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Abstract
Harnessing energy from the sun is crucial for locations battling with energy poverty and generation, especially in Africa, 
where equity in energy distribution and generation is a daily challenge. However, the evaluation and analysis of solar radia-
tion has been limited by the paucity of atmospheric data in the African region. This study used monthly downward surface 
solar radiation (SSRD) from ERA5 as reference data to evaluate simulations of solar radiation from CORDEX, CMIP5 and 
CMIP6 models spanning the period 1990−2020 (present-day), mid-future (2020−2050), and far-future (2070−2100) across 
4 climatic zones (Coastal, Forest, Guinea and Sahel) in Nigeria. Solar radiation were found to be overestimated in the Guinea 
and Sahel zones of the country, but fairly good performance were made in the Coastal and Forest zones. CMIP5, CMIP6 
and CORDEX individual models all exhibit strong agreement in the projection of solar dimming across the four climatic 
zones in the mid- and far-future under both RCP4.5/SSP5−4.5 and RCP8.5/SSP5−8.5 scenarios. However, under the RCP8.5/
SSP5−8.5 the greatest magnitude of dimming ( − 35W∕m2 ) was found in CMIP6 models in the far-future and ( −12W∕m2 ) 
in the mid-future. The projected solar dimming was also predominant in all climatic regions under SSP5−4.5 for CORDEX, 
CMIP5, and CMIP6 models but at a much lower magnitude.
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Introduction

The significance of solar radiation cannot be overstated in 
relation to its intensity, distribution, and future variability. 
This is especially true for areas struggling with energy pov-
erty and generation. Solar radiation is important for human 
livelihoods and the survival of ecosystems on Earth (Diaci 
1999). In order to effectively manage issues surrounding 
socioeconomic growth, industrialization, and economic 
production, adequate knowledge of solar radiation is cru-
cial, especially for developing economies worldwide. For 
instance, solar energy offers a clean and sustainable energy 
alternative that diminishes dependency on fossil fuels and 
also aids in curbing greenhouse gas emissions, thereby facil-
itating a transition toward a greener and more sustainable 
energy landscape. However, equitable energy distribution 
and generation in West African countries have been a daily 
challenge, resulting in variations in per capita energy sup-
ply and demand (Avila et al. 2017; Iwayemi and Iwayemi 
1998). For developing nations such as Nigeria grappling 
with energy supply challenges, the key to surmounting these 
obstacles lies in their ability to accurately quantify solar 
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intensity, a fundamental factor in harnessing solar energy 
effectively. By acquiring comprehensive data on solar radia-
tion, these countries can lay the groundwork for informed 
decision-making, strategic planning, and the successful 
implementation of solar power systems, consequently bol-
stering their energy security, promoting economic growth, 
and improving the quality of life for their population. Hence, 
knowledge of solar intensity per unit area is a major step for 
any country looking to tap into the vast amount of renewable 
energy available in the form of solar radiation (El Mghouchi 
et al. 2016; Nešović 2022, 6). In Nigeria, the lack of in-situ 
measurements and data structures for solar radiation makes 
reliability on reanalysis and numerical model simulations an 
alternative for solar radiation studies. By leveraging these 
alternatives, Nigeria can still access valuable insights into 
solarsabah7modeling radiation patterns and distributions, 
facilitating informed decision-making processes, energy 
planning, and advancing solar energy infrastructure in the 
country.

The future of solar energy utilization in West African 
countries, particularly Nigeria, is heavily based on accurate 
projections of solar radiation. However, with the increas-
ing availability of open-source Earth Observation products, 
cloud computing platforms, and advanced computational 
capabilities, promising avenues exist for modelling and 
projecting future climatological parameters such as solar 
radiation. This presents a unique opportunity to generate 
renewable energy and analyze crucial energy budgets. These 
advancements hold immense potential for advancing the 
understanding of solar radiation and its implications in the 
region, particularly in addressing energy poverty in Nige-
ria and other West African countries Edomah et al. (2021); 
Chanchangi et al. (2022). Although there are challenges in 
accurately projecting solar radiation due to factors such as 
cloud cover, aerosol loading, and wind speed, our study aims 
to improve our understanding of long-term solar radiation 
patterns in Nigeria and examine its prospects using reanaly-
sis data to validate the solar radiation output obtained from 
numerical modelling techniques. This research fills a gap in 
previous studies (Ogunjo et al. 2022; Salaudeen et al. 2021) 
that have predominantly focused on validating precipitation, 
temperature, and other weather variables but have given lim-
ited attention to validating solar radiation specifically.

