgi & Gutowski, 2015; Hernández-Díaz et al., 2016; Laprise et al., 2013; 
Paxian et al., 2016; Sylla et al., 2012). This is most often highlighted with the reference to the reduction of uncer-
tainties in climate simulations, especially for indices of extreme weather and climate events over the continent 
(Dosio et al., 2019, 2021b; Haensler et al., 2011; Hernández-Díaz et al., 2016; Weber et al., 2018). However, 
despite these significant advances, substantial biases remain in the downscaled results even when driven by 

Abstract  There is an urgent need to enhance climate projections for Central Equatorial Africa (CEA), given 
the region's high vulnerability to climatic hazards and its economy's heavy dependence on climate-sensitive 
sectors. This study aims to evaluate the performance of the regional earth system model ROM, composed of 
the atmosphere-only regional climate model (RCM) REMO coupled with the global Max Planck Institute for 
Meteorology Ocean Model (MPIOM), in reproducing the precipitation climatology over CEA. ROM results 
are compared to those of REMO in two sets of experiments, one driven by the ERA-Interim reanalysis and the 
other by the MPI-ESM-LR earth system model (ESM), both at ∼25-km horizontal resolution. Results show 
that ocean coupling improves rainfall climatology thanks to a better representation of the physical processes 
and mechanisms underlying the rainfall system. In particular, an improved sea surface temperature (SST) 
results in a more realistic simulation of land-atmosphere-ocean interactions, and subsequently the atmospheric 
baroclinicity. Specifically, the coupling reduces the positive SST bias inherited by the driving ESM across the 
entire Guinea Gulf and Benguela-Angola coastal seas. This leads to better simulated land-ocean thermal and 
pressure contrasts. Improvements in land-ocean contrasts, in turn, enhance the representation of the regional 
atmospheric circulation, and thus precipitation. Interestingly, the coupling is more beneficial when ROM is 
driven by the ESM than the reanalysis. This study emphasizes the advantage of dynamically downscaling 
ESMs using regional earth system models rather than atmosphere-only RCMs, with the potential to enhance 
confidence in future climate projections.

Plain Language Summary  Designing timely and relevant societal responses to climate-related 
impacts and risks to humans and natural systems requires reliable information about climate variability and 
projected change, especially at regional scales. For this purpose, considerable efforts were devoted to the 
improvement of the numerical models used to represent the climate system, including better formulation of the 
models' physical and dynamical components and the inclusion of feedback between different components of 
the climate systems, such as those between the ocean and the atmosphere. In this study we aim at investigating 
whether the use of a regional climate model which includes an explicit representation (coupling) of the ocean 
is able to better simulate (i.e., adds value) the main mechanisms responsible for precipitation over Central 
Equatorial Africa. The results show that the coupled model is indeed able to simulate more realistically the 
complex physical processes and mechanisms underpinning the rainfall system. Our findings advocate for the 
use of the global ocean-regional atmosphere coupling approach for regional climate change projection analyses.
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with improvements in the processes 
underpinning the rainfall system

•	 �The added value is modulated by 
the boundary conditions, with better 
suitability under the imperfect 
forcing mode
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quasi-perfect boundary conditions (reanalysis) (Laprise et al., 2013; Nikulin et al., 2012; Panitz et al., 2014). 
Central equatorial Africa (CEA) is one of the world's regions where RCMs still struggle to represent the rainfall 
system (Fotso-Kamga et al., 2020; Fotso-Nguemo et al., 2016, 2019; Haensler et al., 2013; Tamoffo, Vondou, 
et al., 2019, 2021,2022). Results of RCMs are indeed characterized by large biases for both hindcasts and histor-
ical simulations as well as by large ranges of uncertainty in their projections (Taguela et al., 2020; Tamoffo, 
Moufouma-Okia, et al., 2019, 2020). Such a situation is detrimental to the use of model results especially for 
climate change-related risk assessment.

Considerable efforts have been devoted to improve the models' simulations of the African climate system. Some 
works (e.g., Wu et al., 2020) argued that over Africa the model physical parameterization significantly affects 
the precipitation spatiotemporal patterns whereas the increased horizontal resolution only influences the inten-
sity. Other works (Sørland et al., 2021) claimed that boundary conditions may affect the results more critically 
than model version, configuration and horizontal resolution. Other studies (e.g., Hernández-Díaz et al., 2016; 
Hoffmann et al., 2016) attempted to adjust the sea surface temperature (SST) prior to the downscaling in order to 
reduce inherited errors from driving boundary conditions. Weber et al. (2022) argued that although this approach 
is fruitful in improving hindcast and historical simulations, it may induce inadequacies in the response of the 
lower atmosphere processes to the SST in future climates. These findings highlight that improvements in the 
representation of underlying physical processes and mechanisms are paramount for a plausible simulation of 
rainfall climatology over CEA (Tamoffo et al., 2021).

A more recent approach consists in coupling an RCM with a global ocean model (Samanta et al., 2018; Sein 
et  al.,  2015; Zou & Zhou,  2016) to allow fully coupled ocean-atmosphere-land feedback. Unlike the usual 
atmosphere-only dynamical downscaling approach applied in the Coordinated Regional Climate Downscal-
ing Experiment (CORDEX; Giorgi & Gutowski, 2015) as well as the downscaling after SST bias-adjustment, 
the coupling accounts explicitly for the feedback between different Earth system components. In addition, as 
the precipitation system is strongly correlated with SST over equatorial Africa (Balas et al., 2007; Dezfuli & 
Nicholson, 2013), a realistic simulation of precipitation would be afore-conditioned by a realistic simulation of 
SST. It is noteworthy that the reverse may also be true because the causal relationship between the oceanic forc-
ings and the regional convective system has not yet been elucidated.

