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This study investigates the seasonal variability of the cloud radiative effects (CREs) over Congo Basin (CB) using
15-year observations from Clouds and the Earth’s Radiant Energy System (CERES) Energy Budget and Filled
(EBAF) Ed4.1 level 3b dataset involving CERES and Moderate Resolution Imaging Spectroradiometer (MODIS)
instruments on board Terra and Aqua satellites. The relationships between CREs and cloud properties such as
total cloud fraction (TCF), cloud top height (CTH), cloud top temperature (CTT) and cloud optical thickness
(COT) are checked. An evaluation of Coupled Model Intercomparison Project (CMIP) Phase 6 in capturing the
seasonal cycle of CREs as well as the magnitudes of the CREs along the seasonal cycle is also performed. This
study shows a net cloud cooling effect of —8.4 W/m? and — 43.9 W/m? respectively at the top of the atmosphere
(TOA) and at the surface, leading to a net warming effect of 35.67 W/m? in the atmosphere. This value implies a
large energy source over the Central Africa (CA) atmospheric column. The associated relationships between CREs
and cloud properties show that the shortwave CRE is more sensitive to TCF and optical thickness whereas its
longwave counterparts is more sensitive to CTH, CTT and COT at the TOA and in the atmosphere. All of the four
CMIP6 models used in this study can capture the spatial pattern of CREs as well as their seasonal cycle but
misrepresent intensity of CREs. Results also show that a better-simulated TCF considerably reduces the intensity
of the annual mean underestimation in both longwave and shortwave CRE for some CMIP6 models, but not for
models with overestimated shortwave CRE.

1. Introduction

Central Africa (CA) is a region encompassing the second largest
forest in the world, which acts as a carbon sink and influences the global
climate system (Baccini et al., 2012; Dargie et al., 2017). This region is
understudied because of the typical lack of data, yet the regional climate
needs to be better understood. For instance the regional clouds, pre-
cipitation and circulation are not yet well elucidated although consid-
erable progress are noticeable (Pokam et al., 2011, 2014; Taguela et al.,
2020; Kuete et al., 2019, 2022; Tamoffo et al., 2021, 2022; Taguela
etal., 2022a, 2022b; Moihamette et al., 2022). Precipitation, clouds, and
circulation remain poorly represented in climate models (Bony et al.,
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2015; Jiang et al., 2013; Lauer and Hamilton, 2013), and may contribute
to model differences in the energy budget.

At the top of the atmosphere (TOA), the measurement of the energy
budget has been possible thanks to satellite observations (Chen et al.,
1996; Chen et al., 2000; Johnson et al., 1999; Hartmann et al., 2001).
Using the observations from the International Cloud Climatology Project
(ISCCP) Hartmann et al. (2001) showed that over tropical convective
regions, individual clouds can have positive or negative effects on the
radiation budget. For instance, Cirrus clouds are recognized for their
unique effect on radiative fluxes (Liou, 1992). Whereas most cloud types
warm the atmosphere and the surface at night, Cirrus is the only cloud
type that can warm or cool the daytime atmosphere and surface
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depending on the physical characteristics such as cloud height, tem-
perature, liquid water path, and optical thickness (Stephens and
Webster, 1981). Using Earth Radiation Budget experiment (ERBE) and
ISCCP data in conjunction with radiative transfer model to estimate the
effect of various cloud types at the TOA, Hartmann et al. (2001) showed
that the overall effect (positive and negative) of the ensemble of clouds
at the TOA nearly cancel over the tropics. Similar results have been seen
earlier by regressing data from the ERBE onto ISCCP (Ramanathan et al.,
1989; Harrison et al., 1990; Hartmann et al., 1992). Generally defined as
the energetic forcing due to cloud, cloud radiative effect (CRE) is
strongest at the surface through its shortwave component, whereas its
longwave counterpart is strongest in the atmosphere (Collins et al.,
1996).

Clouds increase the downwelling longwave (LW) radiation flux in
the atmosphere and also reflect incoming shortwave (SW) radiation
back to space. However, despite its importance on atmospheric circu-
lation (Peixoto, 1992; Watt-Meyer and Frierson, 2017), there is no
consensus about the net atmospheric CRE at the global scale. Some
studies showed a strong net cloud cooling effect (Stephens et al., 2012)
in response to SW cooling dominating the LW warming, whereas others
exhibit a net warming effect mostly due to a comparably small SW cloud
cooling effect (Wild et al., 2014, 2018) if not zero (Kato et al., 2018).
This lack of consensus demonstrates the challenge of accurately quan-
tifying the net effect of clouds in the atmosphere. The surplus of energy
in the tropics leads to a net energy transport to the extra-tropics by the
meridional circulation (Peixoto, 1992). Thus, the CRE in the tropics with
the implications for the atmospheric circulation motivates our interest in
quantifying the amount and the variability of the CRE over CA.

At the surface, clouds exert a strong influence on the energy budget
through their effect on LW and SW radiation. Generally, clouds radia-
tively warm the surface by absorbing and reemitting terrestrial thermal
emission that would otherwise escape the earth system. They also cool
the surface by reflecting the downward solar radiation back to space that
would otherwise be absorbed by the surface. The combination of the two
competing effects is called the CRE, which defines the changes in LW and
SW radiation budget in the presence of clouds. At the global scale, it is
known that clouds radiatively cool the Earth’s surface and the magni-
tude of cooling ranges between 20 and 25 W/m? (Kato et al., 2018;
L’Ecuyer et al., 2019) with the SW cooling dominating the LW warming
at least by a factor two, except in some areas such as the polar regions
where LW warming can be larger than the SW cloud cooling effect
(Garrett and Zhao, 2006; Henderson et al., 2013; Zhao and Garrett,
2015). Most of the radiative energy absorbed at the surface is converted
into latent and sensible heat flux (Stephens et al., 2012; Wild, 2012a,
2012b; Wild et al., 2012, 2014, 2018) and another part is reemitted by
the surface as thermal radiation that heats the atmosphere. The mea-
surement of the surface energy balance is relatively much more com-
plex, and cannot be done directly from space, because of the interactions
with the atmospheric constituents that modulate the signals of the
terrestrial flux emitted or reflected back to satellite sensors. Thus, large
biases have been recorded on the shortwave radiation at the Earth’s
surface (Rossow and Zhang, 1995; Li et al., 2013). These biases are seen
in many global climate models which struggle to realistically represent
the energy balance at the Earth’s surface (Wild et al., 2012, 2014). As a
consequence of the coupling of the energy and water cycle, also our
knowledge on the intensity of the water cycle is limited. At the surface,
the hydrological cycle is fed by the surface radiative balance which
provides energy in the form of latent and sensible heat flux which are
necessary for evapotranspiration (Stephens et al., 2012; Wild, 2012b).
Therefore, knowing the seasonal variability of CRE may help to better
understand the hydrological cycle in CA, and consequently the causes of
rainfall variability over the region.

