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Abstract

The Cloud Area Fraction (CAF) and Cloud Radiative Effect (CRE) are among the key metrics for understanding Earth’s
climate, as they modulate shortwave and longwave radiation. This study, therefore, analyzes the vertical distribution of
CAF and their associated CRE over East Africa (EA) using the Modern-Era Retrospective Analysis for Research and
Applications Version (MERRA-2) reanalysis and Clouds and the Earth’s Radiant Energy System (CERES) observational
data from 2000 to 2025. The vertical CAFs for low, middle, and high clouds are computed at pressure levels and spatially
averaged over EA. These are used to derive shortwave CRE ( CREgw in Wmfz), longwave CRE ( CRELw in Wmfz),
and net CRE (in Wm™2) from all-sky and clear-sky radiative fluxes. The validation of MERRA-2 CAF against CERES
observations showed it to be reliable (»=0.749), supporting its use for analyzing cloud-radiation patterns, including verti-
cal cloud distribution. The study of vertical CAF and CRE over EA using MERRA-2 reveals a strongly stratified cloud
climatology shaped by topography, lake impacts, and large-scale circulation. The vertical CAFs at Low, mid, and high
clouds show distinct spatial and temporal patterns, with high clouds intensifying the most with more than 60% of the total
CAF (~0.256), while the contribution of the low CAF against the total covers ~18% (~0. 076) is the least. Further,
the spatiotemporal CRE is dominated by shortwave cooling, ranging from —14.71 to -54.36 W m 2, which moderates
regional temperatures. Cloud layers interact to influence rainfall: low clouds enhance local convection, mid clouds regulate
moisture transport, and high clouds mark mature convective systems. This collectively reinforces EA’s bimodal rainfall
pattern and highlights the critical role of clouds in regional climate dynamics. This study recommends future analyses that
integrate long-term model outputs with satellite and ground-based observations to validate cloud patterns. Such emphasis
should focus on the CREs of low, middle, and high clouds, their links to rainfall, and model uncertainties to improve
understanding of the role of cloud dynamics over EA’s climate.
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The satellite map of East Africa is presented in the geo-
graphical abstract, with key features including Lake Victo-
ria, the highlands of central Kenya and northern Tanzania,
and the lowland coastal plains along the Indian Ocean. The
graphical abstract highlights that the study focuses on the
comprehensive use of MERRA-2 reanalysis and CERES
datasets of Cloud Area Fraction (CAF) and Cloud Radia-
tive Effect (CRE) to assess vertical cloud stratification and
cloud-radiation interactions over East Africa. The analysis
captures both the spatial and temporal evolution of cloud
characteristics, recognizing their fundamental role in regu-
lating the Earth’s radiation budget through vertical structure
and radiative interactions. Spatial patterns reveal marked
regional heterogeneity with enhanced cloud coverage over
the study region. Further, distinct variations in radiative
impacts are observed with cloud altitude, where low-level
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clouds predominantly contribute to shortwave radiative
cooling. In contrast, high-level clouds exhibit a mixed
radiative influence due to competing longwave warming
and shortwave reflection effects. The analyses and further
discussion on cloud-radiation interactions demonstrate pro-
nounced vertical variability in both CAF and CRE, empha-
sizing the outsized role of high clouds in modulating the
regional energy balance.

Highlights

o CAF shows vertically structured variability driven by
topography, lake effects, and seasonal ITCZ migration.

o Cloud occurrence increases at all levels, with the stron-
gest intensification in high clouds due to enhanced
convection.
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e CRE is dominated by shortwave cooling, peaking dur-
ing convective and rainy seasons across the region.

e Vertical cloud layer interactions influence rainfall vari-
ability and help maintain East Africa’s characteristic
bimodal climate regime.

1 Introduction

Clouds are one of the significant fundamental regulators
of the Earth’s climate system (Balakrishnaiah et al. 2011;
Adesina et al. 2016). They exert strong controls on both the
shortwave and longwave components of the radiation bud-
get (Kang et al., 2015; Adesina et al., 2016; Makokha et
al. 2024; Berhane et al., 2024, 2025), thereby influencing
the climate system by reflecting incoming solar radiation
to space and by absorbing and re-emitting outgoing surface
radiation (Khamala et al. 2023). Further, clouds can cool or
warm the surface, depending on their properties and distri-
bution (Ramanathan et al. 1989; Hartmann et al. 1992). The
extent to which clouds influence climate depends strongly
on altitude, optical thickness, and fractional coverage,
which together govern their radiative impacts (Balakrish-
naiah et al. 2011; Gopal et al. 2017; Bhavyasree et al. 2024).
Because of these complexities, uncertainties in cloud-radi-
ation interactions remain among the key contributors to
the spread in estimates of climate sensitivity across global
climate models (IPCC, 2021; Berhane et al., 2024, 2025;
Althaf et al. 2025; Zelinka et al. 2020; Pan et al. 2024).

Cloud occurrence can be characterized through the Cloud
Area Fraction (CAF), defined as the proportion of a given
region or grid box covered by clouds. This property pro-
vides a key diagnostic for assessing cloud climatology and
serves as an input for radiative transfer calculations (Stuben-
rauch et al. 2013). Notably, CAF varies with altitude: low
clouds (below ~2 km) generally increase planetary albedo
and exert a cooling influence. In comparison, middle clouds
(26 km) have mixed radiative effects depending on phase
and thickness. On the other hand, the high clouds (above
~6 km) often warm the climate system by trapping long-
wave radiation while transmitting much of the incom-
ing shortwave radiation (Liou 1986; Rossow and Schiffer
1999). This vertical heterogeneity underscores the need to
study CAF within a stratified framework that distinguishes
between low, middle, and high clouds.

A closely related effect to the CAF is the Cloud Radiative
Effect (CRE), which is the difference between all-sky and
clear-sky radiative fluxes and is widely used to quantify the
influence of clouds on the Earth’s energy budget (Ramana-
than et al. 1989). Since CAF affects radiative properties at
all wavelengths, CRE can be decomposed into shortwave

Keywords Cloud area fraction - Cloud radiative effect -
Cloud-precipitation interactions - MERRA-2 - CERES -
East Africa

(CREsw) and longwave ( CRELw) components, as well
as a net component. The strength and sign of CRE are highly
altitude dependent, with stratocumulus clouds exerting a
strong negative SWCRE while thin cirrus clouds contribute
a positive LWCRE (Stephens 2005; Boucher et al. 2013).
When studied jointly with CAF, CRE provides a powerful
lens for diagnosing how cloud occurrence translates into
radiative forcing across atmospheric layers.