Coupled atmosphere-ocean RCMs have been proven fruitful in improving the representation of the climate 
system in northern North Atlantic and Europe (Sein et al., 2015), southern Africa (Ratnam et al., 2015), East 
Asia (Zou & Zhou, 2016), and West Africa (Paxian et al., 2016). Similar conclusions have recently been drawn 
for CEA by Weber et al. (2022), although they did not elucidate the reasons behind the models' improvement. 
Evaluating the plausibility of the added value in such a region, which is characterized by a shortage of ground 
station measurements, is absolutely needed to attest to the credibility of the models representing the regional 
climate system. This argument is supported by previous research by James et al. (2017) and by the sixth report 
of the Intergovernmental Panel on Climate Change (IPCC's AR6 Ch 10; Doblas-Reyes et al., 2021), who argued 
that performance-based evaluation of climate models should be priorly associated with a process-oriented assess-
ment, especially in regions featuring coarse observed networks like CEA.

Therefore, the present study aims to address the following concerns.

1.	 �Is the added value of a coupled global ocean-regional atmosphere RCM with respect to the corresponding 
atmosphere-only RCM, associated with a more realistic representation of the relevant underlying physical 
mechanisms over CEA?

2.	 �Is this added value modulated by the boundary conditions? Otherwise, is the coupled RCM's improvement 
systematic?

By answering the above questions, we hope to support the development of RCMs in better simulating the 
equatorial African climate system. Moreover, this study is intended to stimulate discussion on the appropriate-
ness of using coupled RCMs rather than atmosphere-only RCMs to assess climate projections for CEA. The 
following section describes experimental, observational and reanalysis data and the methods used in this study. 
Section 3 intercompares coupled against uncoupled RCMs of rainfall climatology and related added value. In 
Section 4, the mechanisms associated with the added value of using the coupled ocean-atmosphere model are 
investigated and the credibility of each RCM simulation group is highlighted. Section 5 discusses and wraps 
up the findings.
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2.  Data and Methods
2.1.  Data

In this study, we employ both the atmosphere-only (i.e., uncoupled) Regional Climate Model REMO (Jacob, 2001), 
and the regionally-coupled model ROM (Sein et al., 2015), which is the combination of REMO with the Max Planck 
Institute Ocean Model (MPIOM; Jungclaus et al., 2013). Hereafter, the term REMO will be used when referring 
to the uncoupled simulations, while the term ROM will be used for the coupled simulations. Detailed descriptions 
of REMO and ROM used in various configurations are found in several previous studies (Cabos et al., 2020; Jacob 
et al., 2012; Sein et al., 2014). The physical configurations used in the present work and model spin up are extensively 
described in Weber et al. (2022) and therefore, will not be repeated here. The coupling zone (red box) is depicted 
in Figure 1, along with the topography of the domain. The experimental designs consist of two forcing configura-
tions: (a) the quasi-perfect forcing configuration, where lateral boundary conditions are extracted from the European 
Center for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis data (Dee et al., 2011) and (b) the 
imperfect forcing configuration, with lateral boundary conditions from the Max Planck Institute ESM lower resolu-
tion (MPI-ESM-LR; Stevens et al., 2013). As both MPI-ESM-LR and ROM share the same ocean component, and, 
in addition, both REMO and ROM are based on the same physical parameterizations and dynamical core as ECHAM 
(which is the atmospheric component of MPI-ESM-LR; Jacob et al., 2012), this minimizes inconsistencies between 
the forcing and the downscaling models. More details about the driving ESM and reanalysis are shown in Table 1.

The results of the first configuration are helpful to discern the impact of the coupling without the influence of ESMs' 
biases on the boundary conditions. It should be noted that in this case, REMO is forced on the ocean surface by 
SST derived from ERA-Interim and is therefore more constrained to the reanalysis than ROM. Conversely, ROM's 

Figure 1.  The coupling area (red box), along with the domain topography (in Meter) from the NASA GTOPO30. Also shown 
is the CEA area (black box).

Institution ESMs' names RCMs (0.22° × 0.22°) Experiment names Ocean-atmosphere Periods used References

European Center for Medium 
Range Weather Forecasts

ERA (0.75° × 0.75°) REMO REMO-ERA Uncoupled 1980–2005 Dee et al. (2011)

ROM ROM-ERA Coupled

Max Planck Institute for 
meteorology

MPI-ESM-LR 
(1.9° × 1.9°)

REMO REMO-MPI-ESM-LR Uncoupled 1980–2005 Stevens 
et al. (2013)

ROM ROM-MPI-ESM-LR Coupled

Table 1 
Details of Forcing Data and Names of RCM Experiments Used in This Study
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atmospheric fields can be affected by the biases induced by the coupling and the oceanic component, but benefit 
from the more physical representation of heat and mass fluxes that bring the interactive SST (usually over the 
ocean). The second configuration aims to highlight whether the coupling is able to improve the model's results when 
driven by lateral boundary conditions and, consequently, affected by biases from the driving ESM. In this case, the 
REMO simulation is also influenced by the biases in the ESM SST. On the other hand, for grid points distant from 
the boundaries, ROM SST is less influenced by the driving ESM (Sein et al., 2014), and hence, there is a potential 
for ROM to simulate SST better than the ESM resulting in modeled precipitation being closer to observations.