The energy budget is a fundamental determinant for the climate and
has a direct influence on atmospheric circulation. For instance, some
studies (Tompkins, 2005; Rodwell and Jung, 2008) showed that circu-
lation and precipitation differences over West Africa arise from the
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direct radiative effect of aerosol changes, based on the European Centre
for Medium-RangeWeather Forecasts (ECMWF) model. In the Met Office
Unified Model, the strength of the West African Monsoon (WAM) is also
affected by changes to clouds and hence radiation (Marsham et al.,
2013; Birch et al., 2014). More recently, Li et al. (2014) highlighted a
strong sensitivity of the WAM circulation and associated precipitation to
the radiation schemes used in their simulations. Clouds play a major role
in regulating the energy imbalance (Ramanathan et al., 1989; Curry
et al., 1996; Shupe and Intrieri, 2004; Xie et al., 2013) which is
important for regional climate variability, as it influences local atmo-
spheric circulation (Watt-Meyer and Frierson, 2017) and sea surface
temperature (Li et al., 2020a, 2020b). For instance, the coupling be-
tween CREs and atmospheric circulation leads to increases in sea surface
temperature variability on time scales longer than a month throughout
the tropical oceans. Watt-Meyer and Frierson (2017) argued that the
responses of the atmospheric CRE on circulation include both equato-
ward and poleward shifts of the eddy-driven jet of varying magnitudes
despite a strengthening of the Hadley cell in response to heating in the
upper troposphere. CREs differ in global climate models, at least in parts
due to the limited understanding of clouds and aerosols (Schulz et al.,
2006; Myhre et al., 2012; Xie et al., 2013). Any perturbations in the
simulated clouds, such as forced by aerosol-cloud interactions or
through cloud feedbacks, can have a strong influence on the energy
distribution in the climate system. According to the International Panel
on Climate Change (IPCC) sixth assessment report (AR6), global
warming acts to decrease the low clouds amount and therefore amplify
the warming (Forster et al., 2021).

The aim of this work is to depict the effects of clouds on radiation
over CA, based on satellite and model data. More precisely, we will
evaluate the seasonality of the CREs over CA by also linking it with the
sea surface temperature anomaly from the ERA5 reanalysis, compare the
magnitude of CRE in CA to the global average, and investigate the de-
pendencies of CRE on cloud properties using satellite data from CERES
(Loeb et al., 2018). In a second step, we use the gained insights for an
evaluation of CRE in four models in the Coupled Model Intercomparison
project phase 6 (CMIP6, Eyring et al., 2016). Our CRE analysis is per-
formed for the TOA, in the atmosphere and at the surface. This work is
organized as follows: section 2 describes the data and the methods used
in this study, section 3 describes the spatial pattern and seasonal cycle of
CREs over CA. Section 4 looks at the associated relationships between
CREs and the clouds properties and section 5 present the evaluation of
CMIP6 models. The article ends with a discussion and conclusion in
section 6.

2. Data and methods
2.1. Data

2.1.1. CERES

The Clouds and the Earth’s Radiant Energy System (CERES) Energy
Budget and Filled (EBAF) (hereafter, CERES-EBAF) dataset is produced
using measurements from several instruments (Loeb et al., 2018). It
combines measurements from the CERES and MODIS instruments
aboard the Terra and Aqua satellites with measurements from geosta-
tionary satellites that provide diurnal information. The TOA and surface
radiative fluxes in this study are obtained from the CERES-EBAF Ed4.1
level 3b, which is the latest version of the CERES-EBAF dataset. Surface
irradiances are computed with other products such as cloud and aerosol
properties, temperature and specific humidity profiles. Surface irradi-
ances might therefore be susceptible to potential errors from input data
needed for computations. In order to reduce the error in the surface ir-
radiances and increase the consistency with TOA fluxes, TOA irradiances
are used to constrain the surface irradiances (Kato et al., 2013). The
radiance to flux conversion is performed using empirical Angular Dis-
tribution Models (Su et al., 2015). The CERES-EBAF data provides a long
term integrated global climate data record for detecting decadal changes



A. Dommo et al.

in Earth’s Radiation budget (ERB) from the surface to the TOA, together
with the associated cloud and aerosol properties. The dataset enables to
improve the understanding of the variability in the radiation budgets
and allows climate models evaluation to support further improvements.
Past CERES products have been widely used for climate studies (Rutan
et al., 2009; Stephens et al., 2012; Berry and Mace, 2014; Hill et al.,
2016, 2018; Li et al., 2020a, 2020b) and for climate models evaluation
(Xieetal., 2013; Wild et al., 2014, 2018; Loeb et al., 2020; Wild, 2020; Li
et al., 2021, 2022). In our study, we use fluxes at the TOA and at the
surface for clear and cloudy conditions with monthly resolution on a
1°x1° spatial grid to determine CREs. Cloud properties are taken from
CERES-SYN1deg edition 4A, namely total cloud fraction (TCF), cloud
top height (CTH), cloud top temperature (CTT) and cloud visible optical
thickness (COT) over CA for the period March 2000-December 2014.

2.1.2. CMIP6

Output of the historical simulations from the Coupled Model Inter-
comparison Project Phase 6 (CMIP6, Eyring et al., 2016) are used in this
study. Compared to CMIP5, spatial resolution and physical processes
have changed with some clear improvements (Furtado et al., 2015;
Eyring et al., 2016; Kay et al., 2016). A set of four CMIP6 models are
selected here to conduct an investigation of the errors in modern climate
models in simulating CREs over CA. The CMIP6 historical simulations
are from 1850 to 2014 and account for instance for radiative forcing
from atmospheric composition changes due to human activities, land-
use changes, and solar variability. We use the monthly mean output
from March 2000-December 2014 of four historical experiments of
coupled-models of CMIP6, listed in Table 1. The output variables under
consideration for this study are the longwave and shortwave radiative
fluxes at the TOA and at the surface for both all-sky and clear-sky con-
ditions and the total cloud fraction (see details in Table 2). In this study,
we chose the CMIP models for which the monthly output of the variables
listed in Table 2 are available.

2.1.3. ERAD5 reanalysis

We compute anomalies in the sea-surface temperature (SST) from the
Fifth Generation Reanalysis (ERA5) produced by ECMWF. ERAS has
been widely used in various studies (Xie et al., 2019; Xia et al., 2021a,
2021b; Dommo et al., 2022; Camberlin et al., 2023; Zhang et al., 2023).
ERAS simulates the global atmosphere, land surface and ocean waves
from 1950 to the present. ERA5 provides hourly data with 0.25°x0.25°
horizontal resolution for a large number of atmospheric and oceanic
variables and provides uncertainty information (Hersbach et al., 2020).
ERAS has benefited from a decade of development in model physics and
data assimilation methods and are now based on Ensemble Data
Assimilation and integrated operational forecasting system (IFS). ERA5
data does not only have a higher spatial resolution, but also many
changes and improvements were incorporated into the IFS, compared to
earlier global reanalysis of ECMWF. We use monthly SST for the period
March 2000-December 2014 to assess the connection of the seasonal
cycle in CRE to SST variability.

Table 1
CMIP6 AMIP Models used in this study.
Models Institute/country Horizontal resolution Vertical
(lon x lat) level
MIROC6 JAMSTEC/ Japan 1.4°x1.4° L81
MPI-ESM1-2- MPI-N/ Germany 1.875°x1.85° L48
LR
IPSL-CM6A- IPSL/ France 2.5°x1.2° L79
LR
UKESM1-0-LL Met Office Hadley 1.875°x1.25° L86
Centre/UK
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Table 2
list of variables and their definition in CMIP6 AMIP Models used in this study.
Variables Definitions Unit
rsdt top of atmosphere incoming shortwave flux W/
m2
rsut top of atmosphere outgoing shortwave flux w/
mZ
rsutcs top of atmosphere outgoing shortwave flux assuming clear sky w/
m2
rlut top of atmosphere outgoing longwave flux W/
m2
rlutes top of atmosphere outgoing longwave flux assuming clear sky w/
m2
rlds surface downwelling longwave flux in air W/
m2
rldscs surface downwelling longwave flux in clear sky w/
m2
rlus surface upwelling longwave flux W/
m2
rlucs upwelling longwave flux assuming clear sky W/
m2
rsds surface downwelling shortwave flux in air w/
m2
rsdscs surface downwelling shortwave flux in clear sky W/
m2
rsus surface upwelling shortwave flux in air w/
m2
rsuscs surface upwelling shortwave flux in air assuming clear sky W/
m2
clt Total cloud area fraction %
2.2. Methods

In this study we calculate and analyze the CREs over the year in the
region of CA bounded by 12°E-30°E & 4°S-4°N. We calculate the CREs in
shortwave and longwave radiative fluxes as follows (e.g., Hill et al.,
2018; Rossow and Zhang, 1995):

CRE = (Fallskyl _ Fallsk_vT) _ (Fz‘learskyl _ Fclear:kyT) (1)

In this equation, F¥*% | and F®**1 denote the downward and upward
radiative fluxes in all sky, whereas F@*% | and Fk/{ are the down-
ward and upward radiative fluxes in clear sky (i.e., without clouds). We
calculate both CRE at TOA and at the surface in SW and LW (SWCRE and
LWCRE). Positive (negative) values of CRE at the top of the atmosphere
imply a surplus (deficit) of radiation in the climate system associated
with clouds. The net CRE is then obtained as the sum of the SWCRE and
LWCRE (NETCRE). The in-atmosphere CRE is computed by subtracting
the surface CREs from the TOA CREs. Note that at the TOA, the SW
downward radiation entering the climate system in clear or in all-sky is
the incoming solar radiation. Likewise, the LW downward radiation
entering the climate system at the TOA in clear or in all-sky is zero.

