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Abstract

This study investigates impacts of cloudiness on surface radiation budget and temperature from 1983 to 2018 in Nigeria, 
West Africa. The National Aeronautics and Space Administration meteorological datasets were used to achieve this objec-
tive. Net radiation (R) increased latitudinally from the coast to the inland areas. The least value of R was obtained in wet 
season which coincided with the period when cloud cover was at its optimal. We obtained signi�cant decreasing trends 
(− 0.110 to − 0.536 Wm−2 year−1) in R but signi�cant increasing trends in cloud cover in most parts of the region. Under 
clear-sky conditions, however, signi�cant increasing trends (0.256–0.807 Wm−2 year−1) in R were obtained. Annual mean 
temperature showed signi�cant upward trends under all-sky (0.009–0.059 °C year−1) and clear-sky (0.019–0.072 °C year−1) 
conditions. Furthermore, signi�cant negative correlations (− 0.70 ≤ r ≤ − 0.95) were obtained between monthly values of 
cloud cover and R over the country. However, r values for cloud cover and temperature were positive over Sahel (r ~ 0.65) 
but negative over Guinea (r ~ 0.45); both signi�cant at p < 0.05. Changes in R were accounted for by 21 to 26% variations 
in cloud cover, while �uctuation in temperature was explained by about 14% variation in cloud cover over Sahel region 
at p < 0.05. Our results revealed that the surface radiation budget was signi�cantly perturbed by variations in cloudiness 
which resulted in net cloud-radiative cooling (− 30 Wm−2) over Guinea but warming over Savannah (25 Wm−2) and Sahel 
(50 Wm−2) zones.
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1 Introduction

The interaction of solar radiation components with the 
earth’s atmosphere maintains the energy balance and 
determines the temperature of the earth’s surface [1, 2]. 
Thus, observations of the modulations of the shortwave 
(SW) and longwave (LW) by cloud-radiative forcing could 
provide useful insights into the cloud-climate interaction 
[3, 4].

Fraction of the incoming solar energy re�ected by Earth 
back into atmosphere is called Earth’s planetary (surface) 
albedo. It is a fundamental component of the processes 

that govern the magnitude, distribution and variability of 
Earth’s climate and climate change [5, 6]. Surface albedo is 
highly variable, depending on many factors, such as land-
cover types, snow/ice cover, surface roughness or textural 
characteristics, mineral composition soil moisture content 
and human activities, such as deforestation, agriculture, 
irrigation, pollution and urbanization [7–12].

A linear relationship between the moisture content and 
surface albedo has been widely documented [13, 14]. In 
agreement with this assertion, Audu et al. [15] reported 
higher surface albedo (~ 0.6) in wet season than (~ 0.4) 
in dry season over Sahel region in northern Nigeria. They 
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attributed higher albedo and lower incoming solar radia-
tion obtained in wet season to the rain-bearing clouds 
which pervaded the sky in the rainy season compared 
to the dry season. It has also been reported that natural 
phenomena such as wild �re could alter surface albedo 
[12, 16–18].

The spatial and temporal variation of the surface net 
(all-wave) radiation, which is the sum of SW and LW net 
radiation, is responsible for the re-distribution of the avail-
able energy. For example, net radiation controls the inputs 
of latent and sensible heat �uxes into the atmosphere, 
and the oceanic heating over the ocean [12]. Radiative 
forcing is an externally imposed change in the radiative 
energy budget of the Earth’s climate system [19]. The 
energy budget is characterized by an approximate balance 
between SW absorption and LW emission by the climate 
system [20–22]. Change in radiative forcing, which can 
a�ect either the SW or LW components of the radiative 
budget, can be caused by a number of factors such as vari-
ations in solar insolation, alteration in surface boundary 
conditions related to land use change and deserti�cation, 
or natural and anthropogenic perturbations to the radia-
tively active species in the atmosphere known as green-
house gases e.g.  CO2,  CH4,  N2O and the halocarbons [21, 
23].

Furthermore, clouds and aerosols can exert a strong 
in�uence on regional radiative balance by re�ecting SW 
radiation back to space, emitting LW radiation to the sur-
face and absorbing LW radiation emitted by the warmer 
earth; thereby providing one of the strongest feedback 
pathways in the climate system [4, 24–28]. Thus, changes in 
aerosol loading and cloud cover as well as cloud properties 
could cause a signi�cant reduction in surface solar radia-
tion [29]. In addition, because clouds interact so strongly 
with both SW and LW radiation, small changes in cloudi-
ness could have a large e�ect on the climate system [30, 
31]. Atmospheric cloud-radiative e�ects (CRE) describe the 
change in radiative heating within the atmosphere owing 
to clouds. The literature revealed that CRE increases with 
cloud cover and decreases with the solar zenith angles 
[32]. It has also been reported that the e�ects of clouds on 
the radiation balance at the top-of-the-atmosphere (TOA) 
and within the troposphere are quite di�erent from their 
e�ect at the Earth’s surface [3, 33]. Clouds, on average, is 
found to cool the surface by re�ecting SW radiation and 
warm it by increasing the downward �ux of LW radiation 
[26]. Thus, the e�ect of clouds on the atmospheric energy 
budget, however, is found to be less straightforward [33]. 
Also, clouds could either warm or cool the atmosphere, 
depending on their vertical structure. For example, Slingo 
and Slingo [34] reported that low clouds can cool the 
atmosphere by increasing the downward emission of LW 
radiation, while high clouds warm it by decreasing the 