Several reference datasets are used to evaluate the ability of ROM to improve simulated atmospheric fields against 
REMO. Indeed, over CEA, the network of in situ stations is very sparse. Consequently, observational datasets are 
generally the result of a combination of gauge and satellite measurements, as well as reanalysis models. Using 
multiple sources of reference is therefore required to account for uncertainties in these products (Dosio, Pinto, 
et al., 2021). The full list and details of the baseline data used throughout the study are summarized in Table 2.

2.2.  Methods

The performance-based evaluation of both coupled and uncoupled experiments is first performed against refer-
ence datasets, and, then, the two simulation groups are intercompared with each other. The performance metrics 
used for the evaluation are the mean bias (at 95% statistically significant level using the Student t-test) and the 
added value (AV). For the bias and AV computation, we remapped the RCM results onto the observation or reanal-
ysis grid used as reference, apart from the CHIRPS2 dataset, which was instead re-gridded to match the model's 
grid because of its higher horizontal grid spacing (0.05° × 0.05°) compared to that of the RCM (0.22° × 0.22°).

In our analysis, the added value does not measure the performance of RCM runs against the driving ESM or 
reanalysis (Di Luca et al., 2012; Dosio et al., 2015), but rather, directly compares the performance of ROM with 
regards to REMO in representing the climatology of precipitation. The AV is defined as in Dosio et al. (2015) 
following the expression:

𝐴𝐴𝐴𝐴 =
(𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 −𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟 )

2
− (𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅 −𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟 )

2

𝑀𝑀𝑀𝑀𝑀𝑀
(

(𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 −𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟 )
2
, (𝑋𝑋𝑅𝑅𝑅𝑅𝑅𝑅 −𝑋𝑋𝑟𝑟𝑟𝑟𝑟𝑟 )

2
)� (1)

where X represents the spatial distribution of the considered experiment. Values are normalized by their maxi-
mum (Max) so that −1 ≤ AV ≤ 1. Thus defined, a positive AV means that the ROM coupled simulation improves 
over the REMO uncoupled simulation and vice versa.

To explore the reasons behind the sign of AV, we examined physical processes and mechanisms that have been 
already highlighted in the literature as drivers of the CEA rainfall system. These include SST (Balas et al., 2007; 
Dezfuli & Nicholson, 2013; Nicholson & Dezfuli, 2013), low-level westerlies (LLWs; Pokam et al., 2014), the 
African easterly jets (AEJs) defined as mid-tropospheric (700–600 hPa) easterly wind speeds exceeding 6 m/s 
(Chen,  2005; Kuete et  al.,  2019), and, finally, the Congo basin cell (CBC) estimated by means of the zonal 
mass-weighted streamfunction (Longandjo & Rouault, 2020):

Ψ𝑍𝑍 (𝑃𝑃 ) =
2𝜋𝜋𝜋𝜋

𝑔𝑔

𝑃𝑃

∫
𝑠𝑠𝑠𝑠

[𝑢𝑢]𝑑𝑑𝑑𝑑� (2)

Data Set Institution Horizontal resolution Periods used Reference

CRU-TS4.05 Center for Atmospheric Research (NCAR)Climate Research 
Unit, University of East Anglia

0.5° × 0.5° 1980–2005 Harris et al. (2020)

GPCC-v2020 Global Precipitation Climatology Center 0.25° × 0.25° 1980–2005 Schneider et al. (2022)

CHIRPS2 Climate Hazards InfraRed Precipitation with Stations 0.05° × 0.05° 1980–2005 Funk et al. (2015)

ERA5/ERA-Interim European Center for Medium-Range Weather Forecasts 0.25° × 0.25°/0.75° × 0.75° 1980–2005 Hersbach et al. (2020)/
Dee et al. (2011)

MERRA2 The Modern-Era Retrospective analysis for Research and 
Application, version 2

0.5° × 0.66° 1980–2005 NASA (2016)

Table 2 
Description of Reanalysis and Satellite/Gauge Data Sets Employed for the Inter-Comparison Analysis
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where R is the Earth's radius, g the constant of gravity, sp the surface pressure and P ∈ [1,000–500 hPa], while 
the operator [ ] signifies a zonal average.

It is important to note that September-October-November (SON) is the wettest season over CEA (defined as 
10°S–10°N; 10°–30°E, see black box in Figure 1) and the time of year when most of the processes that underpin 
the rainfall system are active (Jackson et al., 2009; Nicholson & Grist, 2003). As the scope of our study is to eval-
uate how models represent not only the precipitation climatology of the region, but also the mechanisms mainly 
responsible for it, our analysis focuses on SON only.

3.  The Uncoupled REMO Versus Coupled ROM: The Added Value
Figure 2 shows the AV of seasonal mean precipitation as simulated by REMO versus ROM using three observa-
tional datasets (CRU.ts4.05, GPCC.v2020, and CHIRPS2) as reference. The result of the AV relative to ERA5 is 
also shown since this reanalysis is used as the benchmark for diagnosing mechanisms associated with AV. At first 
sight, the overall AV spatial pattern (and that of the mean bias, not shown) does not depend on the dataset used 
as reference. The observational uncertainties do not significantly affect the AV: in fact, the difference between 
REMO and ROM results when driven by either the reanalysis or the ESM are greater than the observational uncer-
tainty. Indeed, when they are run under the near-perfect forcing configuration, there is little difference between 
REMO and ROM results in terms of the number of grid points where there is an improvement or a deterioration 
(Figure 3a). In this case, the AV spatial pattern mainly shows positive values over northwestern and southeast-
ern  CEA and negative (or very small) ones elsewhere (Figure 2). This leads to generally equal or close perfor-
mance between REMO and ROM (Figure 3a). Moreover, there is no clear sign of improvement or deterioration 
in the Guinea Gulf (Figure 2) where atmospheric-only RCMs generally exhibit strong wet/dry biases (Laprise 
et al., 2013; Dosio & Panitz, 2015; Fotso-Nguemo et al., 2016; Tamoffo, Moufouma-Okia, et al., 2019, 2022; 
also see Fig. S1 in Supporting Information S1). The coupled and uncoupled experiments greatly extend the rain-
band northwards compared to reference datasets, but instead, narrow it slightly along the southern side of the 