3. Mean spatial pattern and annual cycle of CREs
3.1. Mean spatial pattern

Fig. 1 shows the long term mean spatial distribution of shortwave,
longwave and net CREs for 2000-2014 from CERES satellite observa-
tions. The magnitude of the CREs vary across the area, with marked
differences in CREs primarily over the Congo basin and Western Equa-
torial Africa encompassing Gabon, Congo republic and Equatorial
Guinea.

At the top of the atmosphere, the SWCRE is negative. Conversely, the
LWCRE at the top of the atmosphere is positive. This implies that the
effect of clouds is to reduce (increase) the shortwave (longwave) radi-
ation over CA. In terms of the NETCRE at the top of the atmosphere, the
SW cooling of clouds dominates their LW warming leading to net cooling
effects of clouds with standard deviation of about 1.9 W/m?2. Thus,
clouds act to reduce energy at the TOA over CA. These results are similar
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Fig. 1. Mean spatial pattern of cloud radiative effects at the top of the atmosphere (first row), in the atmosphere (second row) and at the surface (third row) for
March 2000-December 2014. The first to third column are the shortwave, longwave and net cloud radiative effect. The red box delineates the boundaries of 12°E-
30°E & 4°S-4°N for the area of the Congo rainforest for further analyses. These results are based on the CERES-EBAF dataset Ed4.1 level 3b. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

to previous findings for other regions, namely Southern West Africa (Hill
et al., 2018), southeastern China (Li et al., 2020a, 2020b) and the Ti-
betan Plateau (Li et al., 2021, 2022).

The in-atmosphere shortwave CRE is close to zero, but clouds
strongly absorb longwave radiation in the atmospheric column. This
enhanced absorption of the longwave radiation by clouds leads to a net
gain of energy in the atmospheric column with very weak interannual
variability (standard deviation =1.5 W/m?). At the surface, the SWCRE
is negative, meaning a reduction of SW radiation by clouds and thus a
cooling effect of clouds at the surface. Conversely, the LW CRE is posi-
tive, indicating an increase of longwave radiation at the surface asso-
ciated with clouds. As at the TOA and consistent to Hill et al. (2018) over
Southern Western Africa, the shortwave cooling dominates the long-
wave warming leading to a net cooling (standard deviation is about 1.7
W/m?) and an energy deficit at the surface due to clouds. Hence, the CRE
over CA acts to stabilize the lower atmosphere in the climatological
mean via radiative cooling at the surface and heating in the atmosphere.

3.2. Mean annual cycle

The mean seasonal variability of CRE is shown in Fig. 2 for the Congo
rainforest (Fig. 2a-c) delineated by the red box on Fig. 1 and for the
entire tropics (Fig. 2d-f) delineated by 180°W-180°E & 4°S-4°N. Over
Congo rainforest, the bimodal cycle with two maxima observed in April
and October characterize the annual cycles of many CREs in CA for all
levels (Fig. 2a-c).

At the TOA, the LWCRE and the SWCRE have almost the same
magnitude from January to May but with opposite signs (Fig. 2a). This
leads to the compensation of the LW warming by SW cooling over CA.
From June to December, shortwave cooling dominates the longwave
warming leading to a slight net cooling by clouds over CA (Fig. 2a). This
is interesting in comparison to the net CRE for the entire tropics
(Fig. 2d), where the SW cooling dominates the LW warming throughout
the year. Averaged across the tropics, clouds therefore act to cool the
regional climate in the mean seasonal cyclone, but this is only true to the
second half of the year over CA.

The seasonal cycle in the TOA net CRE over CA (Fig. 2a) can be
linked to different radiative effects of high-altitude clouds (e.g., cirrus/
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are the annual mean values for longwave and shortwave clouds radiative effects, respectively. The error bars indicate the standard deviation. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

cirrocumulus) and low clouds (e.g., Stratus/Stratocumulus). Indeed,
from January to May, the enhancement of the LWCRE is associated with
the development of high-altitude thin clouds (Fig. 3a) and the anoma-
lously warm SST (Fig. 3b) over the western Atlantic coast. This result is
consistent with the finding of Allan (2011) who showed that in the moist
tropics, much of the LW heating of the atmosphere is especially due to
high clouds. The enhancement of the LWCRE leads to the net cancella-
tion with its SW counterparts. From June-September, anomalously cool
SST (Fig. 3b) in the western Atlantic coast favors the development of low
stratus clouds (Fig. 3a) which extend up to 15°E (Dommo et al., 2018,
2022), and is associated with smaller downwelling SW radiation at the
surface, and then the reduction of the SWCRE at the surface. During the
second half of the year, high-altitude clouds are associated with both the
stronger downwelling LW warming and the stronger SW cooling
compared to the global and tropical mean (Table 3), but the SW cooling
dominates the LW warming leading to a net cooling effect at both the

surface and the TOA compared to the first half of the year (Fig. 2a). This
behavior of the TOA net CRE over CA is very different compared to the
mean for the entire tropics (Fig. 2d) that is negative throughout the year
due to SW cooling dominating the LW warming of clouds.

In the annual mean, the enhanced shortwave radiative reduction of
—62.1 W/m? dominates over the longwave energy gain of 53.8 W/m?
over CA, which implies an overall energy loss of —3.8 W/m? (NETCRE)
at the TOA. This value (—3.8 W/m?) is weak compared to the global and
tropical averages (Table 3). This result indicates that CA gains more
energy than in the global mean and more strikingly than in the mean for
the entire tropics delineated by 180°W-180°E & 4°S-4°N.