A major advantage is the ability of reanalysis and numeri-
cal climate models to estimate solar radiation in areas with-
out long-term measurement and provide future projections 
at a country-level scale. This is particularly important since 
in-situ solar radiation measurements are often not freely 
available globally or at a country level. However, there are 
inherent uncertainties associated with using the reanalysis/
numerical models approach. As a result, it is important to 
validate these models with ground observation, which can be 
achieved by establishing experimental test sites in different 

country zones. ERA-5, the most recent atmospheric reanaly-
sis product from The European Centre for Medium-Range 
Weather Forecasts (ECMWF), is a reliable source of hourly 
estimates of many atmospheric, land, and oceanic climate 
variables Hersbach et al. (2020). Studies conducted in differ-
ent parts of the world have found ERA5 to be relatively good 
in comparison to ground observation, with low relative mean 
bias error (e.g Babar et al. (2019); Trolliet et al. (2018); 
Urraca et al. (2018); Tahir et al. (2020). For instance, the 
performance of ERA5 for solar radiation data is better than 
six other reanalysis datasets over Pakistan Tahir et al. (2020). 
The reliability of ERA5 datasets has also been established in 
other regions of the world. Climate scientists employ global 
circulation models (GCMs) and regional climate models 
(RCMs) to access historical conditions and project future 
climatic conditions/patterns globally at various resolutions.

The World Climate Research Program’s Coupled Model 
Intercomparison Project (CMIP) offers extensive global-
scale climate simulations. CMIP6 and CMIP5 represent 
two project phases comprising numerous climate models 
worldwide, simulating various atmospheric variables at 
different spatiotemporal resolutions (Eyring et al. 2016; 
Taylor et al. 2012). CMIP6, the latest phase, incorporates 
advancements in model development, enhanced representa-
tion of Earth system processes, and updated future climate 
scenarios compared to CMIP5. With more accurate and 
detailed simulations of climate variables and their interac-
tions, CMIP6 models enable improved projections of cli-
mate change impacts. The outcome of this study will also 
depict the extent of improvements in CMIP6 compared to 
CMIP5, specifically for solar radiation estimations in Nige-
ria, building upon the progress made in the previous phase 
while addressing identified limitations and challenges. 
Similarly, the Coordinated Regional Climate Downscaling 
Experiment (CORDEX), also led by the WCRP, focuses spe-
cifically on regional climate modelling and GCMs downs-
caling, enabling more detailed assessments at finer spatial 
scales compared to GCMs like CMIP6 and CMIP5. These 
numerical modelling approaches allow researchers to extend 
their analyses beyond historical data and generate projec-
tions that offer insights into future climate dynamics and 
potential impacts. These collaborative efforts among climate 
scientists worldwide continue to advance our understanding 
of climate dynamics and projections.

In Nigeria, the lack of long-term solar radiation meas-
urements has made it difficult to evaluate and plan for sec-
tors such as energy and agriculture. Although developing 
countries like Nigeria are interested in utilizing solar energy, 
Africa’s scarcity of atmospheric data presents challenges. 
This study aims to assess different numerical models and 
determine changes in solar radiation under various climate 
scenarios using CORDEX, CMIP5, and CMIP6 models. 
The results will provide reliable historical data and insights 



Modeling Earth Systems and Environment 

1 3

into future solar radiation patterns, enabling regional stake-
holders to develop climate change adaptation and mitiga-
tion policies. However, accurate simulation of the present 
or historical patterns is necessary to project future climate 
projections for solar radiation due to continuous develop-
ment and improvements in climate models.

Methodology

Solar radiation is significant in Earth’s energy budget and 
is pivotal in numerous climatic and environmental pro-
cesses. Accurate solar radiation measurement is crucial for 
various applications, including assessing renewable energy 
resources, climate modelling, and agricultural planning. In 
this methodology, we present a comprehensive approach to 
validate solar radiation data by leveraging ERA5 reanalysis 
data as the reference dataset and comparing it with CMIP6, 
CMIP5, and CORDEX model data.