Figure 2.  Added value (AV) of mean SON CEA precipitation in REMO compared to ROM experiments. The reference datasets used are CHIRPS2, CRU.ts.05, 
GPCC-v2020 and ERA5, over the period 1981 to 2005. Positive (negative) values indicate a lower (higher) precipitation bias of ROM compared to REMO. Contours 
indicate the position of the rain-band (i.e., precipitation larger than 3 mm/day) from the reference dataset (black), REMO (red) and ROM (blue). The black box denotes CEA.
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rain-band. However, when run under imperfect forcing configuration, that is, forced with MPI-ESM-LR, ROM 
outperforms REMO over CEA and even in the Guinea Gulf (Figure 2), in agreement with the strong reduction 
of the wet bias over oceanic regions by the coupled simulation (Fig. S1 in Supporting Information S1). In this 
case, the area of improvement is most often almost twice as large (or more for ERA5) than the area of deterio-
ration (Figure 3b). The AV spatial pattern consists of improvements along the coastal areas and in the northern 
part of the CEA, but rather heterogeneous areas featuring elsewhere. With respect to improvements in simulated 
precipitation climatology, the coupling generally attenuates the magnitude of the rainfall bias. While comparing 
REMO-MPI-ESM-LR and ROM-MPI-ESM-LR, it appears that the coupling significantly reduces the intensity 
of the wet bias over oceanic and coastal areas of the Guinea Gulf (Fig. S1 in Supporting Information S1). In this 
case, the coupling acts in improving the location of the rain-band, especially along the southern side of the rain-
band over the ocean. This offers an opportunity to understand the reasons behind overestimated precipitation over 
this region, usually modeled by atmospheric-only RCMs.

The above results are logical in that the ocean-atmosphere coupling appears to be more advantageous under 
imperfect forcing than under quasi-perfect forcing configuration. Indeed, when forced by ERA-Interim, the 
coupling does not substantially change the precipitation pattern over the ocean (Fig. S1 in Supporting Informa-
tion S1). ROM, in contrast, substantially reduces the magnitude of rainfall wet biases over the ocean when driven 
by the MPI-ESM-LR ESM, compared to REMO. In this case, the coupling may have improved the bias inherited 
from MPI-ESM-LR through the boundary conditions. This assumption seems likely given that MPI-ESM-LR 
simulates, for instance, more biased SSTs than ERA-Interim (Figure 4). In case this assumption is attested, the 
dynamical downscaling by means of a coupled ocean-atmosphere RCM would therefore result beneficial espe-
cially in regions where the climate system is greatly influenced by the land-sea interaction and feedback (such as 
CEA), and where ESMs can show large SST biases (e.g., Creese & Washington, 2018; Kuete et al., 2022; Taguela 

Figure 3.  Percentage of improvement (AV > 0.001), deterioration (AV < −0.001) and neutral (−0.001 ≤ AV ≤ +0.001) of 
REMO and ROM experiments relative to CRU.ts.05, GPCC-v2020, CHIRPS2 and ERA5, over the period 1980 to 2005.

 21698996, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039385 by A
lfred W

egener Institut F. Polar- U
. M

eeresforschung A
w

i, W
iley O

nline L
ibrary on [30/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2023JD039385&mode=


Journal of Geophysical Research: Atmospheres

TAMOFFO ET AL.

10.1029/2023JD039385

7 of 18

et al., 2022). To this, it is critically important to assess the plausibility of the AV resulting from the coupling. 
Therefore, in the following sections we intercompare REMO and ROM in representing the physical processes 
and mechanisms that underpin the CEA rainfall system. The ERA5 reanalysis is used as reference while being 
compared against MERRA2 to account for uncertainties in the reanalysis products over the region.

4.  Mechanisms Associated With AV
The objective of the present section is to assess the plausibility of AV deriving from the coupling. In particular, we 
aim to answer the following question: does the AV resulting from the coupling REMO-MPIOM (ROM) arise for 
the right reason? The term “right reason” here means that improved results in the mean climatology result from 
an improved representation of regional and local processes underlying the region's rainfall system.