At low latitudes, the cloud LW forcing is primarily within the at-
mosphere (Slingo and Slingo, 1988). This is also true for CA, where the
mean in-atmosphere LWCRE dominates the SWCRE. Fig. 2b shows some
absorption of SW radiation, but this absorption is small with an annual
mean of 0.2 W/m?. This slight heating effect relates to absorption of SW
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radiation by the cloudy atmosphere rather than a direct absorption of
SW radiation by the cloud itself (Allan, 2011). Over most of the moist
tropical area, much of the LWCRE is manifested as a heating of the at-
mosphere (Prata, 1996), especially in the presence of high-altitude
clouds. This is also true over CA with a LWCRE of about 35.4 W/m?.
This leads to a net CRE of about 35.6 W/m? indicating that the atmo-
sphere is warming over CA. Anomalously warm SST observed from
January to May favors the presence of high-altitude clouds which tend to
warm the atmosphere by more downwelling thermal radiation. From
June to December, the development of shallow clouds over the Atlantic
coast owing to anomalously cool SST (Fig. 3b) reduce the magnitude of
LWCRE (Fig. 2b, e), mainly from June to August (Fig. 2b) when low
stratus clouds extend from sea up to 15°E over land (Dommo et al., 2018,
2022) with the lowest LWCRE. The increasing LWCRE from July to
October is associated to the increasing amount and expansion of high-
altitude clouds over the study area (not shown). Indeed, the LW radia-
tion dominates the radiative effects of clouds (Fig. 2b, e), exhibiting
atmospheric cloud radiative warming above 36 W/m?, similar to find-
ings over the Tibetan Plateau (Wang et al., 2021). Over the whole
tropical area (Fig. 2e), the absorption of shortwave radiation is slightly
larger than for CA, but still relatively small with an annual mean of
about 1.4 W/m?2 However, the annual mean LWCRE is larger over CA
compared to the tropical and global mean estimates (Table 3) leading
also to a net CRE over CA that is larger than what is observed for the
tropics and the globe. Indeed, the atmospheric net CRE is positive inside
the Inter Tropical Convergence Zone and associated with anomalously
warm SSTs (Fig. 3b) over the tropics, consistent with previous studies
using CERES-EBAF (Allan, 2011; Lin and Yu, 2022). It is noteworthy that
the seasonal cycle of the SST anomaly (not shown) over the tropics
shows positive values from January to June, and negative values from
July to December. The anomalously cool SST from July to December
would have led to negative atmospheric CRE (Lin and Yu, 2022). This
suggests that even for anomalously cool SST over the tropics, thus for
typically shallower clouds, there is stronger trapping of upwelling

radiation from escaping the space at the TOA than at the surface, leading
to a positive in- atmosphere CRE (Fig. 2b).

At the surface, the magnitude of LWCRE hardly changes over the
year, with an annual mean value of 18.4 W/m? over CA (Fig. 2¢) and
14.2 W/m? over the whole tropics (Fig. 2f). These values are smaller
than the global mean (Table 3). In the moist tropical areas, cloud
emission to the surface is small and most of the downward LW radiation
originates from emission of the moisture near the surface which acts like
the greenhouse layer (Prata, 1996). SWCRE is strongly negative
(Fig. 2¢). Over CA, as at the TOA (Fig. 2a), the variability of the SWCRE
at the surface (Fig. 2¢) shows two maxima: the first in March—April and
the second in September-October owing to the prevalence of deep
convective clouds (associated to the convective activity that leads the
rainfall over CA), reflecting back more SW radiation to space. In June to
August, anomalously cool SST over the western atlantic coast (Fig. 3b),
partly offset the convection and favor the development of shallower thin
clouds which are more transparent to SW radiation, reducing the SW
cooling at the surface. This variability is also observed over the entire
tropics (Fig. 2f). The SWCRE over CA acts to cool the surface with the
annual mean value of —62.3 W/m? This value is more negative
compared to the global and tropical mean (Table 3). Because the
shortwave cooling dominates the longwave warming throughout the
year, the net effect of clouds at the surface is cooling with an annual
mean of —43.9 W/m?2. Again, this value is larger compared to global and
tropical mean estimates (Table 3). In general, by reducing the outgoing
thermal radiation to space, clouds in CA act to warm the surface. At the
same time, clouds can reduce the warming at the surface through their
high albedo by reflecting incoming shortwave radiation back to space.
This ability of clouds to simultaneously cool and warm the surface de-
pends on their optical properties that we assess in the following section.

As a summary of the contribution of clouds to annual mean energy
budget, Fig. 4 shows how the net effect on atmospheric heating can be
explained by contrasting SW and LW radiation effects at the surface and
at the TOA. Over CA (Fig. 4a), the annual mean of net CRE is about 8.4
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Table 3

Global, tropical and Central Africa annual mean estimates of the magnitude of longwave, shortwave and net clouds radiative effects. (%) are reference estimates from
Wild et al., 2014, 2018; and (®) are reference estimates from Kato et al., (2018). (%) are estimated values over the tropical boundary by 180 W-180E & 4°S-4°N for the
period March 2000-December 2014. The annual mean estimates of LWCRE, SWCRE and net CRE at the TOA, in atmosphere and at the surface for each of the four
models used are also indicated. The bold values are annual mean estimated in this study using CERES-EBAF Ed4.1. The mean bias between models and CERES-EBAF
observations over CA are in brackets.

Energy balance Reference estimates at Estimates energy balance over CA and the =~ MIROC6 MPI-ESM1-2- IPSL-CM6A-LR UKESM1-O-LL
component global scale entire tropic LR
Top of the atmosphere
LW CRE 25.8, 282 53.8, 34.27 51.4 40.1 40.3 31.5
(—2.4), 38.87 (-13.7), (~13.5), 29.97 (—23.3), 27.47
26.47
SW CRE —45.3, —472 —62.2, —47.9" -93.1 —53.0 (9.2), —65.3 (—3.1), —37.9 (24.3),
(—30.9), —43.17 -53.3T —45.57
—-78.97
Net CRE —19.4, —19° —8.4, —13.77 —41.7 -12.1 —25 (—16.6), —6.4 (2),
(—33.3), (-3.7), —23.47 -18.17
—40.17 -16.77
Atmosphere
LW CRE —1.7, 0%, —3° 35.4, 207 24.8 22.8 23.7 25.7
(-10.6), 19.8" (-12.6), (-11.7), 16" (-9.7), 18.07
15.77
SW CRE 3,7% 4" 0.2,1.47 3(2.8),2.17 0.9 (0.7), 1.77 6.0 (5.8), 4.8" -1.0 (-1.8),
0.87
Net CRE 1.3,7%,1° 35.6, 21.47 27.8 23.7 29.7 (-5.7), 20.87 24.7
(~7.6), 21.97 (~11.9), (~10.9), 18.87
17.47
Surface
LW CRE 27.5, 282, 30" 18.4,14.27 26.6 (8.2), 17.4 (-1), 16.6 (—1.8),13.9" 5.8
19.17 10.77 (~12.6), 9.47
SW CRE —48.3, —54%, —50° —62.3, —49.37 -96.1 —54 (8.3),— ~71.4 —36.8 (25.5),
(—38.8),— 44.87 (-9.1),— —46.37
81.01" 58.17
Net CRE -20.7; —43.9, —35.17 —-69.6 -36.6 (7.3), —54.7 —31(12.9),
-26°, —20° (—25.7), -34.17 (~10.8), —-36.97
—61.9" -44.27

Fig. 4. Schematic illustrating the annual mean values

estimated of CRE components (LW, SW and NET)

{7} over (a) Central Africa, (b) global and (c) entire deep

\/ t tropics at the TOA, in the atmosphere and at the

) surface from CERES-EBAF Ed4.1 for the period March

2000-December 2014. In this study, Central Africa is

bounded 12°E-30°E & 4°S-4°N whereas the entire

deep tropics is bounded 180°W-180°E & 4°S-4°N.

The direction of each arrow indicates the direction of

CRE in its corresponding component and the size of

each arrow is proportional to the magnitude of CRE.

Down (Up) oriented arrows signify cloud radiative
warming (cooling) effect.
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W/m? which is less compared to global (Fig. 4b) and tropical (Fig. 4c) clouds. Clouds have the same effect on radiative components at the TOA

mean values estimated. The net heating in the atmosphere over CA
(Fig. 4a) and over the entire tropic (Fig. 4c) is the combination of both
the SW and LW clouds heating effect, while over the global scale
(Fig. 4b), the SW heating is attenuated by the LW cooling effect of

and at the surface over CA as over global or tropical scale. Indeed,
whether over CA, over the entire tropic or at the global scale (except for
Artic and Antartic regions), there is always a LW (SW) warming (cool-
ing) at the TOA and at the surface with SW cooling dominating the LW



A. Dommo et al.

warming. This domination of CRE by SWCRE is consistent with the
findings over Eastern China (Li et al., 2017). Overall, the LWCRE and
SWCRE over CA (Fig. 4a) are larger compared to global (Fig. 4b) and
tropical (Fig. 4c) scales.