ERA5 as reference observation

Monthly surface solar radiation downward (SSRD) from 
ERA5 Hersbach et al. (2020), at a high spatial resolution of 
0.1o × 0.1o for the period spanning 1990 − 2020 was used 
as the reference data over the region of study. SSRD gives 
information on the amount of shortwave radiation (direct and 
diffuse) reaching the surface of the Earth. It is an essential 
variable for understanding the energy balance of the Earth’s 
surface. It is crucial in various applications such as renew-
able energy assessment, climate modelling, and agricultural 
planning. It is derived from satellite observations, ground-
based measurements, and advanced numerical models. The 
data is obtained via the Copernicus Climate Data Store 
(https:// cds. clima te. coper nicus. eu/ cdsapp# !/ datas et/ reana 
lysis- era5- single- levels- month ly- means? tab= form, allowing 
scientists to analyze and study solar radiation patterns and 
variability across different regions and periods. The unit of 
SSRD is then converted to W∕m2 from J∕m2 for comparison 
with the model data.

Model selection and description

Model simulations of surface downwelling shortwave 
radiation (RSDS) were obtained from CORDEX-AFR-44, 
CMIP5, and CMIP6 experiments to provide additional infor-
mation for present-day climate and future projections over 
the study area. RSDS is the sum of direct and diffuse solar 
radiation incident on the surface and is sometimes called 
"global radiation" http:// vocab. nerc. ac. uk/ colle ction/ P07/ 
curre nt/ CFSN0 275/. The selection of models from COR-
DEX, CMIP5, and CMIP6 experiments is based on the avail-
ability of RSDS simulation for present-day climate and its 

associated RCP4.5/SSP245 and RCP8.5/SSP585 scenarios. 
In this paper, we focus on analyzing the present-day climate 
from 1990 − 2020, even though the CMIP6 historical runs 
encompass the time period of 1850 to 2014. This choice 
ensures that the analysis reflects consistent contemporary 
climate conditions, trends, and potential changes immedi-
ately relevant to current research objectives. Further con-
straints considered include using only the first ensemble 
member r1i1p1f1 model variant and data availability to fulfil 
the selection criteria. Accordingly, this study selected a total 
of 15 models from Africa-CORDEX (hereafter refer to as 
CORDEX), and 16 models from both CMIP5 and CMIP6 
experiments all met the specified criteria outlined earlier 
(refer to Tables 1, 2, 3). These models were subjected to 
further analysis.

The choice of the inherent radiative scheme within 
numerical climate models holds significant relevance when 
conducting solar radiation studies and investigations. This 
is primarily attributed to its crucial role in computing radia-
tive fluxes and heating rates at the surface, considering fac-
tors such as absorption, scattering, and emission of solar 
radiation by gases, aerosols, and clouds ( refer to Bartók 
et al. (2017); Yang et al. (2020). Moreover, the radiative 
scheme significantly influences the energy balance, tempera-
ture, precipitation, circulation, and overall variability of the 
climate system (Yang et al. 2020; Lu et al. 2023). Hence, 
the choice of the radiative scheme in a model is one of the 
essentials for improving the reliability of climate models. 
CMIP6 models adopted different methods and datasets to 
represent the solar or radiative components of the climate 
system, which varies among the models. For instance, in 
some models, total solar irradiance (TSI) or spectral solar 
irradiance (SSI) is used to prescribe solar forcing. SSI is 
responsible for the wave-length-dependent changes in solar 
radiation, which affects the stratospheric ozone chemistry 
and the different atmospheric layers (Matthes et al. 2017). 
Also, including or excluding solar-induced stratospheric 
ozone variations can modulate the solar forcing and impact 
the tropospheric climate. In addition, how aerosols inter-
act with radiation, clouds, and chemistry can also affect the 
Earth’s radiative balance by scattering and absorbing solar 
radiation, modifying cloud properties and precipitation, and 
altering atmospheric composition (Smith and Forster 2021). 
A brief description of the radiative processes in the selected 
CMIP6 models used in this study is presented in Table 1.

A subset of all the model data for solar radiation vari-
able over Nigeria for the period 1990 − 2100 is carried out 
in three climate epochs hereafter referred to as present-
day climate (1990−2020), near-future (2020−2050), and 
far-future (2070−2100). All the models and ERA5 ref-
erence datasets were re-gridded to a common resolution 
of 0.25◦ × 0.25◦ for comparison. We also calculated the 
projected change in solar radiation from the individual 

https://cds.climate.copernicus.eu/cdsapp#%21/dataset/reanalysis-era5-single-levels-monthly-means?tab=form
https://cds.climate.copernicus.eu/cdsapp#%21/dataset/reanalysis-era5-single-levels-monthly-means?tab=form
http://vocab.nerc.ac.uk/collection/P07/current/CFSN0275/
http://vocab.nerc.ac.uk/collection/P07/current/CFSN0275/
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Table 1  Lists of CMIP6 models considered in this study and brief description of radiative transfer process