upward emission of LW radiation. Within deep convection 
in the tropics, where high clouds dominate, cloud-radi-
ation interactions warm the upper troposphere because 
absorption of LW and SW radiation is much larger than the 
cloudy emission of LW radiation [33, 35]. Similarly, isolated 
low clouds were found to cause net radiative cooling of 
the atmosphere, which reduces the warming from other 
cloud types by approximately 10% [36]. The combina-
tion of these e�ects increases the cloud-radiative e�ect 
at the TOA. It has also been shown that perturbations to 
the atmospheric radiation budget, that are induced by 
cloud changes in response to climate forcing, dictate the 
eventual response of the global-mean hydrological cycle 
to climate forcing [24]. Hence, little changes in the cloud-
radiative forcing �elds can play a signi�cant role as a cli-
mate feedback mechanism [3, 33].

Several studies have investigated variations and impli-
cations of surface radiation balance on the climate of West 
Africa [14, 25, 37–42]. The literature revealed signi�cant 
variations in seasonal patterns of net radiation over the 
humid tropical rainforest (i.e. Guinea zone) [9], and the 
Sahelian region of West Africa [41]. It has also been docu-
mented that cloud processes, level and types modulate 
LW and SW radiation components, which a�ect surface 
temperature and water cycle in the region [25]. During 
the wet season (July and August), the heavy cloud blocks 
the direct component of the solar irradiance resulting to 
the observed minimum value of daily energy over West 
Africa [41, 42]. It has been shown that dust particles 
have a complex impact on the radiative transfer process 
because of their ability to interact both in shortwave and 
longwave radiation [29]. As such, due to the fact that West 
Africa is notably subject to large smoke and mineral dust 
loads, the regional radiative budget is found to be sig-
ni�cantly impacted [39, 43]. Annual cycle of radiation is 
also reported to have a substantial in�uence on the sea-
sonal variation of the monsoon system over West Africa 
[44]. However, some previous studies over West Africa 
used radiative models to estimate radiation components, 
while a few others used ground measurements for just a 
few periods of time e.g. 1 to 24 months [37–39]. This was 
so because long-term data (for more than 2 years) on net 
radiation are still scarce for most parts of West Africa [37] 
due to high cost of maintenance of net radiation meas-
urements on a continuous long-time basis [9, 45]. Thus, 
availability of satellite-derived radiation data such as those 
provided by the National Aeronautics and Space Admin-
istration (NASA) promises to complement the paucity of 
these measurements, even though such data do not have 
the spatial or temporal resolution that in situ net radiation 
sensors provide. Some of these available studies revealed 
that cloud formation is a major source of uncertainty for 
future climate projections through a diversity of feedbacks 
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between clouds and radiative processes in the region. In 
addition, dust particles during the dry Harmattan season, 
particularly in the West African Sahel, have been shown 
to have a complex impact on the radiative transfer pro-
cess because of their ability to interact both in SW and 
LW radiation [25]. However, long-term variation in surface 
radiation balance and its impacts on cloudiness in di�er-
ent parts of West Africa is still not yet fully understood. 
Therefore, the present study investigates annual and sea-
sonal variations in cloud cover from 1983 to 2018 and their 
impacts on the surface radiation budget and temperature 
over di�erent climatic zones of Nigeria.

2  Materials and methods

2.1  Study area

Nigeria (Fig. 1) has a unique tropical climate with two 
prominent seasons dominated by the West African mon-
soon, WAM [46–48]. WAM flow produces a wet season of 
several months of rainfall and a dry season during which 

the low-level flow transports hot and dry air from the 
Sahara Desert into the northern Sahel [40]. The most 
clearly marked spatial differences in the regional cli-
mate are found between the highly humid and relatively 
colder zone in the south and a semi-arid region in the 
interior north [49].The wet season is longer in the south 
(April–October) than the north (May/June–Septem-
ber) while total annual rainfall are within the range of 
1500–2000 mm/year and 450–600 mm/year in the south 
and north, respectively [50, 51]. Daily temperature in the 
south and northern parts of the country ranges from 23 
to 32 °C and 18 to 38 °C, respectively [52]. The topogra-
phy and vegetation zones are shown in Fig. 1. The topog-
raphy ranges from lowland (20–100 m) along the Atlan-
tic coastline areas in the south to high plateau in the 
central north (700–800 m) and mountains (800–1500 m) 
along the eastern border (Fig. 1b). The southern coast-
line areas are covered with mangrove forest and fresh 
water swamp (Fig. 1c). It is followed by rainforest in the 
southwestern zone, tall and short grass savannah in the 
central and parts of the northern zones as well as mar-
ginal savannah in the north-eastern border.