4. Relationships between cloud optical properties and CREs
over CA

The dependence of the CRE on cloud characteristics has been infer-
red in many studies (Hartmann et al., 1992; Rossow and Zhang, 1995),
but none addressed it for CA. For instance, deep clouds are more
effective in altering the TOA longwave radiation because they are
relatively colder than the surface and the lower atmosphere, whereas
low-level clouds have little effect longwave radiation at the surface
because they have a similar temperature like their environment. Cloud
types have different effects on the shortwave radiation transfer. For
instance, high thin clouds are nearly transparent to solar radiation but
partially absorb longwave radiation.

We explore to what extent the relative importance of the shortwave
and longwave effects of clouds can be explained by cloud properties.
Factors affecting CRE include for instance the cloud optical thickness
(COT), cloud-top height (CTH), area of cloud coverage (Ramanathan
etal., 1989; Jiang et al., 2022) and cloud top temperature (CTT) (Lin and
Yu, 2022). Here, we investigate the relationships between the LWCRE,
SWCRE, and NETCRE against such cloud properties. To quantitatively
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assess the link between monthly CRE and cloud optical properties, we
calculated the Pearson correlation coefficients and performed a two-
sided t-test with a 95% level for significance.

4.1. Spatial pattern

We first assess the spatial patterns of cloud properties that allows us
to spatially link the cloud properties to CRE components. Fig. 5 shows
the geographical distribution of the mean total cloud fraction (TCF)
(Fig. 5a), CTH (Fig. 5b), COT (Fig. 5¢) and CTT (Fig. 5d). The highest
cloud fraction (Fig. 5a) of about 80% prevails over the Central Congo
basin and the Western Central Africa (WCA) encompassing Gabon,
Congo, Equatorial Guinea and the coastal part of south Cameroon.
Likewise, as for the TCF, the CTH is the highest (>8 km) and conversely,
the CTT is the coldest (< 250 K) over the CA, with mean COT<23. These
characteristics of clouds over CA exhibit the predominance of optically
thin high level ice clouds (Chen et al., 2000; Burleyson et al., 2015) as
their CTT < 260 K and their CTH > 8 km. In fact, Chen et al. (2000)
argued that clouds with CTT < 260 °k are ice clouds and liquid other-
wise. Fig. 1 and Fig. 5 show some similarities. Firstly, the peaks of
SWCRE and LWCRE at the TOA and the SWCRE and NETCRE at the
surface (Fig. 1) over CA coincides with the location of the peaks of TCF
(Fig. 5a) and eventually the peaks of the COT (Fg 5c). Secondly, the
peaks of the LWCRE and NETCRE in the atmosphere (Fig. 1) over CA
correspond to the highest CTH (Fig. 5b) and the lowest CTT (Fig. 5d) and

b) Cloud top height
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cloud top pressure (not shown). This finding is consistent to Lin and Yu
(2022) who found that the spatial distribution of CTT is similar to that of
the atmospheric net CRE with positive atmospheric CRE occurring over
the area of lowest CTT (Fig. 5d). In the following, we analyze the relative
dependence of the CREs to cloud properties. As for Fig. 2, we do our
analysis focusing on the area bounded by 12°E-30°E & 4°S-4°N.

4.2. Total cloud fraction

Cloud fraction is one of the most important cloud parameters that
influence the Earth’s energy balance. The influence of cloud fraction on
radiative fluxes can be inferred from previous studies (Hartmann et al.,
1992; Rossow and Zhang, 1995; Jiang et al., 2022). For instance, high
level clouds are most effective in altering TOA outgoing longwave fluxes
because they are relatively colder than the surface. This is true over CA,
where the effect of TCF (mostly the high-level clouds) on radiation is felt
both on SW (Fig. 6a) and LW (Fig. 6b) radiation at the TOA. At the TOA,
there is a strong temporal correlation between SW (LW) cooling
(warming) (Fig. 6a, b) and TCF with correlation coefficients being —0.65

a) Top of atmosphere

b) Top of atmosphere
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and 0.73 for SW cooling and LW warming respectively. The increase in
TCF also increases both the SW cooling and the LW warming effects. This
leads to a non- linear relationship and to a very weak and not significant
correlation between TCF and the TOA NETCRE (Fig. 6¢) due to the
offsetting effect between SWCRE and LWCRE. The in-atmosphere
SWCRE shows weak positive correlation with TCF (Fig. 6d) whereas
its LW (Fig. 6e) counterpart exhibits strong significant positive corre-
lation (r = 0.65)) with TCF. This leads to a strong positive correlation (r
= 0.70) between the NETCRE and the TCF in the atmosphere (Fig. 6f)
where the net warming effect is enhanced by the increasing TCF. At the
surface, whereas the SWCRE exhibits a strong linear relationship (r =
—0.70) with TCF with the increase of TCF leading to increasing SW cloud
radiative cooling (Fig. 6g), there is no relationship with the LW warming
(Fig. 6h). This leads to strong correlation with the net cloud radiation
cooling (Fig. 6i). Overall, over CA, the TCF is an important contributing
factor to the warming in the atmosphere as it both increases the SW and
LW cloud warming effect. Likewise, adding clouds by increasing the
fractional coverage area can increase shortwave cooling effect both at
the TOA and at the surface, and increase the longwave warming at the

c) Top of atmosphere
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TOA.

4.3. Cloud top height

The CTH is a fundamental parameter, describing the vertical distri-
bution of clouds, which partly determines whether clouds exert a
warming or cooling effect on the planetary radiation budget. In this
section we evaluate the relationship between CRE components and CTH.
First of all, all the correlations between CRE components and CTH are
significant over CA (Fig. 7). At the TOA, as the CTH increases, the
SWCRE (Fig. 7a) and LWCRE (Fig. 7b) get large and their correlation
with CTH are —0.35 and 0.83 respectively. But the true impact of CTH
on net CRE is nonobvious (even though the correlation is moderate
(Fig. 7c)), it turns from cooling to warming effect. Most of the clouds
with CTH < 7 km (medium clouds) exhibits a net cooling effect at the
TOA, whereas those with COT>7 km (high clouds) show an effect
ranging from cooling to warming. Based on the CTH values, the clouds
type in presence may be altocumulus, cirrostratus and cirrus (Burleyson
et al., 2015; see their Table 2). As at the TOA, the effect of CTH on
SWCRE and LWCRE are the same in the atmosphere (Fig. 7d,e), but it is
now clear that the increasing CTH strongly increases the net cloud

a) Top of atmosphere

b) Top of atmosphere
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radiation warming with correlation being 0.83 (Fig. 7f). At the surface,
the effect of CTH on SWCRE is the same as at the TOA with low corre-
lation (Fig. 7g). Conversely to what is observed at the TOA and in the
atmosphere, the increasing CTH decreases the LW cloud radiative
warming (Fig. 7h) and increases the net CRE cooling effect at the surface
(Fig. 7). The correlation between the CTH and CRE component whether
we are at the TOA, at the surface or in the atmosphere, shows that the
CTH has the strongest effect on LWCRE. Furthermore, comparing how
the correlation line between CTH and the net CRE behaves at the TOA, in
the atmosphere and at the surface, it comes out that the high clouds
(CTH > 7 km) strongly warm the atmospheric column and cool the
surface whereas its effect at the TOA is nonobvious. In practice, the
higher CTH associated with deep clouds (Casey et al., 2015) warms the
atmosphere by decreasing the upwards emission of LW radiation (Slingo
and Slingo, 1988).