S/N Model name Description Horizontal 
resolution (lon 
× lat)

1 CAS-ESM2-0 (Chai 2020; Zhang et al. 2020) Parametrizations for solar and thermal radiation through 
the atmosphere considered the absorption, emission, and 
scattering of radiation by gases, clouds, aerosols, and the 
Earth’s surface. This allows for the representation of the 
energy balance between incoming solar radiation and 
outgoing longwave radiation Mlawer et al. (1997)

1.4◦ x 1.4◦

2 NorESM2-MM (Bentsen et al. 2019; Seland et al. 2020) The two-stream Community Atmosphere Model version 4 
(CAM4) scheme Iacono et al. (2008) includes short- and 
long-wave radiation processes, accounting for aerosols, 
clouds, ozone, water vapor, carbon dioxide and trace 
gases. Enhanced coefficients for water vapour absorption 
and updated solar constants improve radiative forcing and 
feedback accuracy. Briegleb (1992)

1.25◦ × 0.94◦

3 CIESM (Huang 2019; Lin et al. 2020) A four-stream spherical harmonic expansion Zhang and Li 
(2013) approximation that reduces the error of radiative 
fluxes relative to the two-stream scheme in areas of large 
solar zenith angles during times when there is a thin opti-
cal depth of aerosol or clouds

2.5◦ × 1.89◦

4 EC-Earth3 (Döscher et al. 2021; EC-Earth 2019) In EC-Earth, the IFS radiation scheme (specifically, the 
ecRad radiation scheme in cycle 43r3; (Hogan et al. 
2017)) is utilized to calculate the optical properties for 
the 14 wavelength bands of the shortwave (SW) radiation. 
Specifically, the optical properties are computed at the 
band mean wavelengths and are weighted by the incoming 
solar radiation

0.7◦ × 0.7◦

5 EC-Earth3-CC (Döscher et al. 2021; EC-Earth 2021) The same as EC-Earth3 0.7◦ × 0.7◦

6 EC-Earth3-Veg (Döscher et al. 2021; EC-Earth 2019) The same as EC-Earth3 0.7◦ × 0.7◦

7 FGOALS-f3-L (He et al. 2019; Yu 2019) The model adopted The Rapid Radiative Transfer Model for 
GCMs (RRTMG, (Clough et al. 2005)), which makes use 
of the correlated k-distribution approach as the primary 
radiation transfer employed in the model. This method 
accurately calculates the irradiance and heating rate over 
16 longwave and 14 shortwave spectral intervals

1.25◦ × 1◦

8 BCC-CSM2-MR (Xin et al. 2018) The model incorporates the radiative transfer scheme 
employed in CAM3 (Collins et al. 2004), while also 
considering the aerosol indirect effects

1.12◦ × 1.12◦

9 INM-CM5-0 (Volodin et al. 2017, 2019) The model incorporates the parameterization of atmos-
pheric radiation based on the work of (Galin 1998). It 
utilizes spectral transmission functions and employs the 
delta-Eddington approximation to accurately consider the 
absorption and scattering of radiation in the atmosphere 
caused by atmospheric gases, aerosols, and clouds

2.0◦ × 1.5◦

10 AWI-CM-1-1-MR (Song et al. 2019) It uses the radiative scheme in the Max Planck Institution 
atmospheric model ECHAM 6.3 to calculate the short-
wave and long-wave radiative fluxes at the top of the 
atmosphere, the surface, and each atmospheric level. The 
radiation scheme uses a two-stream approximation and 
a correlated-k method to compute the radiative transfer 
(Iacono et al. 2008)

0.93◦ × 0.93◦
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models in CORDEX RCMs, CMIP5 and CMIP6 GCMs 
relative to the present-day climate for RCP4.5 and SSP545 
climate scenarios. The area averages along the differ-
ent climatic zones of Nigeria were also considered and 
analyzed. The zones are as follows: Rainforest or Forest 
( 6.80◦N–9.08◦N  and 2.79◦E–12.08oE;), Guinea Savanna 
( 9.29◦N–11.22◦N  and 3.71◦E–12.77◦E ), Coastal ( 4.33◦N

–6.45◦N and 4.41◦E–8.86◦E ) and Sahel ( 11.62◦N–13.15◦N 
and 4.17◦E–13.21◦E ) as depicted in Fig. 1.