Several studies, including observational, satellite, and
modeling studies over the past three decades, have signifi-
cantly advanced the knowledge on CAF and CRE (Ramana-
than et al. 1989; Williams and Funk 2011; Balakrishnaiah et
al., 2012; Sassen and Wang 2012; King et al. 2013; Stuben-
rauch et al. 2013; Kang et al. 2015 ; Adesina et al. 2016;
Huang et al. 2020; Nyasulu et al. 2020; Dai et al. 2021; Otte
et al. 2023; Pan et al. 2024a; Su et al. 2025). Satellite mis-
sions such as the Clouds and Earth’s Radiant Energy System
(CERES), CloudSat, and CALIPSO have provided unprec-
edented global datasets on cloud area fraction and radia-
tive fluxes (Wielicki et al. 1996; Winker et al. 2010; Pan
et al. 2019, 2022; Althaf et al. 2025). These missions have
revealed systematic differences among low-, middle-, and
high-level clouds in their contributions to CRE. However,
satellite records, while invaluable, suffer from relatively
short temporal coverage (starting in the early 2000s), sam-
pling biases, and limitations in providing long-term climate
diagnostics (Loeb et al. 2018; Liu et al. 2025a, b).

To address the inadequacy in satellite measurements, the
reanalysis products address these challenges by assimilating
diverse observations into physically consistent numerical
weather prediction frameworks. The Modern-Era Retro-
spective Analysis for Research and Applications, Version
2 (MERRA-2), produced by NASA’s Global Modeling and
Assimilation Office, for instance, is among the most com-
prehensive reanalysis datasets available. MERRA-2 spans
1980 to the present and assimilates satellite radiances, in
situ observations, and other meteorological data into the
GEOS-5 model (Gelaro et al. 2017; Reddy et al. 2021,
Bhavyasree et al. 2022). Importantly, it provides all-sky
and clear-sky radiative fluxes, allowing direct calculation
of CRE, along with vertically resolved cloud-area-fraction
diagnostics. This makes it a uniquely suitable dataset for
evaluating both CAF and CRE simultaneously over mul-
tiple decades.
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Recently, several studies have demonstrated the effec-
tiveness of MERRA-2 reanalysis for various research
(Giangrande et al. 2017; Khamala et al. 2022, 2023; Althaf
et al. 2024; Khamala and Makokha 2025; Berhane et al.
2025). For instance, Giangrande et al. (2017) evaluated
MERRA-2 cloud properties against ground-based observa-
tions, while Bosilovich et al. (2015) assessed its radiation
budget against CERES. Khamala et al. (2023) evaluated the
total radiative forcing due to aerosols using the same plat-
form. However, relatively few studies have systematically
combined the vertical distribution of CAF with CRE esti-
mates to attribute radiative impacts to specific cloud layers.
Yet, such vertically resolved analysis is crucial, as clouds at
different levels often exert disproportionate influence on net
CRE through their longwave and shortwave effects (Zelinka
et al. 2013; B. Pan et al. 2023; Liu et al. 2025a, b). Further,
Lubis et al. (2025) showed that cloud radiative effects sig-
nificantly increase wintertime atmospheric blocking in the
Euro-Atlantic sector. Additionally, the results showed that
CRE significantly influences large-scale atmospheric circu-
lation. Their study further noted that clouds enhance wave
activity and increase the frequency of blocking events in the
Euro-Atlantic region.

The present study addresses this gap by explicitly focus-
ing on the vertical distribution of CAF and its associated
CRE, derived from MERRA-2 reanalysis and CERES
observations over EA. The study partitioned clouds into
low (from surface to 680 hPa, corresponding to altitudes
below about 2 km), middle (680—440 hPa, 2—6 km), and
high (above 440 hPa, higher than 6 km) cloud layers, so that
the analysis could provide a vertically resolved understand-
ing of how cloud occurrence modulates radiative fluxes
across different atmospheric regimes. The rest of this paper
is structured as follows: Sect. 2 illustrates the study area,
data, and methodology. Results and discussions are docu-
mented in Sect. 3. At the same time, the conclusions and
recommendations are summarized, and the key findings
from the present work are presented in Sect. 4, which call
for future research.

2 Study Region, Meteorology, and Data
2.1 Study Area and Meteorology

The study domain encompasses East Africa, spanning
approximately 32°E to 40°E in longitude and 4°S to 12°S in
latitude, and includes the countries of Uganda, Kenya, and
Tanzania (Fig. 1). The region also transitions from inland
continental surfaces to the maritime influence of the western
Indian Ocean, creating a complex spatial gradient in tem-
perature, humidity, and boundary-layer dynamics (Boiyo et
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al. 2017). The study domain, with elevations ranging from
a minimum of 4 m above sea level along the Indian Ocean
coastline to a maximum of 5,793 m at the summit of Mt.
Kilimanjaro in northern Tanzania, represents a total verti-
cal relief of approximately 5,789 m (Fig. 1a). The Shuttle
Radar Topography Mission (SRTM) DEM data can be
downloaded at the USGS Earth Explorer website (https://e
arthexplorer.usgs.gov). The dataset represents the topogra-
phy of the study area at a spatial resolution of 90 m x 90 m.
For further details, readers are encouraged to consult Althaf
et al. (2024). Low-elevation zones (<500 m) are predomi-
nantly observed along the coastal belt bordering the Indian
Ocean and around the arid basin of Lake Turkana in north-
ern Kenya. In contrast, the highest elevations (>4,000 m)
are concentrated in isolated volcanic peaks, most notably
Mt. Kilimanjaro (5,793 m) and Mt. Elgon (approximately
4,321 m), the latter situated along the Kenya-Uganda bor-
der. Intermediate elevations (500-2,500 m) characterize the
extensive interior plateaus and the eastern and western rift
escarpments that traverse the region. The spatial distribution
of elevation classes reveals a steep gradient from the Indian
Ocean lowlands westward toward the East African Rift Sys-
tem, with secondary orographic highs associated with Mt.
Elgon and Mt. Kilimanjaro (Fig. 1b). These topographic
features are expected to exert strong controls on local pre-
cipitation patterns, temperature lapse rates, and ecological
zonation, thereby influencing hydrological connectivity,
agricultural suitability, and biodiversity distribution across
the study domain.

Figure 1c presents the mean meteorological conditions at
the pressure level of 1000 hPa over East Africa. The Meteoro-
logical data (Temperature, Relative humidity, U-component
(Zonal), and V-component (Meridional) winds at a pressure
level of 1000 hpa) was retrieved from Copernicus Europe’s
Eyes on Earth portal, as implemented by the ECMWF (htt
ps://climate.copernicus.eu/climate-reanalysis). This dataset
provides atmospheric parameters at a standard resolution of
0.25°x0.25° for 37 pressure levels from 1979 to three months
post-real-time (Althaf et al. 2024). The color-filled contours
represent mean air temperature in Kelvin (K), the red solid
contour lines indicate relative humidity in percent (%), and
the arrows denote wind vectors, where arrow length corre-
sponds to wind speed and arrow orientation indicates wind
direction. The mean temperatures at 1000 hPa range from
approximately 295 K over the southern highlands of Tan-
zania to more than 305 K across the low-lying arid regions
of northern Kenya and near Lake Turkana. A pronounced
thermal gradient is observed between the warmer Indian
Ocean coastline (exceeding 303 K) and the relatively cooler
interior rift valley, particularly over Uganda and western
Kenya, where elevations are higher. The low temperatures
within the domain are recorded near Mt. Kilimanjaro and
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Mt. Elgon, reflecting the localized orographic cooling effect
even at this lower atmospheric level.