4.4. Cloud top temperature
The CTT is one of the key cloud properties controlling the CRE (Zhao

et al., 2022) with strong influence on LWCRE at the TOA. This forcing is
usually positive, and largest for clouds with coldest cloud tops. In this
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study, the scatter plots together with the correlation coefficient between
CTT and CRE components are shown in Fig. 8. We first notice that all the
correlations between CTT and CRE components are significant. At the
TOA, CTT shows weak positive correlation of 0.36 with SWCRE, with
lower (larger) CTT corresponding to larger (lower) SW cloud radiative
cooling effect (Fig. 8a). The effect of CTT on the LW cloud warming
effect is very sensitive with increasing CTT leading to the decreasing LW
cloud warming effect (Fig. 8b). The correlation coefficient between CTT
and LWCRE is —0.83. The exact effect of CTT on net CRE is not obvious,
it turns from positive net CRE for smaller CTT to negative net CRE for
larger CTT (Fig. 8c). The correlation coefficient between CTT and net
CRE is weak (—0.48). In the atmosphere, CTT has a slight impact on
SWCRE (Fig. 8d). The correlation coefficient is weak (0.22). This may be
due to the fact that the SW absorption is mostly from the atmosphere
than from the clouds itself (Allan, 2011). Rather, the impact of CTT on
LW and net cloud radiative warming is strong with correlation being
—0.87 and — 0.82 respectively (Fig. 8e, f). The increasing CTT decreases
the LW and net warming effect of clouds in the atmospheric column (the
smaller the CTT, the larger the LW and net CRE and vice versa). At the
surface, the relationships between CTT and CREs components are shown
in Fig. 8g-i. The CTT at the surface acts to decrease the SW (Fig. 8g) and

a) Top of atmosphere

b) Top of atmosphere
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net (Fig. 8i) cloud cooling effect whereas it acts to increase the surface
LW cloud warming effect (Fig. 8h). The correlation between CTT and
LWCRE is moderately high (0.65) whereas the ones with SW and net
CRE are low and are 0.32 and 0.44 respectively. Indeed, whether we are
at the TOA, at the surface or in the atmosphere, the correlation between
CTT and SWCRE are weak, whereas the correlation with the LW coun-
terparts is strong. This result is consistent with the finding of Zhao et al.,
2022 who shows that the TOA LWCRE is decided by the CTT. Likewise,
our result also shows that the in-atmosphere CRE warming is strongly
decided by the CTT, namely on the LW and the net CRE component.

4.5. Cloud optical thickness

Recent finding (Chen et al., 2000) shows that the largest SWCRE and
LWCRE both at the TOA and at the surface are produced by clouds with
the largest COT. Especially, optically thick clouds (COT> 10, Hartmann
et al., 1992) produce a strong SW cooling effect compared to optically
thin ones (COT<10). In this study, the impact of the COT is to increase
the SW and NET cloud cooling effect at the TOA (Fig. 9a, c). The cor-
relation coefficient between COT and SW (net) CRE is —0.50 (—0.62).
There is no effect of COT on LWCRE at the TOA (Fig. 9b). At the TOA, the
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a) Top of atmosphere

b) Top of atmosphere
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Fig. 9. As Fig. 6 but for CREs components and cloud optical thickness.

increasing COT increases the SW cloud cooling effect (Fig. 9a) with
average correlation coefficient (r = —0.5). In the atmosphere (Fig. 9d-f),
the correlations between COT and CRE components are weak. They are
—0.28, —0.11 and — 0.14 for SW, LW and Net CRE respectively. At the
surface, all the correlations are significant (Fig. 9g-i). As like the TCF,
the impact of COT on CRE components behave the same. At the surface,
the increasing COT increases the SW (Fig. 9g), the net (Fig. 9i) cloud
radiative cooling and the LW cloud warming (Fig. 9h) with correlation
being —0.45, —0.41 and 0.21 respectively. Overall, the SW and net cloud
cooling effect increase as the COT turns from optically thin to optically
thick clouds both at the TOA and at the surface, consistent with the
results from Chen et al. (2000) who show that the largest magnitude of
SWCRE is produced by the largest mean COT.

Overall, our results show that LWCRE is more sensitive to TCF, CTH
and CTT at the TOA and in the atmosphere. At the TOA, SW cloud
cooling effect is mostly sensitive to cloud fraction and optical thickness.
This result is consistent with the findings from Zhao et al. (2022). At the
TOA, adding more high clouds by increasing their fractional coverage
area, increases the longwave warming in response to their cooler top
temperature. In the atmosphere, the increasing CTT reduces or attenu-
ates the longwave heating due to increasing TCF (Fig. 6a) and CTH
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(Fig. 6b) in the atmospheric column. At the surface, SWCRE is more
sensitive to the TCF and COT whereas LWCRE is more sensitive to CTH
and CTT with high clouds having a weak effect on LWCRE. The mean
CTH ranges from 6 to 10.5Km suggesting the presence of middle to high
level clouds (Chen et al., 2000). Anomalously warm SST will also pro-
motes the development of deep convective clouds (e.g., cuamulonimbus
and congestus clouds), which are often accompanied by anvil clouds
near the tropopause. This suggests that the CRE over CA is not due to a
single cloud type. As demonstrated by Chen et al. (2000), near the
equator, the largest LWCRE at the TOA and in the atmosphere is pro-
duced by cirrostratus and deep convective clouds, whereas at the sur-
face, the largest LWCRE is produced by stratus/stratocumulus clouds.
Furthermore, thicker clouds are likely to produce large SW cooling
compared to their thinner counterparts. Therefore, the contribution of
the different cloud types to CRE over CA will be the subject of our future
work.

5. Comparison to climate models

We now undertake a preliminary assessment of CMIP6 simulations
over CA, using atmosphere only simulation models that provide the set
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of variables necessary to investigate the seasonal cycle of CRE at the dominates SW cooling). MIROC6 and IPSL-CM6A-LR struggle to repro-
TOA, in the atmosphere and at the surface. Here we investigate the CREs duce the intensity of the TOA NETCRE, as they overestimate the
as simulated by models as well as their bias in the seasonal cycle. magnitude of the net clouds cooling effect whereas MPI-ESM1-2-LR and
UKESM1-0-LL do better in simulating the TOA net clouds cooling effect.
A strong cooling effect is particularly observed for MIROC6 whereas
UKESM1-0-LL exhibits a slight underestimation over the WEA part.
Overall, models can reproduce the spatial pattern of the SW (LW) clouds
radiation cooling (warming) effect (Fig. S1).

The In atmosphere (surface) NETCRE exhibits a strong warming
(cooling) effect in almost all parts of CA. This effect of clouds in the
atmosphere (at the surface) is well captured by the models, but they all
exhibit a slight underestimation over all parts of the CA (not shown). At
the surface, MIROC6 and IPSL-CM6A-LR overestimate the intensity of
the net clouds cooling effect over CA whereas MPI-ESM1-2-LR and
UKESM1-0-LL do otherwise. Overall, models can capture the spatial
pattern of clouds radiation effect over CA both in SW and LW

5.1. Mean spatial distribution of CREs

Clouds reflect the fraction of solar radiation that would be absorbed
at the Earth’s surface, and they also contribute to the greenhouse effect.
For the convective area, particularly the tropical areas, the two effects of
clouds nearly cancel one another so that the net effect of clouds is small.
This characteristic is observed over the Congo Basin for CERES-EBAF at
the TOA (Fig. 1 & Fig. 10). For CERES observation, the spatial distri-
bution of the TOA NETCRE shows a net cloud cooling effect (SW cooling
dominates LW warming) along the coastal area, and in the most eastern
part of the Democratic Republic of Congo whereas northern part of
Cameroon and Nigeria show a slightly net warming effect (LW warming
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components (Fig. S2 & Fig. S3), but they struggle in simulating the in-
tensity of the NET CRE (Fig. 10), highlighting biases in the models’
simulations.