Table 1  (continued)

S/N Model name Description Horizontal 
resolution (lon 
× lat)

11 FIO-ESM-2-0 (Bao et al. 2020; Song et al. 2019) The model incorporates the radiative fluxes implemented 
in the Community Atmosphere Model version 5 (CAM5; 
(Neale et al. 2010)) for accurate calculations. Radiative 
fluxes and heating rates are computed using the RRTMG 
(Rapid Radiative Transfer Model for General Circula-
tion Models) approach developed by (Iacono et al. 2008). 
RRTMG divides the solar spectrum into 14 shortwave 
bands and the infrared spectrum into 16 longwave 
bands. The model utilizes a two-stream delta-Eddington 
approximation, assuming homogeneously mixed layers, to 
account for both absorption and scattering in the determi-
nation of reflectance and transmittance. Furthermore, the 
shortwave radiation is calculated by RRTMG only when 
the cosine of the zenith angle is greater than zero, indicat-
ing that the sun is above the horizon

1.25◦ × 0.94◦

12 MPI-ESM1-2-HR (von Storch et al. 2017) The model employs the radiative scheme ((Iacono et al. 
2008)) from the Max Planck Institute atmospheric model 
ECHAM 6.3 to compute the shortwave and longwave 
radiative fluxes at various levels, including the top of the 
atmosphere, the surface, and each atmospheric level

0.94◦ × 0.94◦

13 CMCC-CM2-SR5 (Lovato and Peano 2020; Cherchi et al. 
2019)

The model incorporates the radiative fluxes implemented 
in Community Atmosphere Model version 5 (CAM5; 
(Neale et al. 2010)) in which radiative fluxes and heating 
rates are computed using the RRTMG (Rapid Radiative 
Transfer Model for General Circulation Models) approach 
developed by (Iacono et al. 2008)

1◦ × 1◦

14 CMCC-ESM2 (Lovato et al. 2021, 2022; Cherchi et al. 
2019)

The same as CMCC-CM2-SR5 0.9◦ × 1.25◦

15 TaiESM1 (Lee and Liang 2020; Lee et al. 2020) The radiative fluxes and heating rates within the atmos-
phere model CAM5 employs the Rapid Radiative Transfer 
Model for GCMs (RRTMG) introduced described in 
(Iacono et al. 2008) which incorporates a two-stream 
approximation, correlated k-distribution technique, and 
the Monte Carlo Independence Column Approximation 
method ((Pincus et al. 2003)). These techniques collec-
tively contribute to accurately calculating the atmos-
phere’s radiative properties and heating rates

0.9◦ × 1.25◦

16 MRI-ESM2-0 (Yukimoto et al. 2019a, b) The radiative transfer process is based on MRI−CGCM3 
(Yukimoto et al. 2012), which treats longwave (LW) 
and shortwave (SW) radiation separately. It calculates 
radiative flux in 9 LW bands and 22 SW bands, consider-
ing major absorptions by water vapour, carbon dioxide, 
and ozone in the 9.6 mm, visible, and ultraviolet bands. 
The SW scheme accounts for absorption by oxygen and 
Rayleigh scattering, while the LW scheme also includes 
additional gases (e.g. methane, dinitrogen monoxide, and 
chlorofluorocarbons) due to their greenhouse gas effects

1.13◦ × 1.12◦
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Relative performance of CORDEX, CMIP5 and CMIP6 
GCMs

Multi-model ensembles (MMEs) of CORDEX RCMs, 
CMIP5 and CMIP6 GCMs were obtained by a simple 

averaging method. The performance of the MMEs for COR-
DEX, CMIP5 and CMIP6 were compared to show their rela-
tive performance against the reference observation dataset 
across the different vegetation zones. The evaluation focused 
on assessing their ability to accurately replicate the monthly 

Table 2  Lists of CMIP5 models considered in this study with their respective institutions, resolutions

S/N Model (References) Institution Horizontal 
resolution (lon 
× lat)

1 GISS-E2-H-CC (Schmidt et al. 2014) National aeronautics and space administration, Goddard Institute for Space 
Studies

2◦ × 2.5◦

2 GISS-E2-R-CC (Schmidt et al. 2014) National aeronautics and space administration, Goddard Institute for Space 
Studies

2◦ × 2.5◦

3 IPSL-CM5B-LR (Dufresne et al. 2013) Institut Pierre-Simon laplace. 1.9◦ × 3.75◦

4 IPSL-CM5A-MR (Dufresne et al. 2013) Institut Pierre-Simon laplace. 1.25◦ × 2.5◦

5 IPSL-CM5A-LR (Dufresne et al. 2013) Institut Pierre-Simon laplace 1.9◦ × 3.75◦

6 FIO-ESM (Qiao et al. 2013) First Institute of Oceanography (FIO) and Qingdao National Laboratory for 
Marine Science and Technology (QNLM), Qingdao, China