4.1.  Improvements in SSTs

The modulating role of SSTs on the equatorial African rainfall system is clearly established (Balas et al., 2007; 
Dezfuli & Nicholson, 2013; Nicholson & Dezfuli, 2013). Thus, we start our investigations by looking at how 
well the coupling is physically modifying prescribed SSTs from driving ESMs. It is crucial to acknowledge that 
ROM SST diverges from the ESM's SST, as it is influenced not only by external forcing but also by the coupled 
model's intrinsic dynamics. Particularly in regions where the ocean model's resolution significantly influences 
the representation of pertinent physical processes, substantial disparities between the two SSTs can emerge. 
Figure 4 displays REMO and ROM SST bias with regard to ERA5. It is noteworthy that in the atmospheric-only 
REMO simulations, the SST is directly inherited from ERA-Interim and MPI-ESM-LR, respectively. As a conse-
quence, REMO-ERA features the smallest (slightly negative) SST bias over the Guinea Gulf (−0.32°C). The bias 
value approaches zero toward the interior of the Atlantic Ocean and southwards, including the South Atlantic 
High (SAH) pressure system. REMO-MPI-LR shows the highest positive SST bias (+1.93°C) over the whole 
Guinea Gulf and Benguela-Angola coastal seas. These positive biases propagate southwards along coastal areas 
and even over a large part of the SAH. The results of the coupled experiments argue for a systematic impact of 
ROM. In fact, the coupling leads to a positive SST bias (+0.89°C) in the ERA-Interim driven run (ROM-ERA). 
Similarly, the coupling considerably reduces the magnitudes of the positive SST bias (+0.45°C) as simulated by 

Figure 4.  Mean (1980–2005) SON SST biases (REMO/ROM minus ERA5). The biases are computed relative to ERA5 
reanalysis. The stipples occur where the difference between the dataset under consideration and the ERA5 reanalysis dataset 
is statistically significant at the 95% confidence level by means of the Student's t-test. The black boxes indicate the CEA.
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REMO-MPI-LR. In addition, the area of warm SST bias shifts southwards in the coupled simulations, giving 
way to cold biases in the coastal areas bordering West Africa. Similarly, the coupling considerably improves the 
representation of sea level pressures (SLP; Fig. S2 in Supporting Information S1), presumably in response to the 
improvement in SSTs.

Previous studies (e.g., Dyer et al., 2017; Pokam et al., 2012, 2014) demonstrated the role the Atlantic and Indian 
Oceans play in providing CEA with moisture. Modifications in SSTs due to coupling are expected to have 
substantial implications for the region's rainfall system. Indeed, an increase/decrease in SSTs (as simulated by 
ROM compared to REMO) suggests an increase/decrease in evaporation over the oceans feeding low-level west-
erlies (Pokam et al., 2014), southeasterlies (Dyer et al., 2017) and nocturnal low-level jets (Munday et al., 2021). 
Large- and mesoscale teleconnections might also be affected. For instance, modifications in SST in the Guinea 
Gulf influence the zonal temperature gradient (∇T), and the subsequent pressure contrast (∇P) between the land-
mass and the eastern equatorial Atlantic Ocean (Figure 5), with potential effect on the low- and mid-level circu-
lation over the CEA. Specifically, Figure 5 shows that the reduction in warm SST bias over the eastern Atlantic 
Ocean results in a strengthening of the land-ocean thermal contrast (Figure 5a), enhancing the land-ocean pres-
sure contrast (Figure  5b). Such changes led to variations in the strength of the atmospheric circulation and, 
consequently, in the amount of moisture advected into CEA and its penetration depth inland. Investigating how 

Figure 5.  Mean (1980–2005) seasonality of the near-surface (a) land-ocean temperature difference (thermal contrast; ∇T 
in K) and (b) land-surface pressure and ocean sea-level pressure difference (∇P in Pa) between the interior of the continent 
(15°–30°E, 5°N–10°S) and the southeastern Atlantic Ocean (0°–10°E, 0°–10°S), for the reanalyzes ERA5 and MERRA2, and 
for REMO and ROM experiments. The lack bars delimit the SON season.
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the atmospheric circulation responds to changes in SSTs is thereby an important step in understanding the reasons 
for AV.

4.2.  Improvements in the Atmospheric Circulation

We start looking at how the low-level circulation responds to modification in simulated SSTs and SLP. Figure 6 
shows that both uncoupled and coupled simulations similarly distribute moisture fluxes in the lower layers of 
the troposphere, consistently with the ERA5 reanalysis. In fact, apart from MERRA2, the other datasets consist-
ently show that the Atlantic Ocean supplies the CEA region with the largest fraction of mass flux via low-level 
westerlies. In addition, there is an agreement between the two experiments in the spatial pattern of the mass flux 
contribution from the East African Rift Valley System (Munday et al., 2021, 2023), together with advection from 
the southwestern Indian Ocean and from Sahelian regions.

The reason behind the patterns of AV shown in Figure 2 is further elucidated when quantifying the regional mois-
ture convergence/divergence throughout the tropospheric column (Fig. S3 in Supporting Information S1). Indeed, 
REMO-ERA and ROM-ERA, which feature almost equal performance in modeling precipitation (Figure 3), also 
simulate a similar vertical profile of regional moisture convergence/divergence in the lower layers (1,000–850 hPa) 
and in all components (Fig. S3 in Supporting Information  S1). Contrastingly, ROM-MPI-ESM-LR, which 
considerably improves the representation of precipitation climatology compared to its atmosphere-only coun-
terpart REMO-MPI-ESM-LR, strongly reduces the magnitude of overestimated low-level inflows. The reduc-
tion of rainfall wet biases as modeled by ROM-MPI-ESM-LR is therefore associated with a weakening of the 
shallow moisture convergence driven by both the meridional component between 1,000 and 925 hPa (Fig. S3b 
in Supporting Information S1) and the zonal component up to 500 hPa (Fig. S3a in Supporting Information S1). 
This suggests that the coupling has a large influence on the representation of low-level westerlies as it strongly 

Figure 6.  Mean (1980–2005) SON climatology of the lower layer (1,000–850 hPa) zonal vertically integrated moisture 
flux (Qu, in Kg m −1 s −1; shaded) superimposed with vertically integrated (1,000–850 hPa) total moisture transport (QT, in 
Kg m −1 s −1; vectors), from the reanalysis datasets ERA5 and MERRA2, and from REMO and ROM experiments. Negative 
values indicate easterly flows and positive values are westerly flows. Red boxes denote the CEA.
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alters the land-ocean feedback in response to modification in SSTs and SLPs. This would result in a modification 
of land-ocean thermal and pressure contrasts.