Fig. 1  Sketch map of Nigeria showing a the climatic regions designated as Guinea, Savannah and Sahel zones: b topography; c vegetation 
zones; and d surface emissivity
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2.2  Data source

Essentially, we analyzed monthly climatology datasets 
of surface radiation components, near and skin surface 
temperatures as well as cloud cover of the National Aero-
nautics and Space Administration’s (NASA) Modern-Era 
Retrospective Analysis for Research and Applications 
(MERRA) for 1983–2018 period over Nigeria, West Africa 
(Fig. 1a). The data were obtained from the archive of the 
Prediction of Worldwide Energy Resource (POWER) project 
supported by the National Aeronautics and Space Admin-
istration (NASA) and Langley Research Center, LaRC (https 
://power .larc.nasa.gov/). They are improved global mete-
orological datasets generated with version 5.12.4 of the 
Goddard Earth Observing System (GEOS) atmospheric 
model and data assimilation system (DAS) with spatial 
resolution of 0.5 degree longitude and 0.5 degree latitude 
[53, 54]. The performance of NASA-MERRA data product 
for global solar radiation had been previously evaluated 
and validated over Nigeria, West Africa [55, 56] and other 
regions around the world e.g. China [57], Pakistan [58], 
Brazil [59] and wider areas [60]. These studies show that 
the datasets exhibit tolerable discrepancies compared 
with ground observations (and other global reanalyses) 
and provide scienti�c reference for rational use of NASA 
datasets in the selected regions. Consequently, the prod-
ucts have been widely used for climate impacts studies 
over di�erent parts of the world including Nigeria, West 
Africa [61, 62].

2.3  Methods and data processing

Data analyses were carried out over the entire Nigerian 
domain (4°N–14°N; 2°E–15°E) with a special focus on three 
designated climatic zones (Fig. 1a) using a widely used cli-
mate classi�cation method over West Africa based on simi-
larities in land-use/land-cover, climate and ecosystems [48, 
52]. These zones are: (1) Guinea (between latitude 4°N and 
8°N); (2) Savannah, (8°N and 11°N and; (3) Sahel (11°N and 
14°N). This classi�cation enables us to e�ectively assess the 
contributions of cloud cover on the radiation budget over 
di�erent parts of the country. The relevant NASA’s MERRA 
datasets obtained, as provided by POWER, consist of, cloud 
cover fraction, surface albedo, near surface temperature 
(at 2 m), skin surface temperature, all-sky downwelling 
(incoming) shortwave (SW) radiation, R

S↓ and longwave 
(LW) radiation, R

L↓ as well as clear-sky downwelling SW. 
Following the convection of signs, downwelling and 
upwelling radiations at the earth surface are positive and 
negative, respectively.

The upwelling SW radiation, R
S↑ , under all-sky and clear-

sky conditions was estimated as the fraction of the corre-
sponding R

S↓ that is re�ected by the surface, i.e.,

where α is the surface albedo.
The net SW radiation, R

S
 , under all-sky and clear-sky 

conditions were then estimated as:

The upwelling LW radiation R
L↑ under all-sky conditions 

and both R
L↓ and R

L↑ under clear-sky were estimated using 
the Stefan–Boltzmann equation (Eq. 3) and the parameter-
ization scheme for atmospheric emissivity (Eq. 4) proposed 
by Staley and Jurica [63] as widely used in the literature 
[64–66]. Speci�cally, LW radiation R

L↑ under all-sky and 
clear-sky conditions was obtained as:

where �
s
 of the emissivity of the surface, sigma is the Ste-

fan–Boltzmann constant (5.6705 × 10−8 W m−2 K−4) and 
 TS the skin surface temperature in kelvin under all-sky or 
clear-sky conditions. The country’s vegetation cover clas-
si�cation in Fig. 1c (adapted from Abiodun et al. [52]) was 
used to derive spatial distribution of surface emissivity 
(Fig. 1d) using the values previously obtained with remote-
sensing technology over the region [67] and similar veg-
etation types elsewhere [68, 69].

For R
L↓ under clear-sky conditions, however, we used air 

temperature, Ta in Eq. (3) with the following expression for 
atmospheric emissivity, �

a
 [1, 64]:

where PW is the partial water pressure/actual vapor pres-
sure in hectopascal expressed as a function of relative 
humidity, RH (%) and temperature [70, 71]:

Then, the net LW radiation, R
L
 and net (all-wave) radia-

tion, R, are given in Eqs. (6) and (7):

Cloud-radiative e�ects for shortwave  (CRESW) and long-
wave  (CRELW) were estimated as [3, 26, 30]:

(1)R
S↑ = �R

S↓

(2)R
S
= R

S↓ − R
S↑

(3)R
L↑ = ��

s
T
4

s

(4)�
a
= 0.67P

0.08

w

(5)PW = 6.1078 exp

(

17.27T
a

273.3 + T
a

)

× RH∕100

(6)R
L
= R

L↓ − R
L↑

(7)R = R
S
− R

L

(8a)CRESW =

(

RS↑ − RS↓

)

clear - sky
−

[

RS↑ − RS↓

]

all - sky

(8b)CRELW =

(

RL↑ − RL↓

)

clear - sky
−

[

RL↑ − RL↓

]

all - sky

https://power.larc.nasa.gov/
https://power.larc.nasa.gov/
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The values of  CRESW and  CRELW provide measure of the 
impacts of clouds on SW and LW radiation, respectively—
where positive  CRESW or  CRELW means heating e�ect and 
their negative values indicate cooling e�ect.

Then, the net radiative e�ects CRE was computed as:

Analysis of inter-annual and seasonal variations in sur-
face radiation budget, temperature and cloud cover was 
obtained, and the results were presented and discussed. 
For all the years (1983–2018), the standardized anomaly, 
φ, was calculated as:

where x is the actual value of each parameters (radiation 
components, temperature and cloud cover), x̄ is their long-
term means and σ the standard deviations.