2.5◦ × 2.0◦

7 GFDL-ESM2MG (Donner et al. 2011) NOAA Geophysical Fluid Dynamics Laboratory, USA 2.0◦ × 2.0◦

8 GFDL-ESM2M (Donner et al. 2011) NOAA Geophysical fluid dynamics laboratory, USA 2.0◦ × 2.0◦

9 CNRM-CM5 (Voldoire et al. 2013) Centre Européen et de Formation avancée en calcul Scientifique, National 
Center for Meteorological Research (CNRM-CERFACS), France

1.4◦ × 1.4◦

10 INMCM4 (Volodin et al. 2010) Institute for Numerical Mathematics, Russia 2.0◦ × 1.5◦

11 MPI-ESM-MR (Zanchettin et al. 2013) Max Planck Institute for Meteorology (MPI-M) 1.875◦ × 1.85◦

12 BNU-ESM (Ji et al. 2014) College of Global Change and Earth System Science, Beijing Normal Univer-
sity China

2.81◦ × 2.81◦

13 ACCESS1-3 (Dix et al. 2013) Commonwealth Scientific and Industrial Research Organization (CSIRO), 
Australia and Bureau of Meteorology (BOM), Australia

1.875◦ × 1.25◦

14 ACCESS1-0 (Bi et al. 2013) Commonwealth Scientific and Industrial Research Organization (CSIRO), 
Australia and Bureau of Meteorology (BOM), Australia

1.875◦ × 1.25◦

15 CESM1-BGC (Long et al. 2013) National Science Foundation, Department of Energy, National Center for 
Atmospheric Research USA

1.25◦ × 0.94◦

Table 3  Lists of CORDEX Models at 0.44◦ resolution used in this study

S/N RCM References Institution Driving GCM(s) Abbreviation

1 CLMcom-CCLM4-8-17 (Panitz et al. 2015) Climate Limited-area Mod-
elling Community

CNRM-CM5; MOHC-
HadGEM2-ES; MPI-M-
MPI-ESM-LR

CCLM-CNRM; CCLM-
HAD; CCLM-MPI

2 SMHI-RCA4 (Meteorological 2017) Swedish Meteorological 
and Hydrological Insti-
tute, Rossby Centre

CSIRO-Mk3-6-0; CER-
FACS-CNRM; IPSL-
CM5A-MR; MIROC-
MIROC5; HadGEM2-ES; 
M-MPI-ESM-LR; 
CCCma-CanESM2; 
NCC-NorESM1-M; 
NOAA-GFDL-ESM2M

RCA4-CSIRO; RCA4-
CNRM; RCA4-CM5A; 
RCA4-MIROC5; 
RCA4-HAD; RCA4-MPI; 
RCA4-CanESM2; RCA4-
NorESM; RCA4-GFDL

3 KNMI-RACMO22T (KNMI 2017) Royal Netherlands Mete-
orological Institute, De 
Bilt, The Netherlands

ICHEC-EC-EARTH; 
MOHC-HadGEM2-ES

RACMO-ICHEC; RACMO-
HAD

4 MPI-CSC-REMO2009 (GERICS 2017) Helmholtz-Zentrum 
Geesthacht, Climate Ser-
vice Center, Max Planck 
Institute for Meteorology

MPI-M-MPI-ESM-LR REMO-MPI
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variations and inter-annual variability in solar radiation cli-
matology within Nigeria during the time span from 1990 
to 2020. Hence, the monthly variation of solar radiation 
from the MMEs for the different zones is investigated. We 
proceeded by considering the error measure for the MMEs 
relative to ERA5 by analyzing the mean bias and root mean 
square deviation across the different zones according to 
equations 1 and 2

This gives the direction of error as either positive or nega-
tive. Positive values of MBE show an overestimation of the 
model, while negative values indicate an underestimation.

Another error measure considered in this study is the root 
mean square deviation (RMSD). This measures the differ-
ences between the model’s values and that observed from the 
reference observation data. A lower RMSD indicates good 
performance of the model with respect to the reference data.

Taylor diagram (Taylor 2001) was also used to depict the 
relative performance of the individual models in CORDEX, 
CMIP5 and CMIP6. The Taylor diagram gives the statis-
tical summary of the degree of correlation (SCC: spatial 
correlation coefficient (SCC)) between each of the models 
and ERA5, the root-mean-square deviation (RMSD), and the 
spatial standard deviation (SD). Hence, a concise compari-
son of the model’s performance is also presented.