The first implication of the modification of the low-level westerlies is the change in the longitudinal position 
and/or strength of the Congo Basin cell, a zonal shallow overturning and counterclockwise circulation over 
CEA (Longandjo & Rouault, 2020). In agreement with a previous study by Pokam et al. (2014), Longandjo and 
Rouault (2020) argued that, although this cell features a Walker-like circulation, it is isolated from the large-scale 
Atlantic-Indian Oceans Walker-type cells. The Congo basin cell is the response of the land-sea thermal and 
pressure contrasts between the CEA landmass and the eastern equatorial Atlantic Ocean. This cell is the engine 
of heat flux exchange between the warm CEA landmass and the cold eastern Atlantic Ocean through the estab-
lishment of a surface pressure gradient between the two regions which, in turn, triggers moisture transport into 
CEA through low-level westerlies (Pokam et al., 2014). Converging masses penetrate inland and disrupt atmos-
pheric stability through increased moist static energy and topographic uplifts, thereby generating upward motions 
and, hence, convection. In simpler terms, moisture transported from the Congo Basin cell ascends through the 
upward branch of the Atlantic-Congo overturning circulation after uplift on the western side of the Rift Valley 
highlands. This moisture then enters the mesoscale convective systems (MCSs) embedded within the AEJs, 
which propagate westward, contributing to convection (Dezfuli et al., 2015). Tamoffo et al. (2022) showed that 
the atmosphere-only model simulates a weaker Congo basin cell compared to reanalyzes, resulting in less mois-
ture advection inland and uneven spatial distribution. Figure 7 shows that REMO-ERA and ROM-ERA, which 
feature similar performance in simulating precipitation climatology (Figure 3a), also simulate a similar width, 
upward and eastward extension of the Cell. Furthermore, both experiments simulate almost equivalent cell inten-
sity (Figure 8). However, a comparison between REMO-MPI-ESM-LR and ROM-MPI-ESM-LR reveals that the 
reduction in shallow mass convergence by the coupling is related to the increase in the strength of the Congo 
basin cell as well as to the rectification of its longitudinal positioning. Indeed, the coupling shifts the western 
edge of the cell eastward around 0° and limits its upward extension (Figure 7), which is more consistent with the 
ERA5 reanalysis, thus reducing the overestimated convective activity over the oceanic transect and western CEA. 
The eastward shift of the western edge of the cell is associated with a strengthening of the intensity of the cell 
(Figure 8). This, in turn, increases the amount of moisture transported from the west to the east of CEA, resulting 
in a more realistic distribution of moisture fluxes across the region.

In the middle layers (700–600 hPa) of the troposphere, the way in which the AEJs react to the coupling can also 
play an important role in the spatial pattern of the AV, since the AEJs strongly modulate the mid-tropospheric 
moisture transport (Pokam et al., 2012) and MCSs (Jackson et al., 2009). Indeed, Jackson et al. (2009) showed 
that during the rainiest season (SON), when both the northern (AEJ-N) and southern (AEJ-S) components of 
the jet are active, the mid-level moisture convergence into western equatorial Africa via the mid-layer easter-
lies reaches its maximum and it is stronger than the mid-level convergence during the March-April-May rainy 
season when only the AEJ-N is active. The presence of both jet components simultaneously favors a greater 
mass convergence in the mid-tropospheric layers, which increases the number of MCSs. This moisture advection 
feeds the upwards branch of the Atlantic-Congo circulation (Neupane,  2016) located west of the East Afri-
can Rift Valley System (Dezfuli et al., 2015). Once again, REMO-ERA and ROM-ERA, which exhibited simi-
lar skills in reproducing precipitation climatology (Figure 3a), also display similar spatial patterns of moisture 
transport (Figure 9). However, the coupling induces slight changes in the intensity and the spatial extent of the 
area of AEJs' interaction. In fact, compared to REMO-ERA, ROM-ERA weakens the speed of easterlies over 
the southwestern CEA, thereby weakening the amount of outflows that could dry mid-layers and suppress the 
convection. When driven by the ESM, the coupled simulation (ROM-MPI-ESM-LR) succeeds in picking up the 
AEJ-S signal that is not detected by the atmosphere-only simulation REMO-MPI-ESM-LR (Figures 10b–10d). 
Likewise, the coupling shifts the AEJ-N's core northwards and enhances its intensity (Figure 11 and Figure S4 in 
Supporting Information S1). Compared to other datasets, including the ERA5 reanalysis, REMO-MPI-ESM-LR 
simulates an AEJ-N with an axis that is too inclined in the east-northwest direction, which is corrected in the 
ROM-MPI-ESM-LR simulation (Figures 9 and 11). Although the coupled and uncoupled simulations still merge 
the two jets compared to ERA5, the coupled runs separate the two jet cores more satisfactorily than the uncoupled 
ones (Figure 9 and Fig. S4 in Supporting Information S1). These results are consistent with previous findings on 
the AEJs-rainfall relationship over equatorial Africa. Jackson et al. (2009) showed that over western equatorial 
Africa, the enhanced AEJ-S is generally conducive to the increase in precipitation because of the response in the 
low-level mass inflows that strengthen at the right side of the jet entrance. This is correlated with the rainfall wet 
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bias simulated by the coupled run ROM-MPI-ESM-LR (Fig. S1 in Supporting Information S1). Similarly, the 
improvement in rainfall climatology as modeled by ROM-MPI-ESM-LR is a consequence of the improvement 
in the positioning (northwards shifting; Figure 10a and Figure S4 in Supporting Information S1) and intensity 
(increase; Figure 10c) of the AEJ-N (Dezfuli & Nicholson, 2013).