5.2. Seasonal cycle and the mean bias of CREs

At the TOA, all the models can capture the seasonal variability of SW
and LW CRE (Fig. S4 b,c), but struggle to capture the seasonal variability
of the NETCRE (Fig. 11a, Fig. S5d). Among the models, MIROC6 exhibits
the larger amplitude of the CREs components (SW, LW, NET) along the
seasonal cycle (Fig. S4b-d) with the annual mean amplitude being
—93.1 W/m? 51.4 W/m? and — 41.7 W/m? for SW, LW and NETCRE
respectively over CA. This leads to the largest annual mean bias of
—30.9 W/m?, and — 33.3 W/m? for SW, and NETCRE respectively
(Table 3). It is worth mentioning that the mean bias is computed as the
difference between the models’ annual mean and the observation. It is
also worth noting that because of the negative (positive) value of SW and
NETCRE (LWCRE), the negative bias in NET, SW (LWCRE) components
signifies an overestimation (underestimation) and vice versa. Along the
seasonal cycle, UKESM1-0-LL and MPI-ESM1-2-LR underestimates the
TOA SW cooling effect, whereas MIROC6 and IPSL-CM6A-LR do other-
wise except in June-July-August for IPSL-CM6A-LR (Fig. S5b). All the
models underestimate the TOA LW clouds radiative warming over CA
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along the seasonal cycle except MIROC6 which shows an overestimation
in September-October-November (Fig. S5c). Again, all the models
overestimate the net cloud cooling effect at the TOA along the year
(Fig. S5d, Table 3) with larger mean bias, except UKESM1-0-LL which
do otherwise. The latter model slightly underestimates the net CRE with
an annual mean bias of 2 W/m? (Table 3). MIROC6 exhibits the largest
annual mean bias of NETCRE in February—March-April and in Septem-
ber-October-November. This larger magnitude of the annual mean bias
of the net cloud cooling effect at the TOA by MIROC6 is mostly due to the
large magnitude of the overestimation of SW clouds radiative cooling
effect (Fig. S5b, Table 3). In contrast, the slightly mean bias in NETCRE
depicted by UKESM1-0-LL (Fig. 11b) is mostly due to the near cancel-
lation of the sum of the amplitude of the bias in SW cooling and LW
warming rather than the good simulation of LW and SW CRE by this
model (UKESM1-0-LL). Indeed, UKESM1-0-LL underestimates both the
shortwave cooling and longwave warming at the TOA with the mean
bias respectively being 24.3 W/m? and — 23.3 W/m? (Fig. S5b, ¢,
Table 3). For MIROC6 and IPSL-CM6A-LR, the mean bias in NETCRE at
the TOA is mostly due to both the combination of the overestimation of
the SW cooling and the underestimation of LW warming. As for
UKESM1-0-LL, MPI-ESM1-2-LR underestimates both the SW cloud
radiative cooling and LW clouds radiative warming.

In the atmosphere, the seasonal cycle of the SWCRE (Fig. S6b) does
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Fig. 11. Long term monthly mean bias between models and observation of net cloud radiative effect at the top of atmosphere, in the atmosphere and at the surface
for the period March 2000-December 2014, averaged over 12°E-30°E & 4°S-4°N. The bias is computed as the difference between models and observation.
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not have a particular shape compared to LWCRE (Fig. S6¢) which ex-
hibits a bimodal cycle well captured by all the models and with larger
amplitude compared to their SW counterparts. All the models capture
the bimodal cycle of the net CRE (Fig. 11c, Fig. S6d). Likewise, models
exhibit a SW cloud warming effect with exception being for UKESM1-0-
LL which depicts a SW cooling with an annual mean of —1.8 W/m?
(Fig. S6b, Table 3). All the models overestimate (underestimate) the SW
(LW) cloud radiative warming over CA except UKESM1-0-LL (Fig. S7b,
Table 3) which underestimate both SWCRE and LWCRE. IPSL-CM6A-LR
exhibits the larger mean bias in SWCRE (5.8 W/m?) (Table 3), and the
larger mean bias in net CRE is recorded for MPI-ESM1-2-LR (—11.9 W/
m?) (Fig. 11d, Fig. S7d) because of it larger mean bias in LWCRE
(Fig. S7c), since MPI-ESM1-2-LR does better in simulating the SW CRE
over CA with annual mean bias of SWCRE being about 0.7 W/m?>
(Table 3). For MIROC6 and IPSL-CM6A-LR, the positive bias due to
overestimation of SW warming partly offset the larger negative bias due
to the underestimation of LW warming. Conversely, for UKESM1-0-LL
the bias in net CRE results from both the underestimation of LWCRE and
SWCRE. Overall, in the atmospheric column, the amplitude of the biases
in net CRE are mostly due to larger underestimation of atmospheric LW
warming.

At the surface, all the models capture the behavior of the seasonal
cycle of SWCRE and net CRE (Fig. S8b,d). The intensity of the radiative
effect of clouds significantly differs from one model to another and from
model to observation (Fig. 11e). MIROC6 exhibits the larger mean
annual value for LW (26.6 W/m?), SW (—96.1 W/m?) and net (—69.6 W/
mz) CRE (Fig. S8b-d, Table 3) whereas UKESM1-0-LL exhibits the
smaller mean annual value of 5.8 W/m?, —36.8 W/m and -31 W/m for
LW, SW and net CRE respectively. As at the TOA, note that the negative
bias in NET, SW (LW) components signifies an overestimation (under-
estimation) and vice versa. MIROC6 exhibits the larger absolute mean
bias in SW (Fig. S9b) and NET (Fig. 11f, Table 3) clouds cooling effect
whereas UKESM1-0-LL exhibits the larger absolute mean bias in LW
warming (Fig. S9¢). MPI-ESM1-2-LR and UKESM1-0-LL underestimate
the SW, LW (Fig. S9b, c) and net CRE (Fig. 11f & Fig. S9d) whereas
MIROC6 and IPSL-CM6A-LR overestimate the SW (Fig. S9b) and net
clouds radiative cooling effect (Fig. 11f, Table 3). All the models un-
derestimate the LW clouds’ warming effect with an exception being for
MIROC6 which do otherwise. For all the models, the SW mean absolute
bias is larger than their LW counterparts. Therefore, the biases in net
CRE at the surface are mostly due to the larger bias in SW clouds radi-
ative cooling.

5.3. Spatial distribution and mean bias of TCF

CRE:s are closely related to cloud fractions (Fig. 6). The maximum of
TCF is located between 25°E-30°E (Fig. 12a). All the models fail to
capture the geographical distribution of TCF compared to observation
(Fig. 12a) with an exemption being for MIROC6 (Fig. 12b). IPSL-CM6A-
LR, UKESM1-0-LL and MPI-ESM1-2-LR show their maximum TCF
located west of the domain of interest (Fig. 12c-e). All the models cap-
ture well the seasonal cycle over CA (Fig. S4a), but with biases in
simulating the intensity of the TCF (Fig. S5a) along the seasonal cycle.
The investigation of the simulated biases of TCF and CREs in CMIP6
models over CA shows that all the models underestimate the TCF along
the seasonal cycle except MIROC6 and MPI-ESM1-2-LR which show a
slight (<+5%) overestimation of TCF in April-May and in Septem-
ber-November (Fig. 12f, Fig. S5a). IPSL-CM6A-LR depict the larger
annual mean bias of about —14%, UKESM1-0-LL shows an annual mean
bias of about —6% whereas MIROC6 and MPI-ESM1-2-LR better simu-
late the TCF with the annual mean bias <—2%. During the seasonal
cycle, IPSL-CM6A-LR exhibits the largest bias of about —25% observed
in July-August. It is worth mentioning that the decrease (increase) of
TCF bias means the increase (decrease) of TCF in model simulation. The
seasonal variation of the TCF bias modulates the seasonal variation of
the simulated CREs biases at the TOA (Fig. S5) and at the surface
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(Fig. S7). For instance, the decreasing (increasing) bias of TCF leads to
the increasing (decreasing) bias in SWCRE and the decreasing
(increasing) bias in LWCRE, meaning that the TCF is one of the main
sources of CREs bias in climate models.