Relative humidity values, shown by the red grid lines,
range from below 30% over the dry northeastern sector of
the domain (northern Kenya) to above 80% along the Indian
Ocean coast and over Lake Victoria. A strong east-west
moisture gradient is evident, with relative humidity exceed-
ing 70% over Uganda and western Tanzania, decreasing
sharply to less than 50% east of 38°E. This pattern is pri-
marily attributed to moisture advection from the Atlantic
and Congo Basin, combined with local evapotranspiration
from large lake surfaces. The wind field at 1000 hPa reveals
a dominant southeasterly flow south of the equator (approx-
imately 6°S to 12°S), veering to easterly or northeasterly
north of the equator (3°N to 3°S). Wind speeds, represented
by arrow length, are strongest (estimated at 8—10 m/s)
across the Turkana Channel in northern Kenya and over the
Indian Ocean offshore of Tanzania, where the southeast-
erly trade winds are accelerated by topographic funneling

Fig. 1 (a) Topography map of
East Africa, and the correspond-
ing color scale represents the
elevation or altitude in meters

(m). (b) The study domain covers
the East African region, including
Uganda, Kenya, and Tanzania, and
illustrates the geographical extent
of these countries, along with key
physiographic features relevant to
the analysis. Major topographic
landmarks are highlighted, includ-
ing Mt. Elgon along the Kenya-
Uganda border and Mt. Kiliman-
jaro in northern Tanzania. (¢) The
annual mean synoptic meteorologi-
cal parameters of wind speed (in
m/s), wind direction (in deg), air
temperature (in K), and relative
humidity (in %) were derived at

Study Domain-East Africa

and regional pressure gradients. Conversely, wind speeds
are weakest (below 2-3 m/s) over the Lake Victoria basin
and the Rwenzori region along the Uganda-DRC border,
where local convergence and frictional orographic effects
dominate.

The confluence of warm temperatures exceeding 303 K,
moderate relative humidity between 50% and 70%, and
converging easterly and southeasterly winds along the
equatorial band (3°S to 3°N) delineates the core of the Inter-
tropical Convergence Zone (ITCZ) at the 1000 hPa level,
indicating enhanced convective potential. In contrast, the
hot (>305 K), dry (<40% RH), and strongly advective envi-
ronment over the Turkana low-level jet corridor represents
a major moisture-divergence zone, explaining the persis-
tent aridity of northern Kenya even during peak monsoon
seasons.

The region experiences a tropical climate, with the
seasonal migration of the ITCZ driving a bimodal rain-
fall pattern across much of the area (Ongoma and Chen
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2017; Boiyo et al. 2018; Aklesso et al. 2018; Khamala et
al. 2022). Based on prevailing meteorological conditions,
the region has four seasons, i.e., January-February (JF) and
June-July-August-September (JJAS) represent the local dry
seasons, characterized by reduced rainfall and increased
aerosol load. On the other hand, March-April-May (MAM)
and October-November-December (OND) represent the
local wet seasons, characterized by enhanced rainfall and
reduced aerosol concentrations (Ayugi et al. 2016; Nichol-
son 2017; Gebrechorkos et al. 2019; Caroline et al. 2021).
Further, the moisture influx from the Indian Ocean, com-
bined with orographic lifting over major mountain ranges,
enhances convective activity and modulates cloud vertical
structure. The domain is also influenced by lake—breeze cir-
culations, particularly around Lake Victoria and Lake Tur-
kana, which contribute to localized convection and diurnal
cloud variability.

2.2 Instrumentation and Satellite Data

This study utilizes cloud and radiation products derived
from the MERRA-2 reanalysis and CERES satellite data.
The MERRA-2 model is a state-of-the-art atmospheric
reanalysis dataset produced by NASA’s Global Modeling
and Assimilation Office (GMAO) (Rienecker et al. 2011;
Gelaro et al. 2017; Khan et al. 2021; Reddy et al. 2021;
Khamala et al. 2022, 2024; Bhavyasree et al. 2022; Kha-
mala and Makokha 2025; Simiyu et al. 2025). This platform
provides a consistent long-term record of atmospheric vari-
ables by assimilating a wide range of satellite and in situ
observations into the GEOS-5 atmospheric model using an
advanced data assimilation system (Rienecker et al. 2011;
Khan et al. 2021). The dataset offers high temporal reso-
lution at a spatial resolution of 0.5° x 0.625°, making it
suitable for regional-scale analyses. This model performs
meteorological data assimilation, aerosols analysis, pre-
cipitation, water vapor climatology, and temperature using
NASA’s observations of stratospheric ozone. Building on
the success of the atmospheric reanalysis conducted with
GEOS, the MERRA-2 model intends to produce a major
Earth System Reanalysis of the atmosphere, land, ocean,
and ice at a latitude-longitude grid. In the present study,
MERRA-2 M2TMNXRAD 5 12 4 for low (from surface
to 680 hPa, corresponding to altitudes below about 2 km),
middle (680—440 hPa, 2—6 km), and high clouds (above
440 hPa, higher than 6 km) were retrieved to analyze spa-
tiotemporal trends in cloud products. These data products
were sourced from http://giovanni.gsfc.nasa.gov/giovanni/.

CERES is a satellite instrument developed by NASA to
measure the Earth’s radiation budget with high accuracy
(Wielicki et al. 1996; Loeb et al. 2018). CERES instruments
are deployed on several Earth-observing satellites, including

@ Springer

Terra, Aqua, and Suomi NPP, providing continuous, global
measurements of radiative fluxes at multiple levels: the top
of the atmosphere (TOA), within the atmosphere, and at the
Earth’s surface. These measurements cover both shortwave
(solar) and longwave (thermal infrared) radiation, key for
quantifying the Earth’s energy balance and understanding
climate processes. Further, the platform measures short-
wave radiation in the spectral range from 0.3 pm to 5 um,
which includes visible and near-infrared wavelengths where
solar radiation is most intense. It also measures longwave
radiation in the thermal infrared range, between 8 L m and
12 pum, capturing the Earth’s emitted heat energy. It can
distinguish between the effects of reflected solar radiation
and emitted terrestrial radiation, enabling detailed analy-
ses of CRE. The CERES EBAF (Energy Balanced and
Filled) Fluxes and CLOUD_AMT CERES SYN1deg Cloud
Amount (%) used were sourced from the NASA/POWER
Source Native at a monthly temporal resolution and spatial
resolution of 0.5° x 0.625°.

However, before analyzing the vertical cloud distribution
and its associated CRE, the reanalysis datasets needed to
be validated. The study, therefore, validated the total CAF
from MERRA-2 against the total cloud from CERES to
ensure a consistent comparison of column-integrated cloud
properties. Figure 2 presents a validation scatter plot com-
paring total MERRA-2 CAF and CERES total cloud data.
The validation ensured that the modeled metrics are reliable
and physically meaningful, as they integrate observational
data with numerical models, but they may exhibit bias due
to model assumptions, parameterizations, or spatial and
temporal limitations. Once validated, MERRA-2 data were
used confidently to infer both vertical and spatial cloud-
radiation patterns.