Finally, to ensure whether the coupling improves the representativeness of both jet components for the right 
reasons, we examined how the experiments simulate the precursor of the jets, specifically the surface meridional 
temperature gradient, as shown in Figure 12. Indeed, the AEJ-N results from the thermal gradient between the hot 
and dry Sahara and the moist Congo Basin, while the AEJ-S from that between the Kalahari and the Congo Basin. 
The AEJ-N (AEJ-S) develops along the southern (northern) edge of the maximum meridional surface temperature 

Figure 7.  Mean (1980–2005) SON climatology of the zonal mass-weighted streamfunction (ψZ, contours in 10 11 × Kg s −1) 
and mean zonal wind (shaded; in m.s −1), from reanalysis data ERA5 and MERRA2, and from REMO and ROM experiments. 
Solid lines denote positive values of mass-weighted streamfunctions and dashed lines are negative values. The red line is 
the zero contour of the mass-weighted streamfunction (ψZ = 0) and delimits the Congo basin Cell. Contour intervals are 
−2 × 10 11Kg s −1 for negative values and 10 × 10 11 Kg s −1 for positive values. The blue bars delimit the CEA.
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gradient, moving across latitudes throughout the year (specifically during the 
months of September-October–November). Figure 12 illustrates that improve-
ments in the jets' representation are associated with enhancements in their 
underlying mechanisms. Indeed, the two reanalysis-forced runs (REMO-ERA 
and ROM-ERA) that demonstrate similar AEJ-N intensity over the 3 months 
(Figure 10c) also exhibit comparable gradient biases (Figures 12a and 12b). 
REMO-ERA simulates a stronger AEJ-S than ROM-ERA and even the 
ERA5 reanalysis, in association with its more pronounced negative gradient 
bias. When driven by the ESM, the coupled experiment ROM-MPI-ESM-LR 
significantly enhances both AEJ-N and AEJ-S intensities aligning with the 
ERA5 reanalysis) whereas the REMO-MPI-ESM-LR uncoupled simulation 
still underestimate them (Figures 10c and 10d). This improvement coincides 
with enhancements in the positive gradient (over the northern hemisphere) 
and negative gradient (over the southern hemisphere) that define the two jet 
components (Figures 12c and 12d).

5.  Discussion and Conclusions
Realistically simulating the African climate system, particularly over CEA, 
remains challenging for the climate modeling community. One of the causes 

is the still incomplete understanding of the functioning of this region's climate system. For instance, the paucity 
of ground-based data made that region understudied with regards to neighboring areas such as West and South 
Africa in terms of analyzing the underlying processes and mechanisms, and therefore few works exist aimed 

Figure 8.  Mean (1980–2005) SON Congo basin cell (CBC) intensity (unit: 
−10 11 Kg s −1), from reanalysis data ERA5 and MERRA2, and from REMO 
and ROM experiments.

Figure 9.  Mean (1980–2005) SON climatology of the middle layer (700-600 hPa) zonal vertically integrated moisture 
flux (Qu, in Kg m −1 s −1; shaded) superimposed with vertically integrated (700–600 hPa) total moisture transport (QT, in 
Kg m −1 s −1; vectors), from the reanalysis datasets ERA5 and MERRA2, and from REMO and ROM experiments. The orange 
contours denote the area of interaction of AEJs. Negative values indicate easterly flows and positive values are westerly 
flows. Red boxes denote the CEA.
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at diagnosing the physical processes and mechanisms that underpin its rainfall system. So far, the problem of 
the scarcity of observational data remains over CEA (Nicholson et al., 2019; Washington et al., 2013). Climate 

models are helpful tools to deepen our knowledge of this region's climate 
system through sensitivity and test studies. Although Central Africa was 
not the primary focus of Coupled Model Intercomparison- and Coordinated 
Regional Climate Downscaling Experiment projects, numerous studies 
explored the climate of this region, capitalizing on the availability of climate 
models' data from these international programs. As aforementioned, despite 
substantial progress, not only both global and regional models still show large 
biases in the representation of past and present precipitation climatology 
(especially over equatorial Africa; Dosio, Jury, et  al.,  2021; Fotso-Kamga 
et  al.,  2020; Laprise et  al.,  2013; Nikulin et  al.,  2012; Panitz et  al.,  2014; 
Tamoffo, Vondou, et al., 2019, 2021,2022) but similar, if not larger, uncer-
tainties also exist in the magnitude (and even sign) of the future precipitation 
change (e.g., Dosio, Jury, et al., 2021).

It is established that the dynamical downscaling by atmosphere-only models 
alone, although necessary (Munday et  al.,  2021), may be not sufficient to 
improve the representation of as complex climate systems as the African ones 
(Wu et al., 2020). The debate, therefore, focuses on the possibility of improv-
ing the models' skills not only by for example, increasing the horizontal reso-
lution (which allows for better representation of small scale processes like 
convection; Stratton et al., 2018) but also by improving RCMs by coupling to 
additional components like interactive oceans, biogeochemistry, and aerosols 

Figure 10.  Mean (1980–2005) September–October–November intensity (in m/s; c–d) and location in (degrees latitudes; 
a–b) of monthly averages of the AEJ-N and AEJ-S jet cores in reanalysis data ERA5 and MERRA2, and in REMO and 
ROM experiments. The purple bars delimit the SON season. The corresponding shaded area in color represents the standard 
deviation, indicating the variability in both the jet location (a–b) and intensity (c–d).