We adopted a least-square-�t and Mann–Kendall, MK 
test [72, 73] to investigate the magnitudes and signi�cance 
of the annual trends of all the parameters at 99% (0.1), 95% 
(0.05) and 90% (0.01) con�dence levels. The MK statistics, 
as fully described in the literature [51, 74, 75], is a nonpara-
metric trend test which is often used to test for trends in 
climatological-data time series. In addition, correlations 
between all monthly mean values (1983–2018) of cloud 
cover and radiation components as well as temperature 
were computed, while a linear regression analysis was 
performed to determine the contributions of cloudiness 
(independent variable) to surface radiation budget and 
temperature.

3  Results and discussion

3.1  Annual mean variations in surface radiation 
budget and temperature

Figure 2 depicts the long-term annual mean (1983–2018) 
spatial variations in both upwelling and downwelling 
radiation components under all-sky condition over Nige-
ria. By sign conventions, positive and negative signs 
denote downwelling and upwelling radiation compo-
nents, respectively. Downwelling SW ( R

S↓ ) and LW ( R
L↓ ) 

radiation were about 200 and 410 Wm−2 over the Guinea 
zone, respectively (Fig. 2a, b). Their estimates over Sahel 
were 270 Wm−2 ( R

S↓ ) and 375 Wm−2 ( R
L↓ ). Results, thus, 

revealed that R
S↓ increased inland from the coast, while R

L↓ 
decreased inland. This could be explained by spatial dis-
tribution of cloud cover which decreases inland from the 
coast. Our results further con�rm previous �ndings that 
R
S↓ over West Africa increases latitudinally from the coast 

(9)CRE = CRE
sw

+ CRE
LW

(10)� =

x − x̄

�

[55, 76]. The upwelling SW (R
S↑) and LW ( R

L↑ ) radiation 
were − 35 and − 440 Wm−2 over Guinea, respectively, while 
R
S↑ ≈ − 90 Wm−2 and R

L↑ ≈ − 460 Wm−2 over Sahel (Fig. 2c, 
d). Net SW ( R

S
 ) and LW ( R

L
 ) radiation were about 150 and 

− 20 Wm−2 over Guinea, respectively (Fig. 2e, f ). However, 
the values of R

S
 (≈ 180 Wm−2) and R

L
 (≈ − 170 Wm−2) were 

higher in both Sahel and Savannah than in the Guinea 
(130 and 40 Wm−2, respectively). The values obtained 
were within the range of values previously reported in lit-
erature [9, 77]. Furthermore, annual mean variations in R

S
 

and R
L
 radiation components under clear-sky are shown in 

Fig. 3. As expected, R
S
 radiation components under clear-

sky were generally higher in magnitudes than their val-
ues under all-sky condition while those of R

L
 components 

were reverse [78]. Over the country,R
S↓ ranged between 

255 Wm−2 (in Guinea) and 290 Wm−2 (Sahel) while R
S↑ 

ranged between − 40 Wm−2 (Guinea) and − 100 Wm−2 
(Sahel) (Fig. 3a, b). Under clear-sky condition, R

L↓ were 
395 Wm−2 over Guinea and 365 Wm−2 over Sahel while R

L↑ 
were − 445 and − 470 Wm−2 over Guinea and Sahel, respec-
tively (Fig. 3c, d).

The net (all-wave) radiation, R, were about 180 Wm−2 
over Guinea, 240 Wm−2 over Savannah and 280 Wm−2 
over Sahel (Fig. 4a). This demonstrated that R generally 
increases with increasing latitude. Cloud cover fraction 
were about 80% over Guinea, 50% over Savannah and 
45% over Sahel (Fig. 4b). Surface albedo and tempera-
ture were 0.20:25.0 °C over Guinea and 0.30:28.0 °C over 
Sahel, respectively (Fig. 4c, d). Observed spatial distribu-
tion of R over the country suggested higher surface heat-
ing in the semi-arid regions (Savannah and Sahel) than 
in the Guinea. Similar spatial variations in R have been 
reported in the analysis of net radiation data over West 
Africa by Ojo [79] and Hayward and Oguntoyinbo [80]. 
These results supported the fact that R is highly depend-
ent on geographical location, time of the day, season, 
cloud cover, surface temperature, and type and condi-
tions of the surface as indicated by albedo and emissivity 
[81, 82]. Increased R

S↓ and R with increasing latitude have 
been attributed to the observed spatial pattern of cloud 
cover [76]. Di�erent levels and categories of cloud have 
been found to reduce R

S↓ signi�cantly in the tropics [25]. 
Thus, future changes in cloudiness and atmospheric aero-
sols could have signi�cant impacts on surface tempera-
ture and the rate of evapotranspiration, with important 
consequences on atmosphere–surface interactions and 
the regional hydrological cycle as speculated by Bouniol 
et al. [25]. In addition, we found that the potential of the 
ground surface to re�ect R

S↓ is higher in the Sahel region 
as remonstrated by the spatial distribution of surface 
albedo in Fig. 4c. This supports higher R

S↑ recorded in Sahel 
compared to the Guinea zone in the south. Variations in 
cloudiness have been found to signi�cantly modulate the 
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atmospheric emissivity, temperature distribution and the 
general circulation of the atmosphere which are the most 
important regulators of the Earth’s climate [14, 83]. Thus, 
potential future variations in cloud cover and radiation 

budget over the country could have signi�cant impact on 
the regional climate. Moreover, the observed pattern of 
cloud cover produced lower R