The results in Fig. 2 indicate a good correlation between
MERRA-2 and the CERES cloud amount data. The Pearson
correlation coefficient (#=0.749) indicates a clear relation-
ship: an increase in MERRA-2 CAF is associated with a
corresponding increase in CERES cloud amount. This level
of consistency provides confidence that the reanalysis prod-
uct is physically meaningful and not random with respect
to observations. Given this statistically significant correla-
tion, MERRA-2 CAF can be considered sufficiently reliable
for further analysis in this study, particularly for examining
aspects not directly available from CERES, such as the ver-
tical distribution of clouds.

3 Methodology

The study is designed to evaluate the vertical distribution
of CAF using the MERRA-2 modeled data. The analysis
covers low-, mid-, and high-level clouds to quantify their
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climatology, variability, and spatial patterns over EA. The
cloud layer thresholds were classified based on cloud top
pressure (CTP) where low clouds (CTP>680 hPa), middle
clouds (CTP between 440 and 680 hPa), and high clouds
(CTP<440 hPa). The CAF at each vertical level is com-
puted by summing the cloud fractional coverage across all
grid cells within the corresponding pressure layer, yielding
the total cloud fraction for that layer.

Suppose f(p,t,x,y) denote the cloud area fraction
(CAF) at the pressure level p, time ¢ and location (x,y),
then the mean CAF for a given layer L (low, mid, or high)
is given by Eq. 1.

1
CAFL (t, X, y) - NiL Z p:Lf(pa t, X, Y) (1)

where CAF; (x, y,t) is a spatially varying quantity (e.g., a
field value at position (z,y)and time t) and N, is the num-
ber of pressure levels included in the layer L.

The regional mean CAF over the study domain was
obtained by spatially averaging across grid cells. For the
CAF calculation, the layer-specific averaged values across
pressure levels were weighted to reduce the local-scale vari-
ability and large-scale cloud distribution patterns, enhanc-
ing direct comparison with observational benchmarks. To
derive the large-scale means, the CAF values were aggre-
gated across vertical bands corresponding to the low, mid
and high clouds. Since the geometry of the earth introduces
unequal weighting of grid cells by latitude, the average over
the study domain was calculated using cosine-latitude (6
) weighting given as in Eq. 2, ensuring that all regions are
proportionally represented in the climatological means on
the grid and spatial resolution.

AT 4 X AF IR ) 3
CAFL (@) - > xyCAFYL (x,y,t) - cos®
> x,y cosB

2

where CAF| (X, y,t) is a spatially varying quantity (e.g., a
field value at position (zx,y)and time t), 0 is typically an
angle associated with each (z, y)point (often related to ori-
entation or direction), and cosb is a weighting factor.

Grid-wise linear regression trends in CAF were evaluated
using the merged monthly time-area-averaged dataset from
2000 to 2025. The approach reviewed by Weatherhead et al.
(1998) and utilized in numerous correlated research stud-
ies (Kumar et al. 2015; Boiyo et al. 2018; Hu et al. 2018;
Khamala et al. 2022; Althaf et al. 2024) has the advantage
of simply assessing the direction and magnitude of varia-
tions in long-term data. Incidentally, the simple linear trend
model (Eq. 3) was adopted by the current study. i.e.

Yt:aXt+b+Nt,t:1, ...... ,T (3)

where Y is a geophysical variable, whose trend is being
determined (CAF at low, middle and high levels), b offset
(y-intercept) that denotes the value of Y at the start of the
time series. Xy is an independent variable indicating a time
%, where t is a specific month in a time series,
a is the assessed trend in a geophysical variable under con-
sideration, while Ny is noise in a time series. Significance
in assessed trends was analyzed in Eq. 4.

series ( Xy =

ON 1+
=3 \Vizo
02
The trends are deemed significant at a p-value of 0.05 or
a 95% confidence level when |‘g’—| > 2 while trends are

“4)

regarded as significant at 90% confidence level when
1.5 < |°g’—‘ < 2, where is the standard deviation of the

slope w gotten from linear regression (Weatherhead et al.
1998; Khamala et al. 2022).

To determine the CRE, the difference between all-sky
(with cloud) and clear-sky (without cloud) radiative fluxes
was achieved using Eq. 5.

CRE = Rall - Rclear (5)

where Rejear i the clear-sky radiation flux while Ry is
the all-sky radiation flux is given by Eq. 6

R=SW, —SW;)+ LW, —LW;) (6)

To obtain the CRE in Eq. 5, the time step and grid cell CRE
were computed using Eqgs. 7, 8, and 9, which separated it
into shortwave (top of the atmosphere) and longwave (bot-
tom of the atmosphere) components.

CREsw (t,x,y) = (SW, — SW;)*!(t,x,y)

.
— (SW, — SW; )" (t,x,) @

where CREgw(t,x,y) is a Shortwave Cloud Radia-
tive Effect at time ¢and horizontal location (x,y)

. (SW, —sw )M (t,x,y) s radia-
tion under all-sky conditions (includes clouds), and
(SW, — SW, )“**(t,x,y) is Shortwave radiation under
clear-sky conditions (no clouds).

Shortwave

CRELw(t,%x,y) = (LW, —LW)™(t,x,y)

8
— (LW, — LW ) (t,x,y) ®

Where CRELw(t,x,y) is Longwave Cloud Radiative
Effect.
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Fig. 2 Validation of MERRA-2 against CERES cloud data. The scatterplot with error bars shows the relationship between the two datasets, with
the red line representing the linear regression fit. The Pearson correlation coefficient (»=0.749) suggests a good agreement

(effect of clouds on outgoing longwave/infrared
radiation) at time t, horizontal location (x, y), and ver-
tical level z, (LW, —LWT)aH(t,x,y) is Longwave
radiation under all-sky conditions (with clouds), and
(LW, — LW, )"**(t,x,y) is Longwave radiation under
clear-sky conditions (no clouds).

CRE,et = CREgw (t, X, y) + CRELw (t, X, y) 9

The CRE,.; is the difference between the radiative
flux with clouds (all-sky) and the radiative flux in the
same atmospheric state but without clouds (clear sky).
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CREsw (t,x,y) + CRELw is negative since clouds
reflect solar radiation, causing a cooling effect, while
CRELw (t,x,y) traps outgoing longwave radiation,
thereby causing a warming effect.

From the net CRE defined in Eq. 8, the CRE at the top
of the atmosphere was determined using equations’ 10 and
11 as:

CRESR? = SWill — swler (10)
CRE{w" = LW§' — LW (11)
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4 Results and Discussion
4.1 Spatial Analysis of Cloud Area Fraction
4.1.1 Low-Level Cloud Area Fraction

Figure 3 illustrates the spatial distribution of low-altitude
clouds over the EA region, revealing heterogeneity across
the region in most months. To start, the areas around Lake
Victoria, northern Tanzania, and western Kenya exhibit
higher cloud fraction (>0.25) throughout the year. The
enhanced cloud area fraction all year round is probably
linked to land-lake interactions, moisture convergence, and
convective uplift due to localized circulation driven by the
lake’s thermal contrast (Anyah et al. 2006; Sun et al. 2019)
as indicated in Sect. 2.1.