It should be noticed from the section 4.2 analyses, that MIROC6 and
IPSL-CM6A-LR overestimate the SW radiative effect at the TOA, in At-
mosphere and at the surface, whereas MPI-ESM1-2-LR and UKESM1-0-
LL underestimate. It should also be noted that all models underestimate
the LWCRE, consistent with the findings over western and eastern Ti-
betan plateau (Li et al., 2021). Therefore, we gathered those that over-
estimate the SW radiative effect on one side, and those that
underestimate the SW radiative effect on the other side in order to
analyze the sensitivity of TCF to SWCRE on both sides. For each of the
two groups, we calculated the multimodels ensemble mean for SW, LW
at the TOA, in the atmosphere and at the surface. The mean TCF of each
of the two groups is also calculated. We denoted by MME1 the multi-
models ensemble mean of the models that overestimate the SWCRE and
by MME2 for those models which do otherwise. We then performed the
correlation between MME1 and MME2 cloud radiative biases and their
corresponding TCF biases. The results are presented in Fig. 13. We note
at first glance that the correlation between CREs (SW, LW) biases and
TCF biases are always high for the two ensembles at the TOA and at the
surface. For MME1, whether we are at the TOA in the atmosphere or at
the surface, the diminution of the magnitude of TCF biases increases the
magnitude of SWCRE bias meaning that the SWCRE increases in the
models, but significantly decreases the magnitude of the LWCRE bias at
the TOA and in the atmosphere. For MME2, the diminution of the
magnitude of TCF bias significantly decreases the magnitude of the
SWCRE and LWCRE biases at the TOA, in the atmosphere and at the
surface even though the correlation in the atmosphere is not significant.
We then conclude that for models with overestimated SW radiation, a
better simulated TCF increases the SWCRE bias and ameliorates the
simulation of LWCRE. Conversely, for the models with underestimated
SWCRE, a good simulation of TCF ameliorates both the simulation of
SWCRE and LWCRE. This leads to the conclusion that the underesti-
mation of TCF directly results in the underestimated intensity of LWCRE
and SWCRE but is not the only cause of the underestimated SWCRE.

6. Discussion and conclusion

We performed a seasonal analysis of the CRE at the TOA, in the at-
mosphere and at the surface from CERES data over Central Africa and
used it to evaluate CRE in climate models over the same region. Our
main motivation to study CRE over Central Africa is that clouds modu-
late the energy budget, and thus influence the climate, e.g., the atmo-
spheric circulation, sea surface temperature, and the hydrological cycle.
Since a poor representation of clouds and their radiative effect in the
climate model simulation could bias future climate projections,
advancing our understanding of CRE, particularly in an area with high
irradiance like Central Africa, is important. The main findings are as
follow:

The spatial pattern of the CREs component (shortwave, longwave,
net) at the TOA, at the surface and in the atmosphere vary slightly across
Central Africa. The reinforcement of the net cloud radiative cooling ef-
fect over the West Equatorial Africa is due to large fraction of low stratus
clouds during June-to September (Dommo et al., 2018, 2022) which
reduces the longwave warming effect and increases the magnitude of the
shortwave cooling at the surface during the latter season and then en-
hances the magnitude of the net cloud cooling effect over West Equa-
torial Africa (Fig. 1).

The seasonal cycle of the TOA SWCRE and LWCRE over Central Af-
rica is characterized by a bimodal cycle probably in link with the sea-
sonal variation of the sea surface temperature anomalies and the
seasonality of high-altitude ice clouds dominating the total cloud frac-
tion. The net effect of clouds at the TOA and at the surface is the cooling
whereas, in the atmosphere exhibits a net cloud warming effect. The
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behavior and sign of the net CRE in the atmosphere follow that of the
longwave warming, whereas at the surface the behavior and sign of the
net CRE follow that of the shortwave cooling.

The comparison of observed CREs with simulated CREs shows that
most of the models can capture the effect of clouds on radiation and the
spatial pattern of the CREs component (shortwave, longwave, net). At
the TOA, all the models can capture the seasonal cycle of the shortwave
CRE and longwave CRE (Fig. S4b, c) but not the one of the net CRE
(Fig. 11a, Fig. S4d). Conversely, In the atmosphere Fig. S6) and at the
surface (Fig. S8), all the models can capture the seasonal cycle of the
shortwave, longwave and the net CRE. All the models struggle in
simulating the intensity of CREs. At the TOA and at the surface, the
absolute values of the magnitudes of biases in shortwave CRE are most of
the time larger than the longwave CRE counterpart, whereas in the at-
mosphere, longwave CRE exhibits the largest biases.

The associated relationship between total cloud fraction and CREs
components (longwave, shortwave) shows that cloud biases are not the
only cause of SWCRE and LWCRE biases in model simulation. For
instance, a better simulated cloud fraction improves the simulation of
both SWCRE and LWCRE for models (MPI-ESM1-2-LR, UKESM1-0-LL)
that underestimate SWCRE. Conversely, for models (MIROC6, IPSL-
CM6A-LR) with overestimated SWCRE, a better simulation of cloud
fraction increases the SWCRE bias even though it improves LWCRE
simulation. However, to draw a definitive conclusion, this finding
should be verified for a large set of CMIP6 models, since only a few were
used in this study.
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The estimated energy balance over Central Africa at the TOA is —8.4
W/m?2. This value is small compared to the global and tropical average
estimated (Table 3), which refers to more energy gain over Central Af-
rica. But the TOA LWCRE and SWCRE are larger compared to the global
average (Table 3). At the surface clouds reduce radiation by about
—43.9 W/m? over Central Africa, more than what is observed in global
and tropical averages. While the average energy gain on global average
does not exceed 7 W/m? in the atmosphere (Wild et al., 2014, 2018),
Central Africa exhibits a larger accumulation of energy (35.6 W/m?) in
its atmospheric column. This effect of clouds on radiation will certainly
feed the complex atmospheric dynamic circulation over Central Africa.
For instance, positive atmospheric CRE were found to (Harrop and
Hartmann, 2016; Voigt et al., 2019): strengthen the Hadley circulation,
increase the peak of precipitation over the tropic and decrease the
tropical mean precipitation. Moreover, in the context of climate sensi-
tivity, CRE plays many important roles including the width of the
tropical rain belts, the position of the extratropical storm tracks and the
circulation response to global warming (Voigt et al., 2020). Thus, further
study on the interconnection between circulation and CREs deserves to
be conducted over the region. It has been shown that the measurement
of longwave radiation even under clear sky conditions remains a chal-
lenge (Kato et al., 2011). Therefore, some of the biases between models
and observations could come from the observations themselves. It is
noteworthy that as part of this evaluation of CREs in CMIP6 models, a
better-simulated cloud fraction does not always lead to a better simu-
lated SWCRE. This implies that the associated relationship between
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other cloud parameters and CREs need to be conducted. For instance, Li
et al., 2020a,2020b shows that over Southeastern China, most of the
models with underestimated cloud liquid water path correspond to their
individual weaker SWCRE. Furthermore, as demonstrated in Li et al.,
2020a,2020b, a worst simulation of cloud ice water paths can also lead
to the underestimation of cloud fraction, and then to a bias in CREs.
Additionally, the relationships between surface temperature and surface
albedo (Li et al., 2021, 2022), the model’s horizontal resolution (Lin and
Yu, 2022) may be other sources of CREs biases in CMIP6 models over
Central Africa.
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