S↓ (~ 200 Wm−2) in Guinea 
than (~ 265 Wm−2) Sahel but higher R

L↓ (~ 400 Wm−2) over 

Fig. 2  Annual means of all-sky over Nigeria (1983–2018): a down-
welling shortwave radiation, R

S↓ b downwelling LW radiation,R
L↓ c 

upwelling SW radiation, R
S↑ d upwelling LW, R

L↑ e net SW radiation, 

R
S
 and f net LW radiation, R

L
 . By convection, positive and negative 

signs denote downwelling and upwelling radiation components, 
respectively
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Guinea than (~ 380 Wm−2) Sahel. This is a signal that higher 
cloud cover fraction enhances R

L↓ [30]. Higher temperature 
obtained in Sahel could be attributed to higher R recorded 
in the zone. However, surface temperature in Guinea is 
moderated by cool monsoon air from the Atlantic Ocean 
(known as the West African Monsoon, WAM) and the pres-
ence of thick vegetation in the region [52, 55, 84] which 
signi�cantly reduces warming e�ects of enhanced R

L↓ over 
the region.

3.2  Inter‑annual variations and trends

Figures 5 and 6 represent the inter-annual variations (in 
terms of standardized anomaly) and the trend lines of the 
four radiation components under all-sky and clear-sky con-
ditions, respectively. Results suggested high spatial and 
temporal inter-annual variability in radiation components 

over the country during the study period (1983–2018). For 
example, both R

S↓ and R
S↑ had more of negative anomalies, 

while positive anomalies were predominant for R
L↓ and 

R
L↑ under all-sky condition in all the three climatic zones 

(Fig. 5). However, all the four radiation components under 
clear-sky showed positive anomalies (Fig. 6). The anoma-
lies obtained for all the radiation components under both 
sky conditions ranged between − 2.2 and 2.2.

Summary of results of all the trend analysis is pre-
sented in Table  1. The positive values of MK statistics 
indicate upward trend line, while the negative val-
ues show the downward trend at p = 0.01, 0.05, and 
0.10 confidence levels. Results revealed decreasing 
trends in R

S↓ (Guinea = − 0.268  Wm−2  year−1, Savan-
nah = − 0.207 Wm−2 year−1 and Sahel = − 0.116 Wm−2 year−1) 
and R

S↑ (Guinea = − 0.218  Wm−2  year−1,  Savan-
nah = − 0.165 Wm−2 year−1 and Sahel = − 0.084 Wm−2 year−1) 

Fig. 3  Annual means of clear-sky over Nigeria (1983–2018): a 
downwelling SW radiation, R

S↓ b upwelling SW radiation, R
S↑ c 

downwelling LW radiation, R
L↓ and d upwelling LW radiation, R

L↑ . By 

convection, positive and negative signs denote downwelling and 
upwelling radiation components, respectively
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under all-sky conditions (Table 1). These trends in SW 
radiation components were found to be significant 
except in the Sahel zone. Results further indicated that 
there have been statistically signi�cant increases in R

L↓ 
(Guinea = 0.585, Savannah = 0.257 and Sahel = 0.215) and 
R
L↑ (Savannah = 0.422 and Sahel = 0.124). However, the 

upward trend of R
L↑ (0.018) over Guinea was found to be 

insigni�cant. Consequently, decreasing trends (− 0.110 to 
− 0.536 Wm−2 year−1) in R were obtained under all-sky in 
all the zones. Cloud cover showed signi�cant increasing 
trends over Guinea (0.473%  year−1) and Sahel (0.081% 
 year−1), but decreasing and insignificant trend was 
obtained over Savannah (− 0.026%  year−1). On the other 
hand, all the four radiation components showed increas-
ing trends (0.114–0.559 Wm−2  year−1) under clear-sky 
conditions in all the zones (Table 1). These changes were 
found to be signi�cant except the trend of R

L↑ (0.017  Wm−2 
 year−1) obtained over the Guinea zone. Signi�cant upward 

trends in R (0.256–0.807 Wm−2 year−1) were estimated over 
all zones, contrary to downward trends obtained under all-
sky condition. Results showed signi�cant upward trends 
in temperature under all-sky (0.009–0.059 °C year−1) and 
clear-sky (0.019–0.072 °C year−1) conditions over the entire 
region. In brief, results of the 36-year trend analysis sug-
gested warmer climate over the entire country, in agree-
ment with the previous studies [48, 52] and demonstrated 
that the surface radiation and temperature had been sig-
ni�cantly perturbed due to changes in cloud-radiative 
forcing as speculated in the literature [e.g. 3, 21, 23–36].