Further, the elevated cloud cover along the western high-
lands of Kenya and Uganda corresponds to orographic forc-
ing induced by the Rift Valley escarpments and surrounding
elevated terrain (Yang et al. 2015). Notably, during the local
wet months (MAM and OND), the equatorial zone demon-
strates a North-South oscillation of cloud maxima, corre-
sponding to the seasonal migration of ITCZ, governing the
timing and intensity of the bimodal rainfall pattern over the
region (Camberlin and Philippon 2002; Dunning et al. 2016;
Aklesso et al. 2018).

Conversely, the region in Eastern Kenya and Southern
Tanzania experiences reduced low-level cloud, with val-
ues<0.10, as highlighted in Fig. 3. These areas are influenced
by subsiding dry air masses associated with the descend-
ing branch of the Hadley circulation and by the advection
of warm, dry air from the Indian Ocean, particularly dur-
ing boreal winter (Nicholson 2017). Such conditions sup-
press cloud formation, consistent with the arid-to-semiarid
climates of these regions. However, during the JJAS, the
low cloud area fraction is high ( > 0.3) mainly due to cool,
stable atmospheric conditions associated with the southeast
monsoon, which flows from the Indian Ocean. As a result,
the moist maritime air moves inland and is trapped beneath
temperature inversions, especially over elevated terrain and
near large bodies of water. This further reduces convection
and strong subsidence associated with the subtropical high,
suppressing deep cloud formation and favoring widespread
low-level clouds despite limited rainfall.

4.1.2 Mid-Level Cloud Area Fraction

The spatial pattern of mid-level (680 —440 hPa) CAF across
East Africa is characterized by elevated cloud area fractions
(>0.25) over the western Rift and highland sectors (Fig. 4).
Given the higher mid CAF observed in the region, this
study attributed it to persistent uplift and effective moisture

convergence. This offsets any suppression in mid-level
cloud formation induced by warming. On the other hand,
values below 0.05 are observed in mid CAF across the
eastern, coastal, and southern regions of the study domain.
These low values in the mid CAF have significant implica-
tions, as they are not only a function of local orographic
forcing and moisture supply but also of large-scale circula-
tion and thermodynamic conditions, which themselves are
subject to change under a warming climate. For instance,
global and regional analyses by Mendoza et al. (2021) indi-
cate that increasing mid-tropospheric temperatures tend to
reduce cloud cover when relative humidity decreases or
remains constant.

4.1.3 High-Level Cloud Area Fraction

The spatial distribution of high-level CAF over EA exhib-
its pronounced latitudinal and regional gradients (Fig. 5),
which reflect the influence of large-scale circulation, topog-
raphy, and moisture transport. In the northern sector, par-
ticularly around northern Uganda, high-level clouds are
more prevalent, with CAF values frequently exceeding >
0.6. This enhanced cloudiness is consistent with the region’s
proximity to the tropical convection core and the seasonal
migration of the ITCZ, which promotes deep convective
development and the formation of extensive clouds (Nich-
olson 2018; Williams and Funk 2011).

Moving southward toward Tanzania, there is a progres-
sive decline in high-level CAF, with values decreasing to
0.3-0.5 across most of the southern domain. This spatial
transition corresponds with reduced convective intensity
and lower tropospheric moisture content relative to equa-
torial latitudes. The Congo Air Boundary and associated
westerly moisture influx weaken in the subtropics, result-
ing in less frequent deep convection and fewer high altitude
cloud anvils (Munday et al. 2021). Coastal regions along the
western Indian Ocean exhibit moderate to high-level cloud
cover, influenced by onshore moisture transport and occa-
sional convection associated with the East African monsoon
regime. The maxima cloud cover appears in western Kenya
and the Lake Victoria basin, where mesoscale circulations,
particularly lake-land breeze interactions, support frequent
deep convective storms capable of generating high-level
clouds (Tierney et al. 2015).

4.2 Temporal Variability of Cloud Area Fraction
4.2.1 Low-Level Cloud Area Fraction
The monthly variations in cloud area fraction over EA,

as shown in Fig. 6, reveal distinct and systematic patterns
across the low-level clouds that are closely linked to the
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Fig.3 Spatial distribution of low-level (from surface to 680 hPa) cloud
area fraction (CAF) over the study domain for each month. Panels (a)
through (1) represent monthly distributions starting from January (a)

seasonal migration of the ITCZ, regional circulation sys-
tems, and surface thermodynamic conditions. First, in panel
(a) (Fig. 6a), the low-level CAF exhibits a pronounced sea-
sonal cycle modulated by regional circulation dynamics,
surface temperature gradients, and moisture availability.
The lowest mean cloud area fractions of ~0.35 to ~0.40
occur during JF, coinciding with the local dry season. This is
attributed to strong solar heating, limited surface moisture,
and suppressed cloud formation, which are enhanced. This
period precedes the MAM season, which records the lowest
mean CAF of ~ 0.33 in March.

During April and May, the low-level CAF gradu-
ally increases to about 0.42-0.45, reflecting enhanced
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to December (1). The color bar on the right indicates the CAF of low-
lying clouds

boundary-layer moisture and convective mixing associ-
ated with the arrival of the ITCZ and the intensification of
moist westerly flows from the Congo Basin (Camberlin and
Philippon 2002; Nicholson 2017). While in JJAS, there is a
notable increase in low-level clouds exceeding 0.50, with a
peak in August. This maximum CAF occurs during the dry
season over much of EA when the ITCZ shifts northward.
Despite limited rainfall, the elevated low-level CAF is
attributed to strong temperature inversions, cold advection
from the Indian Ocean, and marine boundary layer clouds
that develop under stable atmospheric conditions (Mutemi
2003; B. Pan et al. 2023). The Coastal and highland regions
often experience extensive morning low clouds and fog,
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Fig. 4 Spatial distribution of middle-level (680—440 hPa) cloud area fraction (CAF) over the study domain for each month. Panels (a) through
(1) represent monthly distributions starting from January (a) to December (). The color bar on the right indicates the CAF of middle-lying clouds

contributing to this elevated fraction (Okoola 1996). There-
after, the low-level CAF decreases from about 0.48 to 0.40
during the OND season. This is attributed to enhanced con-
vection and vertical mixing that erode low-level inversions,
favoring the formation of deeper convective clouds (Nich-
olson 2018; Segele et al. 2015).

Table 1 shows the monthly variation in the low-level
CAF, averaged over the study domain. Notably, the low-
level CAF exhibits relatively stable coverage, with a mean
monthly CAF ranging from 0.1154+0.015 in February to
0.154+0.007 in November, yielding an annual mean of
0.136+£0.054. These values reflect the persistence of low-
level CAFs within the boundary layer. The highest coverage
in November (0.154 & 0.007) corresponds to the short rain
season, when enhanced surface heating, humidity, and weak
inversion layers promote this type of cloud formation. Con-
versely, the low values of CAFs in February (0.115+0.015)
occur during the late dry season, when the atmosphere is
drier and more stable (Nicholson 2018).