Figure 11.  Long-term mean (1980–2005) SON latitudinal-longitudinal mean 
core locations of the AEJ-N (U-wind ≤ − 6 m/s at 700 hPa in the northern 
hemisphere), and AEJ-S at 600 hPa in AEJ-S (U-wind ≤ − 6 m/s at 600 hPa 
in the southern hemisphere); from reanalysis data ERA5 and MERRA2, 
and from REMO and ROM experiments. The purple box denotes CEA. 
The corresponding shaded area in color represents the standard deviation, 
indicating the variability in the jet location.

 21698996, 2024, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039385 by A
lfred W

egener Institut F. Polar- U
. M

eeresforschung A
w

i, W
iley O

nline L
ibrary on [30/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2023JD039385&mode=


Journal of Geophysical Research: Atmospheres

TAMOFFO ET AL.

10.1029/2023JD039385

14 of 18

(Doblas-Reyes et al., 2021). Wu et al. (2020) also demonstrated that improvements in spatial patterns of African 
rainfall biases generally required models’ formulation.

Our results indeed show that the coupled atmosphere-ocean model ROM considerably reduces the positive SST 
bias as modelled by MPI-ESM-LR (bias that is, instead, inherited by the atmosphere-only model REMO) over 
the entire Guinea Gulf and Benguela-Angola coastal seas. This results in a better representation of low-level 
westerlies and the Congo basin cell, and thus of the precipitation climatology. The enhancement of the Congo 
basin cell also presumably implies a better representation of the large-scale Atlantic-Congo zonal overturning 
circulation (Neupane, 2016; Pokam et al., 2014) and, subsequently, of land-ocean thermal and pressure contrasts 
in coupled experiments: as the zonal overturning circulation is modulated by SST, coupled general circulation 
models generally represent it more realistically than their atmosphere-only counterpart, as demonstrated for CEA 
by Taguela et al. (2022). We also found that in the mid-tropospheric layers, the coupling improves the representa-
tion of the intensity and spatial extent of AEJs. The better representation of SSTs improves the surface meridional 
thermal gradients that setup AEJs (Nicholson & Grist, 2003), and their maintenance mechanisms (Chen, 2005; 
Kuete et al., 2019).

The present study also demonstrates that dynamical downscaling by means of a coupled global ocean-regional 
atmosphere model plausibly improves the representation of the CEA climate system with respect to the result of 
an atmosphere-only RCM. In particular, coupled experiments add value compared to their corresponding uncou-
pled experiments (also see Weber et al., 2022), especially when forced by ESMs (MPI-ESM-LR ESM used in the 
present study) as opposed to reanalysis. Although the robustness of our results needs to be assessed by extending 
it to other driving ESMs, our work suggests the benefit of using coupled RCMs to downscale ESM results also 

Figure 12.  Long-term mean (1980–2005) climatology of the latitude/time annual cycle of the 850 hPa temperature gradient 
bias (10 −6 K/m; REMO/ROM minus ERA5), averaged over the longitudes 14°–24°E. The black bars delimit the SON season. 
Contours in both hemispheres indicate the mean seasonal position of AEJs (i.e., u-wind > 6 m/s) from ERA5 (red), MERRA2 
(blue) and the considered simulation (black). The stipples highlight the grid points where the gradient bias of the dataset 
under consideration is statistically significant at 95% confidence level using the Student's t-test. The black bars delimit the 
SON season.
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for future climate projections. However, there is evidence that regionally coupled atmosphere-ocean models such 
as ROM, although promising, still require improvements as also noted by Sein et al. (2015). In fact, the atmos-
pheric component of ROM still makes use of parameterized convection, which is nowadays found unsuitable 
for modelling the equatorial African rainfall system. The parameterised convection usually associated intense 
convection (strong ascent motions) with the heaviest rainfall events. However, this is not the case in equatorial 
Africa (Hamada et al., 2015), or at least in CEA. A number of studies (e.g., Alber et al., 2021; Raghavendra 
et al., 2018) showed that despite the increasing trend in thunderstorms over the Congo basin, the rainfall trend is 
contrastingly decreasing, leading to a drying of the Congo rainforest. Convection-permitting modelling (CPM) is 
a promising approach to simulating precipitation features across Africa because it connects better deep convec-
tion and precipitation variability (Lucas-Picher et al., 2021). The CPMs considerably improve the rainfall features 
such as the intensity and diurnal cycle, together with the large-scale atmospheric circulation (Senior et al., 2021). 
Unfortunately, the high cost of computational resources that requires the CPM makes its usage still limited. 
However, based on the promising results using CPMs and regional coupled atmosphere-ocean models over CEA, 
the development of a regional coupled atmosphere-ocean CPM should be envisaged.

Finally, it must be noted that the atmospheric circulation patterns can be influenced by other mechanisms besides 
those investigated in this study, such as, for instance, the surface energy budget. Although a preliminary analysis 
(not shown) seems to confirm that the energy budget is not directly influenced by the coupling, a thorough inves-
tigation of the role of the different components of the heat fluxes and their distribution within the atmosphere 
could provide insights into the vertical transport of energy and its impact on atmospheric circulation. This is left 
for future research.
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