3.3  Seasonal mean variations

Variations in seasonal or annual cycle of surface radia-
tion balance in different designated climatic zones of 
Nigeria are illustrated in Fig. 7. The lowest (157 Wm−2 
(Guinea), 181 Wm−2 (Savannah) and 220 Wm−2 (Sahel)) 

Fig. 4  Spatial distribution of annual means of a net (all-wave) radiation, R  (Wm−2), b cloud cover fraction (%), c surface albedo (dimension-
less), and d near surface temperature (°C) over Nigeria (1983–2018)
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and the peak (231 Wm−2 (Guinea), 260 Wm−2 (Savannah) 
and 282 Wm−2 (Sahel)) of R

S↓ occurred in July/August and 
February/April over the country, respectively (Fig. 7a). 
R
S↑ was generally lower than R

S↓ and recorded its low-
est (− 60 Wm−2 (Guinea), − 70 Wm−2 (Savannah) and 
− 86 Wm−2 (Sahel)) and the highest (− 70 Wm−2 (Guinea), 
− 83 Wm−2 (Savannah) and − 115 Wm−2 (Sahel)) in August 
and March/April, respectively (Fig. 7c). In brief, the high-
est values of R

S↓ and R
S↑ were obtained in late dry sea-

son (February–March in Guinea; April–May in Savannah 
and Sahel) and the least in the wet season (July–August) 
over the country. Seasonal pattern of R

L↓ was opposite 
to the R

S
 components with the peak in dry season and 

the lowest in the wet. This might not be unconnected 
with the cloud-radiative impact. Higher cloud cover dur-
ing the wet season increases the atmospheric emissiv-
ity and thus enhances R

L↓ . Observed spatial pattern and 
magnitudes of R

L↑ followed that of temperature (with the 

highest over the north) as explained by the Stefan–Boltz-
mann Eq. (3).

Figure 8 shows the seasonal variations in net radiation 
(R), cloud cover, surface albedo and temperature. Results 
showed that R had the least values (100, 121 and 171 Wm−2 
over Guinea, Savannah and Sahel, respectively) in the peak 
of the wet season and the highest (245 Wm−2 (Guinea), 
310 Wm−2 (Savannah and Sahel)) in dry season (Fig. 8a). 
The peak of cloud cover (79% (Guinea), 80% (Savannah, 
and 66% (Sahel)) occurred in wet season (August–Sep-
tember), while the least (38% (Guinea), 22% (Savannah, 
and 21% (Sahel)) were recorded in the dry period (Janu-
ary–March) (Fig. 8b). Seasonal variations in surface albedo 
were similar in Guinea and Savannah zones with the peak 
(0.22 (Guinea) and 0.28 (Savannah)) and the lowest val-
ues (0.17 (Guinea) and 0.18 (Savannah)) in wet and dry 
seasons, respectively. In contrast, the maximum (0.29) and 
the least (0.25) surface albedo were obtained in dry and 

Fig. 5  Inter-annual variability (standardized anomaly) in radiation components under all-sky conditions over Guinea, Savannah, and Sahel 
regions of Nigeria (1983–2018): a downwelling SW, R

S↓ b upwelling SW, R
S↑ c downwelling LW, R

L↓ and d upwelling LW radiations, R
L↑
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wet seasons, respectively (Fig. 6c). Similarly, the highest 
(26.9 °C (Guinea), 28.3 °C (Savannah, and 31.2 °C (Sahel)) 
and the least (24.4 °C (Guinea), 23.4 °C (Savannah, and 
22.1 °C (Sahel)) temperatures were recorded in dry and 
wet seasons. These are indications that the entire coun-
try is warmer in dry season than the wet. Results support 
the fact that cooling e�ect during the monsoon season 
is mainly due to the dominance of R

S
 in the net cloud-

radiative forcing [25]. Higher cloudiness during the wet 
(monsoon) season could be attributed to lower R values 
recorded during this season [85]. In addition, the results 
in agreements with the literature [7, 13, 14, 86] suggested 
that higher albedo during the wet season was due to rise 
is soil moisture. Over Sahel, however, the least in surface 
albedo occurred in wet season (i.e., September) and high-
est in the dry (March). This could be as a results of com-
bined e�ects of surface cover type, color, surface rough-
ness or textural characteristics, mineral composition and 

organic matter more than the soil moisture content in 
the region. However, this is at variant with the �ndings of 
Audu et al. [15] where albedo estimate over a location in 
the Sahel region was reported to be higher in wet season 
(September) than dry season. The reasons for this disparity 
could not be ascertained. However, the reason could be 
attributed to the latent error in (NASA’s MERRA) satellite 
surface measurements due to interference of high atmos-
pheric aerosol and Harmattan dust in West African Sahel 
during the dry season.

3.4  Relationship between cloudiness, surface 
radiation budget and temperature

The relationship between cloud cover and radiation 
budget components as well as temperature is shown in 
Fig. 9. The results indicated signi�cant negative correla-
tions (r ~ − 0.80 at p ≤ 0.05) between cloud cover and R

S↓ 

Fig. 6  Inter-annual variability (standardized anomaly) in radiation components under clear-sky conditions over Guinea, Savannah, and 
Sahel regions of Nigeria (1983–2018): a downwelling SW, R

S↓ b upwelling SW, R
S↑ c downwelling LW, R

L↓ and d upwelling LW radiations, R
L↑
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over Guinea and Savannah zones but positive and insig-
ni�cant (r ≤ 0.40) over most parts of the Sahel (Fig. 9a). 
In addition, cloud cover showed positive and signi�cant 
correlation (r ~ 0.60) with R

S↑ over Guinea, while the posi-
tive correlations (r ≤ 0.40) obtained over most parts of 
Savannah and Sahel were insigni�cant (Fig. 9b). The cor-
relations between cloud cover and R

L↓ were generally 
high, positive and significant (0.90 ≤ r ≤ 0.99) over the 
entire country  (Fig. 9c). However, R

L↑ produced negative 
and signi�cant (− 0.90 ≤ r ≤ − 0.99) correlations with cloud 
cover over the entire country (Fig. 9d). These are indica-
tions that increased cloud cover fraction enhances R