4.2.2 Mid-Level Cloud Area Fraction

Figure 6b shows that the mid-level CAF also varies season-
ally, reflecting alternating wet and dry phases that are influ-
enced by ITCZ and regional circulation patterns (Nicholson
2017). Higher cloud area fractions dominate the MAM and
OND periods, while the lowest values occur during JJAS.
The mean mid-level CAF peaks ~0.55 in April, coinciding
with the long rains season and enhanced convective activ-
ity associated with the presence of the ITCZ and moisture
influx from the Indian Ocean (Camberlin and Philippon
2002). A secondary maximum of ~0.48 appears in Novem-
ber, consistent with the short rains that accompany the
southward return of the ITCZ and increased regional con-
vergence (Nicholson 2018). In contrast, the mid-level cloud
area fraction declines markedly during JJAS, reaching mini-
mum mean values of ~0.15 in July, coinciding with the dry
season over much of Kenya and northern Tanzania. This
reduction reveals strong subsidence linked to the southern
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Fig.5 Spatial distribution of AN
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Hadley cell, which suppresses convection and limits cloud
formation in the mid troposphere (Anyah and Semazzi
2004). During the JF transition months, the mean CAF of
~ 0.35-0.40 persist, representing residual convection and
moisture advection before the onset of rains. Notably, the
largest interannual variability occurs in April and Novem-
ber, implying a sensitivity of mid-level cloud formation
to large-scale climatic oscillations such as ENSO and the
Indian Ocean Dipole (Black et al. 2003; Vigaud et al. 2009).

Further, Table 1 shows that mid-level clouds exhibit
lower CAF, with an annual mean of 0.092+0.035, and their
distribution closely follows the annual migration of the
ITCZ. The CAF peaks in March (0.133+0.019) during the
onset of the long rains and drops sharply to the minimum of
0.044+0.009 in July, when subsidence dominates the mid-
troposphere. The annual mean in the mid CAF (0.092 +
0.035) indicates the lowest of the three levels over the study
domain.

4.2.3 High-Level Cloud Area Fraction

The high-level CAF (Fig. 6¢) follows a distinct bimodal
pattern corresponding to the region’s rainfall and convec-
tive activity cycles. The fraction is highest during MAM
and OND, in phase with the long and short rains seasons,
respectively. This enhancement in high-level clouds is pri-
marily associated with deep convective systems generated
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by the ITCZ as it migrates northward and southward across
the equator (Nicholson 2018; Williams et al. 2015). How-
ever, during the JF period, the mean high-level cloud area
fraction remains moderate (~0.65), reflecting a phase of
weakened convection following the OND rains. A gradual
increase begins in March, culminating in a peak around
April, indicating vigorous convection and cloud-top devel-
opment that favor cloud formation (Okoola 1996). In con-
trast, a pronounced decline occurs during JJAS, reaching a
minimum of ~0.38 in August, consistent with the dry sea-
son when the ITCZ has shifted northward, and subsidence
dominates the atmospheric column (Mutemi 2003; Nich-
olson 2017). These stable conditions limit vertical cloud
growth and favor clear skies, although low-level clouds
persist in coastal and highland areas. Subsequently, dur-
ing the OND season, a secondary increase occurs, with the
high-level cloud area fraction peaking again at ~0.65 in
December as the ITCZ returns southward, re-establishing
convective uplift and high cloud development (Camberlin
and Philippon 2002; Nicholson 2018).

Temporal variation for High-level CAF has been fur-
ther analyzed in Table 1, and, notably, the values of high
CAF are the most extensive, with an annual mean CAF of
0.522+0.110, reflecting their dominance in East Africa’s
convective cloud systems. The highest values appear in
February (0.658+0.044) and March (0.65040.030), which
aligns with the strong convective activity and deep cloud
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development as the ITCZ migrates northward (Otte et al.
2023). In contrast, the lowest values occur during July and
August, when the region experiences large-scale subsidence
and dry conditions.

4.3 Spatiotemporal Trends of Cloud Area Fraction

The temporal trends in CAF over EA demonstrate marked
variations across the low-, mid-, and high-level cloud lay-
ers, largely influenced by regional circulation systems, sea-
sonal moisture dynamics and convective processes. This has
been discussed in subsequent subsections.

4.3.1 Low-Level Cloud Area Fraction

The spatiotemporal trends in high-level CAF over East
Africa, as depicted in Fig. 7; Table 1, exhibit a clear spa-
tial variation in the regions of positive and negative trends.
These trends reflect the complex interactions between large-
scale circulation patterns, convective dynamics and surface
climatic drivers. To start with, the trends are majorly posi-
tive and significant at 90% confidence level. Specific to note
is that during JF, most of the study domain registered insig-
nificantly low trends (between 0.001 and —0.001), probably
due to the dry conditions experienced during this season.
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Table 1 The monthly mean spatial distributions of low, mid, and high-level cloud area fractions, along with their temporal trends

Months Mean spatial distributions of CAF Temporal Trends of CAF
Low Mid High Low Mid High

January 0.124 +£0.013 0.130 £ 0.021 0.649 £ 0.052 0.0003+0.0003 0.0005+0.0006 0.0012+0.0014
February 0.115£0.015 0.126 £ 0.023 0.658 & 0.044 0.0008+0.0004 0.0003+0.0005 0.0023+0.0011
March 0.130 £ 0.012 0.133 £0.019 0.650 £ 0.030 0.0004+0.0003 0.0002+0.0005 0.0026£0.0006
April 0.141 £ 0.010 0.119 £ 0.028 0.608 £ 0.050 0.0004+0.0003 0.0023+0.0006 0.0029+0.0012
May 0.135 4 0.008 0.081 £0.017 0.489 & 0.045 0.0003+0.0002 0.0006=+0.0004 0.0020£0.0011
June 0.133 £ 0.009 0.049 £0.010 0.444 £ 0.054 0.0001£0.0002 0.0002+0.0003 0.0006+0.0015
July 0.136 £ 0.015 0.044 £ 0.009 0.402 £ 0.053 0.0006+0.0004 0.0004+0.0002 0.0033+0.0012
August 0.140 £ 0.017 0.049 £ 0.008 0.368 £ 0.065 0.0004+0.0004 0.0001+0.0002 0.0034+0.0016
September 0.138 £ 0.011 0.058 = 0.007 0.376 & 0.054 0.0006+0.0003 -0.0000+0.0002 0.0030+0.0014
October 0.149 £ 0.012 0.091 £0.012 0.483 & 0.050 0.0005+0.0003 0.0002+0.0003 0.0018+0.0014
November 0.154 £ 0.007 0.110 £0.018 0.539 £ 0.053 0.0003+0.0002 0.0005+0.0005 0.0019+0.0014
December 0.138 0.010 0.117 £ 0.020 0.600 & 0.057 0.0002+0.0003 -0.0009+0.0005 -0.0006+0.0016
Annual 0.136 4= 0.054 0.092 £ 0.035 0.522 £ 0.110 0.0003+0.0001 0.0003+0.0001 0.0021+0.0006

However, the trends in the low-level CAF during JJA are
significantly increasing (trend > 0.002 year—!) in most of
the areas of the study domain, with the ITCZ having a great
impact on the trends.