The numerical models’ performance and evaluation were 
assessed with ERA5 reanalysis as reference data using time 

(1)MBE =
1

N

N
∑

i=1

MMEs
i − ERA5

i

(2)RMSD =

√

√

√

√
1

N

N
∑

i=1

(MMEs
i − ERA5

i)2

series and statistical analysis. The statistical analysis gives 
the performance of each model relative to ERA5 for the 
biases, correlation coefficient, standard deviation, and root 
mean square errors. On the other hand, the time series analy-
sis is based on a comparison of ERA5 with the ensemble 
mean of model simulations from CORDEX, CMIP5, and 
CMIP6 experiments.

Results and discussion

Validation of models

Figure 2 shows the statistics of the monthly variation of solar 
radiation (SSRD) from ERA5 and the multi-model ensemble 
mean (MMEs) of SSRD from CMIP5, CMIP6, and COR-
DEX models across the four climatic zones of Nigeria from 
1990 − 2020. The box-and-whisker plots demonstrate the 
dispersion of the SSRD from the MMEs and ERA5, offer-
ing valuable insights into the level of agreement among the 
data. In the box-and-whisker plots, the lower quartile (25th 
percentile) is represented by the lower part of the box and 
whisker, while the median (50th percentile) is denoted by the 
line dividing the box. The upper quartile (75th percentile) 
is depicted by the upper part of the box. The interquartile 
range, which indicates the data variability within the mid-
dle 50% of the observations, is calculated as the difference 
between the upper and lower quartiles. The data points that 
lie outside the whiskers of the box plot, identified by dark-
filled triangles, are referred to as outliers. These outliers rep-
resent data values that are significantly distant from the rest 
of the data in numerical terms. It has been established that 
the degree of variability and heterogeneity among the data 
sources increases with the size of the box and the distance 
between the whiskers (Zhou et al. 2021). Therefore, the data 
distribution is positively skewed if the whisker length at the 
higher quartile is longer than that at the lower quartile and 
vice versa (Wang et al. 2018).

In contrast to CMIP5 and CORDEX SSRD, greater simi-
larities exist between ERA5 and CMIP6 in the Coastal and 
Forest zones. Also, considering the characteristics of the 
boxplots, similarities between ERA5 and CMIP6 are more 
pronounced during the dry season (December, January and 
February). Specifically, for the CMIP5 and CORDEX, mod-
elled solar radiation distributions across the entire zones are 
relatively the same for all the months. This can be associ-
ated with the CORDEX RCMS downscaling some CMIP5 
GCMs. It is also apparent that during the dry season, the 
lower quartile whisker lengths from CMIP5 were longer than 
those from CORDEX but vice-versa during the rainy season 
(March to October). This suggests that generally higher solar 
radiation variability is modelled by CMIP5 during the dry 
season, while CORDEX data shows the highest variability 

Fig. 1  Map of the study area showing the different climatic zones 
analyzed
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during the rainy season. It can also be observed that CMIP5 
and CORDEX models have the most pronounced negative 
skewness in their distributions, unlike ERA5 and CMIP6, 
which show nearly symmetry distributions. However, it 
was found that in the Guinea and Sahelian zones, the dif-
ferences between the ERA5 SSRD and simulated SSRDs 
from CMIP5, CMIP6, and CORDEX multi-models ensem-
ble means were quite large, resulting in lesser values for the 
ERA5 SSRD than for the simulated models. The increased 
attenuating effects of aerosols, cloudiness, and humidity 
which are of paramount significance in these zones on solar 
radiation make it difficult for regional climate models to 
replicate across these zones. This may account for the dis-
parities between ERA5 SSRD and simulated SSRDs from 
CMIP5, CMIP6, and CORDEX models (Tang et al. 2021; 
Ojo et al. 2021). For instance in the Sahel, dust aerosols from 
the Sahara desert are common, and they can lead to sub-
stantial reductions in solar radiation during certain periods. 

Hence, accurate representation of aerosols in climate models 
is essential for realistic solar radiation simulations. Gener-
ally, solar radiation values during the dry season are higher 
than in the wet season. The ability of the different models to 
capture this trend is important for agricultural, health, and 
energy considerations. From our results, the models captured 
the seasonal pattern of solar radiation in both Coastal and 
Forest zones but performed poorly by grossly overestimat-
ing for the Guinea and Sahel. A similar country-scale study 
((Patchali et al. 2020) also reported similar model overesti-
mations relative to the reference observation data. The dif-
ferences between the performances can be attributed to the 
parameterization of cloud cover between coastal and inland 
regions Chakraborty and Lee (2021). This suggests the need 
to bias-correct the solar radiation data for the Guinea and 
Sahel zone to provide reliable estimates.