L↓ but 
inhibits R

L↑ . As expected, net all-wave radiation, R exhib-
ited signi�cant negative correlations (− 0.70 ≤ r ≤ − 0.95) 
with cloud cover over the entire country  (Fig. 9e). The 
interpretation is that, future increase in cloudiness could 
lead to decrease in surface net radiation. However, r values 
obtained for cloud cover and temperature were generally 
negative over Guinea (r ~ − 0.45) but positive over most 

parts of Savannah and Sahel (r ~ 0.65); all signi�cant at 
p < 0.05 (Fig. 9f ). It suggests that the higher the cloud cover 
the more the surface cooling (i.e., lower temperature) over 
Guinea but more warming over the semi-arid regions. The 
result is a clear signal that cloudiness plays a major role 
in modulating surface radiation budget and temperature 
over the country.

3.5  Impacts of cloudiness on surface radiation 
budget and temperature

Table 2 gives the summary of regression analysis carried 
out to describe the contribution of cloudiness to sur-
face radiation balance and temperature. The total vari-
ance explained by cloud cover (i.e., its contribution) to 
net all-wave radiation were found to be 23.9% (Guinea), 
25.8% (Savannah) and 21.0% (Sahel); all significant at 
p < 0.05 (Table 2). In addition, cloud cover had signi�cant 
impacts (20–33%) on all the four radiation components 

Fig. 7  Monthly mean variations in radiation components over 
Guinea, Savannah, and Sahel regions of Nigeria (1983–2018): a 
downwelling SW, R

S↓ b upwelling SW, R
S↑ c downwelling LW, R

L↓ and 

d upwelling LW radiations, R
L↑ . By convection, positive and nega-

tive signs denote downwelling and upwelling radiation compo-
nents, respectively
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in the country except for both R
S↑ and R

S↓ over Sahel and 
R
S↑ over Savannah. The total variance explained by cloud 

cover to variation in temperature were 2.3% (Guinea), 2.0% 
(Savannah) and 13.8% (Sahel). The changes in temperature 
accounted for by 13.8% variation in the predictor (cloud 
cover) over Sahel was found to be signi�cant at p < 0.05. 
This suggested that cloud cover had insigni�cant impacts 
on temperature over Guinea and Savannah. This could be 
attributed to the in�uence of WAM and forest on warming 
reduction over the region as reported in previous studies 
[52, 84].

Figure 10 explains cloud-radiative e�ects (CRE) in R
S
 

(tagged  CRESW) and R
L
 (tagged  CRELW) radiation over 

Nigeria. Negative CRE means cooling e�ects, while posi-
tive indicates warming. Generally, the estimated  CRESW 
was negative (Fig. 10a), while  CRELW was positive (Fig. 10b) 
over the entire country. It suggested cloud-radiative cool-
ing e�ect of R

S
 which decreased latitudinally from the 

coast to continental areas and heating e�ect of R
L
 which 

showed increment from the coast to the continental areas. 
For example, estimated  CRESW were − 55 Wm−2 (Guinea), 
− 30 Wm−2 (Savannah) and − 10 Wm−2 (Sahel), while  CRELW 
were 25, 45 and 65 Wm−2 in Guinea, Savannah and Sahel 
zones, respectively. The heating effect of  CRELW in the 
northern parts of the country was completely neutral-
ized by cooling e�ect of  CRESW to produce a net surface 
warming (positive CRE) over the zones (25 Wm−2 in Savan-
nah and 50 Wm−2 in Sahel; Fig. 10c). Miller et al. [40] have 
also reported similar pattern of net cloud-radiative e�ects 
over the West African Sahel. The resultant heating e�ects 
of CRE in Sahel could be attributed to the enhanced R

L↑ 
due to higher surface temperature triggered by higher 
incoming solar radiation and overall drier and less cloudy 
atmosphere compared to Guinea zone [83]. However, 
heating e�ect of  CRELW in the coastal areas was not strong 
enough to neutralize the cooling e�ect of  CRESW and thus 

Fig. 8  Monthly mean variations (mean and standard deviation, STD) of a net radiation, R b cloud cover fraction, c albedo, and d near surface 
temperature over Guinea, Savannah, and Sahel regions of Nigeria (1983–2018)
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a net cooling cloud-radiative e�ect was obtained over 
the region (− 30 Wm−2; Fig. 10c). These patterns of results 
and the range of values obtained are in agreement with 

those reported in Henderson et al. [26] and Wild et al. 
[87]. Finally, our �ndings demonstrated that the surface 
radiation budget and temperature over the country were 

Fig. 9  Correlation coe�cients, r between cloudiness and a downwelling SW, R
S↓ b upwelling SW, R

S↑ c downwelling LW, R
L↓ d upwelling LW, 

R
L↑ e net radiation, R, and f near surface temperature
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signi�cantly impacted by changes in cloudiness due to 
cloud-radiative e�ects [36, 88, 89].

4  Conclusion

This study has investigated the impacts of cloudiness on 
near surface radiation and temperature in Nigeria, West 
Africa. To achieve this objective, it used the Modern-Era 
Retrospective Analysis for Research and Applications 
(MERRA) datasets sponsored by the National Aeronautics 
and Space Administration (NASA). Our �ndings revealed 
that:

 1. Downwelling shortwave (SW ) radiation ( R
S↓ ), 

upwelling longwave (LW) radiation ( R
L↑ ), net (all-

wave) radiation and temperature increased latitudi-
nally from the coast to inland or continental areas. 
However, cloud cover and downwelling LW radia-
tions ( R

L↓ ) were found to decrease inland from the 
coast.