On the other hand, Table 1 shows a positive annual tem-
poral trend in low-level CAF (0.0003+0.0001), indicat-
ing a gradual but consistent increase in the extent of these
clouds over time. This trend, although modest, is signifi-
cant because it suggests that boundary-layer cloudiness
could be responding to changes in near-surface tempera-
ture gradients and moisture recycling, potentially enhanc-
ing local cooling by increasing the reflection of incoming
solar radiation. The highest positive trends occur in Feb-
ruary (0.0008+0.0004) and July (0.0006+0.0004). This
implies an intensification of low-cloud formation during
transitional periods between dry and wet seasons, driven
by rising surface temperatures and evolving regional cir-
culation patterns.

4.3.2 Mid-Level Cloud Area Fraction

The spatial trends in mid-level clouds in Fig. 8 reveal
strong regional variation across EA, with distinct zones
of enhancement and suppression that shift throughout the
year. The Northern parts of the domain exhibit a positive
trend during the early months, indicating enhanced mid-
tropospheric moisture and uplift. These trends are spa-
tially coherent and align with regions influenced by the
northward branch of the Hadley circulation and episodic
deep convection. In contrast, equatorial and southern EA
show widespread negative anomalies in the same period.
This suggests that drier mid-tropospheric conditions and
persistent subsidence over EA inhibit the formation of
mid-level clouds.

As the year progresses, the spatial trends shift substan-
tially, with positive trends emerging over equatorial and
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southern regions during the transition seasons. For instance,
during boreal autumn, enhanced mid-level cloudiness
appears across Tanzania and parts of coastal Kenya, con-
sistent with the southward migration of the ITCZ and the
onset of the short rains. The northern sector, conversely,
transits into negative trends, indicating drying of the mid-
troposphere and strengthened subsidence.

Table 1 shows the temporal trends in mid-level CAF
over EA. Notably, the region exhibits clear spatial varia-
tions in positive and negative trends. These trends reflect
the complex interactions between large-scale circulation
patterns, convective dynamics, and surface climatic drivers.
The overall temporal trend (0.0003+0.0001) is weak but
positive, indicating minimal long-term change in mid-level
cloud extent. However, the strong positive trend in April
(0.0023+£0.0006) is noteworthy; it signifies enhanced mid-
tropospheric cloud formation during the peak of the long
rains, driven by intensified convection and moisture conver-
gence as the ITCZ moves northward.

4.3.3 High-Level Cloud Area Fraction

The spatiotemporal trends in high-level CAF over East
Africa, as depicted in Fig. 9; Table 1, exhibit clear spatial
patterns of positive and negative trends. Figure 9 shows
widespread positive trends across much of the central, south-
ern, and eastern parts of the study domain, with magnitudes
generally ranging from 0.001 to 0.003. These increases are
statistically significant at the 90% confidence level across
most areas, suggesting a sustained rise in high-level cloud
cover during the study period. The positive trends in high-
level CAF could suggest intensified deep convection and
enhanced upper-tropospheric moisture, likely associated
with increased frequency and persistence of convective
systems (Nicholson 2017; Otte et al. 2023). These changes
could be attributed to the strengthening of the ITCZ and
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Fig. 7 Spatial distribution of trends in low-level CAF over EA for the
period of study. The color bar indicates the magnitude and direction
of the trends: positive values denote increasing trends, while negative

greater surface evaporation driven by regional warming
(Khamala et al. 2024). The enhanced presence of high
clouds has a radiative role, reflecting a portion of incoming
solar radiation while trapping outgoing longwave radiation,
leading to a net positive radiative forcing that contributes to
surface and atmospheric warming (Sassen and Wang 2012).
Further, the positive trends could suggest a potential ampli-
fication of greenhouse effects in regions where high-level
CAF has increased. This warming effect influences local
and regional climate systems by altering precipitation inten-
sity, delaying convective rainfall onset, and increasing sur-
face temperatures (King et al. 2013; Khamala et al. 2024).
In contrast, the negative trends are observed mainly over
the northern parts of the study domain, indicating a decline
in high-level cloud cover in these regions. These negative
trends imply weakening of deep convective activity, possi-
bly linked to changes in the Walker circulation and reduced
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values denote decreasing trends in CAF. Areas outlined with contours
indicate regions where the trends are statistically significant at the 90%
confidence level

ITCZ penetration into northern latitudes during boreal sum-
mer (Williams and Funk 2011). The reduction in high-level
clouds in these areas cools the surface by increasing long-
wave radiation escape to space, potentially leading to drier
conditions.

From Table 1, it is evident that the annual mean tem-
poral trend for high CAF is 0.0021+0.0006. This is
considered the strongest among all layers and is consis-
tently highly positive across most of the months, particu-
larly between March (0.0026+0.0006) and September
(0.0030+£0.0014). This persistent increase is significant
because it points to intensifying upper-tropospheric con-
vection and more frequent formation of high-level clouds.
These significantly contribute to greenhouse warming by
trapping outgoing longwave radiation, thereby influencing
the regional energy balance and potentially amplifying cli-
mate feedback mechanisms.
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Fig. 8 Spatial distribution of trends
in middle-level CAF over EA for
the period of study. The color bar
indicates the magnitude and direc-
tion of the trends: positive values
denote increasing trends, while
negative values represent decreas-
ing trends in CAF. Areas outlined
with contours indicate regions
where the trends are statistically
significant at the 90% confidence
level
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4.4 Cloud Radiative Effect (CRE)

Figure 10 illustrates the spatial distribution of CRE over
the study domain. The results show significant regional
variability, with positive values indicating net warming
and negative values indicating net cooling. The spatial het-
erogeneity in CRE reflects the complex interplay between
cloud properties and their radiative impacts on the surface
and atmosphere. Notably, areas around the equator, espe-
cially around Lake Victoria, show pronounced positive CRE
values (10 W m~2). This implies enhanced longwave cloud
radiative forcing associated with the trapping of outgoing
longwave radiation, thereby contributing to warming. Con-
versely, most of the regions exhibit strongly negative CRE
values between —10 W m~2 and —50 W m~2. These nega-
tive CRE zones suggest dominant shortwave cloud radia-
tive effects, where cloud reflectivity reduces incoming solar
radiation, thus exerting a cooling effect on the surface. The
cooling effect modulates local surface temperatures and, in
turn, indirectly affects regional atmospheric stability and
moisture dynamics. As such, the contrast of positive and
negative CRE values across EA underscores the significant
spatial complexity of cloud-radiation interactions and their
implications for regional climate processes.

Further, Table 2 shows temporal variability in CRE across
EA. Notably, the CRE exhibits a distinct seasonal pattern
driven by the interplay between SW cooling and LW warm-
ing processes. SW fluxes at the top of the atmosphere are
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strongly negative throughout the year, indicating substan-
tial reflection of incoming solar radiation and thus a domi-
nant cooling effect. This cooling is most pronounced during
the MAM season, particularly in March (-70.68 Wm?),
when deep convective systems and extensive cloud cover
are most developed (Nicholson 2017). Conversely, the LW
component at the bottom of the atmosphere (BOA) remains
positive throughout the year, reflecting the greenhouse-like
warming effect of clouds. However, these LW values are
consistently weaker than the SW cooling, resulting in an
overall negative CRE across all months.