 2. Inter-annual and seasonal changes in cloud cover, 
temperature and the radiation budget components 
varied signi�cantly across the three designated cli-
mate zones (i.e., Guinea, Savannah and Sahel).

 3. Under all-sky conditions, significant decreasing 
trends in R

S↓ (− 0.207 to − 0.268 Wm−2 year−1) and 

R
S↑ (− 0.165 to − 0.218 Wm−2 year−1) were obtained 

in most parts of the country. However, results indi-
cated that there have been statistically signi�cant 
increases in R

L↓ (0.257–0.585 Wm−2 year−1) and R
L↑ 

(0.124–0.422 Wm−2 year−1) during the study period. 
In addition, signi�cant decreasing trends (− 0.110 to 
− 0.536 Wm−2 year−1) in R but signi�cant increasing 
trends in cloud cover were obtained in most parts of 
the country.

 4. Under clear-sky conditions, however, all the four 
radiation components showed increasing trends 
(0.114–0.559 Wm−2 year−1) in most parts of the coun-
try while R indicated signi�cant increasing R trends 
(0.256–0.807 Wm−2 year−1) in all zones.

 5. The annual trends of temperature under all-sky 
(0.009–0.059  °C  year−1) and clear-sky (0.019–
0.072 °C year−1) conditions were observed to have 
increased signi�cantly over the entire region.

 6. The relationship between monthly average values of 
cloud cover and net radiation was negative and sig-
ni�cant at p < 0.05 over the entire country. However, 
relationship between cloud cover and temperature 
was signi�cant and negative over Guinea but positive 
over most parts of Savannah and Sahel.

 7. Furthermore, changes in LW radiation components 
and net radiation were accounted for by 20 to 33% 

Table 2  Results of linear regression models of monthly time series of cloudiness (as an independent or explanatory variable), surface radia-
tion components and temperature in di�erent designated climatic regions of Nigeria

R
S↓ = Downwelling shortwave radiation; R

S↑ = Upwelling shortwave radiation

R
L↓ = Downwelling longwave radiation; R

L↑ = Upwelling longwave radiation

R = Net (all-wave) radiation; T = surface temperature

*Signi�cant at p < 0.05

Zone Regression parameter Dependent variable

R
S↓ R

S↑ R
L↓ R

L↑ R T

Guinea Regression coe�cient − 1.325* 0.135* 0.547* − 2.463* − 0.074* − 0.015

Standard error 0.288 0.050 0.090 0.095 0.006 0.015

95% Con�dence Interval 
(lower, upper)

− 1.343, − 1.306 0.132, 0.139 0.541, 0.553 − 2.470, − 2.457 − 0.075, − 0.074 − 0.016, − 0.014

Total variance explained 0.174 0.109 0.201 0.251 0.239 0.023

Savannah Regression coe�cient − 0.829* 0.039 1.117* − 3.214* − 0.069* 0.020

Standard error 0.279 0.057 0.120 0.146 0.007 0.023

95% Con�dence Interval 
(upper, lower)

− 0.847, − 0.811 0.035, 0.043 1.109, 1.125 − 3.223, − 3.205 − 0.070, − 0.069 0.019, 0.022

Total variance explained 0.135 0.013 0.258 0.281 0.258 0.020

Sahel Regression coe�cient 0.164 − 0.016 1.898* − 3.962* − 0.046* 0.111*

Standard error 0.412 0.179 0.233 0.266 0.011 0.043

95% Con�dence Interval 
(upper, lower)

0.138, 0.191 − 0.028, − 0.005 1.883, 1.913 − 3.980, − 3.945 − 0.047, − 0.045 0.108, 0.114

Total variance explained 0.006 0.000 0.300 0.331 0.210 0.138
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Fig. 10  Cloud-radiative e�ects 
(CRE) in a SW,  CRESW b LW, 
 CRELW and c net CRE over Nige-
ria (1983–2018)
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variations in cloud cover and the contributions were 
found to be signi�cant across the zones.

 8. Cloud-radiative cooling e�ect of SW radiation  (CRESW) 
decreased latitudinally from the coast to inland areas, 
while the cloud-radiative heating e�ect of LW radia-
tion  (CRELW) increased inland from the coast. Further-
more, the heating e�ect of  CRELW in the Savannah 
and Sahel zones was completely defused by cooling 
e�ect of  CRESW to produce a net surface warming 
(25 Wm−2 (Savannah) and 50 Wm−2 (Sahel)). In the 
Guinea zone, however, a net cooling cloud-radiative 
e�ect (− 30 Wm−2) was obtained.

 9. We concluded that the surface radiation budget and 
temperature were signi�cantly impacted by varia-
tions in cloudiness over the country.

 10. The study has implications for improved understand-
ing of the role of clouds in moderating the surface 
radiation budget and temperature in di�erent cli-
matic zones of Nigeria, West Africa.

 11. Presumably, the uncertainties in the NASA’s MERRA 
reanalysis due to its relatively coarse resolution could 
limit the utility of the datasets for this research. Thus, 
further work is necessary to con�rm the �ndings of 
this present study using high-resolution reanalyses 
and ground station observations of surface solar 
radiation components.
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