The seasonal transitions further modulate the magnitude
of CRE. The smallest negative CRE values (-14.71 Wm?;
July) occur during the JJAS season, corresponding to the
local dry season when cloud cover is minimal, and mois-
ture availability is reduced (Anyah and Semazzi 2004). The
annual mean CRE (-36.21 Wm™ ?) underscores the predomi-
nance of cloud-induced cooling over the region. This is con-
sistent with climatological analyses indicating that tropical
cloud systems exert strong net cooling due to their extensive
coverage and high albedo (Nyasulu et al. 2020).

4.5 Cloud-Precipitation Interactions

The spatial distribution of CRE over EA reveals important
links between cloud radiative impacts and regional precipi-
tation patterns. Low clouds, which produce strongly nega-
tive shortwave CRE by reflecting incoming solar radiation.
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Fig.9 Spatial distribution of trends
in high-level CAF over EA for
the period of study. The color bar
indicates the magnitude and direc-
tion of the trends: positive values
denote increasing CAF trends,
while negative values denote
decreasing CAF trends. Areas
outlined with contours indicate
regions where the trends are
statistically significant at the 90%
confidence level
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This tends to reduce surface heating, thereby modulating
the development of local convection. However, this cool-
ing effect suppresses weak convective activity but also
enhances moisture retention in the boundary layer, support-
ing light to moderate rainfall in certain regions. While the
mid-level clouds exert a combination of shortwave cooling
and longwave warming, influencing vertical moisture trans-
port and the initiation of deeper convective systems. These
clouds act as intermediaries, regulating moisture transport
from surrounding areas and promoting rainfall as convec-
tive systems develop. High clouds, associated with strong
positive longwave CRE, trap outgoing terrestrial radiation
and warm the upper atmosphere, maintaining buoyancy in
deep convective systems and often coinciding with regions
of intense rainfall.

The net CRE, which integrates the shortwave and long-
wave contributions from all cloud layers, demonstrates clear
spatial correspondence with observed precipitation patterns
across the domain. Areas of positive net CRE generally
align with zones of high convective activity and heavy rain-
fall, whereas regions dominated by negative net CRE are
associated with reduced precipitation due to surface cooling
and stabilized boundary layers.

The CRE-rainfall relationships are closely tied to the sea-
sonal migration of the ITCZ, which drives strong upward
motion, cloud formation, and intense precipitation near the
equator. Regions under the ITCZ experience enhanced posi-
tive net CRE due to the dominance of high clouds, corre-
sponding to deep convective rainfall, while regions outside
the ITCZ show more negative net CRE, reflecting lower

cloud coverage and reduced rainfall. By linking CRE pat-
terns to the dynamics of the ITCZ, CRE not only shapes
local energy balance but also reinforces the spatial and
temporal patterns of rainfall across EA, providing a mecha-
nistic explanation for observed precipitation variability as
outlined by previous studies (Makokha et al. 2025).

5 Conclusions

The results of the present study are robust, though they are
subject to limitations inherent in the MERRA-2 and CERES
datasets, such as potential biases in cloud representation
and temporal coverage, which should be considered when
generalizing the findings. Thus, the spatiotemporal analy-
sis of the vertical distribution of CAF and CRE from the
MERRA-2 reanalysis modelled, and CERES observations
in low, middle, and high clouds have exclusively been eval-
uated, and the following conclusions have been drawn from
the findings:

1. The vertical, spatial, and temporal analyses of CAF reveal
a strongly stratified cloud climatology over EA, shaped
by the interplay of topography, lake-land interactions,
and large-scale circulation systems such as the ITCZ
and monsoonal flows. Low-level clouds (from surface
to 680 hPa) that are ~18% of the total CAF are modu-
lated by boundary-layer thermodynamics and orographic
uplift, while mid-level clouds (680—440 hPa) reflect sen-
sitivity to moisture convergence and warming-induced

@ Springer
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Fig. 10 Spatial distribution of 4N

CRE (Wm™) over EA. Positive
values indicate areas where clouds
contribute to net warming, while
negative values indicate regions
where clouds induce net cooling

EQ-

4S

8S

12E

/

20

-50

28E

2B

T

36E 40E

Table 2 The monthly mean of cloud radiative effect (CRE in Wmfz) using CREsw Toa(in Wmfz), CRELw,BOA(In Wm72) and their net (in
Wm2) effect. The annual mean values confirm that shortwave cooling dominates over longwave warming, resulting in an overall cooling effect

from clouds

Months Cloud Radiative Effect
CREsw,ToA(A) CRELw,BoA(B) CRE (A+B)

January -66.3092 11.9471 -54.3622
February -64.4296 11.5282 -52.9014
March -70.6762 12.1081 -58.5680
April -60.9366 11.5896 -49.3470
May -37.3335 9.8815 -27.4520
Jun -24.4597 8.9103 -15.5494
July -23.5835 8.8730 -14.7105
August -25.9595 9.1823 -16.7772
September -28.2743 9.3517 -18.9226
October -41.8528 10.9515 -30.9013
November -56.2596 11.7659 -44.4936
December -62.0497 11.5142 -50.5355
Annual -46.8437 10.6336 -36.2101

thermodynamic constraints. The high-level clouds (above
440 hPa) contribute to 60% of the total CAF trace deep
convective cores tied to seasonal ITCZ migration. These
patterns in the vertical CAF across the region reveal a
complex, highly dynamic cloud-atmosphere coupling.

2. The trends reveal a systematic intensification of cloudi-
ness across multiple layers, with the strongest increase
occurring in high-level clouds. This is followed by

@ Springer

moderate but positive trends in low- and mid-level
clouds. These patterns reflect an evolving regional cir-
culation, enhanced convection and increasing atmo-
spheric moisture linked to ITCZ dynamics and regional
warming.

. The spatial and temporal patterns of CRE over East

Africa reveal a dominant net cooling effect, primarily
driven by a strong shortwave cloud radiative effect that
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outweighs the warming influence of longwave pro-
cesses. The annual mean CRE over the study domain
is -36.21 W m™2, highlighting the dominance of short-
wave cooling. Whereas the regions near the equator,
such as Lake Victoria, exhibit positive CRE values of
~10 W m2 due to longwave warming. Despite local-
ized warming near equatorial regions such as Lake
Victoria, most areas experience significant cooling
due to high cloud reflectivity and extensive convec-
tive activity.

4. Cloud-precipitation interaction in the region is a verti-
cally integrated process where each layer plays a distinct
yet connected role in rainfall patterns. Low-level clouds
trigger localized convection and seasonal rain onset;
mid-level clouds regulate moisture transport and precede
deep convection, and high-level clouds signal mature
systems linked to heavy rainfall. Together, they reinforce
the bimodal rainfall pattern by coordinating moisture,
convection, and storm organization, underscoring the
importance of cloud structure in the regional hydrologi-
cal climate system.
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