Figure 3 shows the biases between solar radiation from 
ERA5 and the 16 CIMP5, CIMP6, and 15 CORDEX models 

Fig. 2  Monthly variation of solar radiation across different climatic/vegetation zones of Nigeria from ERA5 and ensembles of CMIP5, CMIP6 
and CORDEX averaged over 1990−2020
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across the four climatic zones in Nigeria. The essence is to 
see the models’ performances across Nigeria’s four climatic 
zones. A general outlook of Fig. 3 shows that all CMIP6 
models consistently exhibit the lowest bias across the 
Coastal and Forest zones for all months compared to CMIP5 
and CORDEX. The increased resolution and physics con-
figuration of CORDEX models does not necessarily trans-
lates to improve performance of solar radiation simulation 
across the different vegetation zones of Nigeria compared 
to the CMIP5 models. Generally, most of the CMIP5 and 

CORDEX models overestimated solar radiation across each 
of the zones by up to 100 W m

−2 . By standard, the model 
with the lowest mean bias is considered to have performed 
accurately above others, although the ideal desirable value 
for the bias is zero.

Considering the mean bias values indicated by the mid-
lines of boxplots in the figure, the best-performed model 
can be proposed for each zone by category. In the CIMP5 
category, the Coastal zone exhibited the lowest mean bias 
with the CESM1-BGC GCM, while the Forest zone showed 

Fig. 3  CORDEX, CMIP5, CMIP6 models mean biases relative to ERA5 for solar radiation in different climatic zones of Nigeria averaged for 
1990−2020
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the lowest mean bias with the inmCM4 GCM. In the Guinea 
zone, the GFDL-ESM2M model had the lowest mean bias, 
and in the Sahelian zone, the GISS-E2-H-CC model showed 
the lowest mean bias. Moving to the CIMP6 GCMs, the 
Coastal zone showed the lowest mean bias with the FIO-
ESM-2-0 and INM-CM5-0 models, while the Forest zone 
had the lowest mean bias with the MRI-ESM2-0 GCM. 
The Guinea Savannah zone exhibited the lowest mean bias 
with the MPI-ESM1-2-HR model, while the Sahelian zone 
showed the lowest mean bias with the TAiESM1 model. 
With the CORDEX RCMs, the Coastal zone indicated the 
lowest mean bias with the CCLM-CNRM model, while the 
Forest zone displayed the lowest mean bias with the RCA4-
MPI model. The Guinea Savannah zone showed the lowest 
mean bias with the RCA4-NorESM model, and the Sahe-
lian zone had the lowest mean bias with RACMO-HAD and 
CCLM-CNRM models.

Previous studies which showed similar biases attributed 
it to the underestimation of anthropogenic aerosols Wang 
et al. (2022), increasing atmospheric absorption in line with 
the increase of water vapor content Bartók et al. (2017), or 
cloud phase and vertical structure representations Cesana 
et al. (2022). Within the Sahel and Guinea region, the pre-
dominant aerosol source is the natural dust from the Bodele 

region. However, anthropogenic sources are also predomi-
nant but not usually accounted for. Hence, the underestima-
tion of the anthropogenic sources could be responsible for 
the poor performance of the models in the regions.

Figure 4 shows the inter-annual monthly solar radiation 
variability in Nigeria’s four climatic zones, as observed by 
ERA5 and simulated by MMEs of CIMP5, CIMP6, and 
CORDEX models from 1990 to 2020. The figure reveals 
consistent seasonal and non-stationary patterns across the 
MMes of the models, recurring every 12 months along 
the Coastal and Forest zones. Across these two zones, the 
MMEs of the model exhibit similar pattern for the inter-
annual monthly variability during 1990 − 2020. Although 
the MMEs of the model grossly overestimate the magnitude 
of the solar radiation by about 50 W m

−2 in the Sahel and 
Guinea zones, the pattern are reasonably well reproduced by 
the model’s MMEs. However, CIMP5 exhibited the largest 
magnitude of differences from the reference ERA5 data in 
all the climatic zones. This large disparity has obviously 
been corrected in CIMP6, thus making CMIP6 better align 
solar radiation from ERA5 in these zones.

These results demonstrated relatively great performance 
of the models in the representation of the inter-annual vari-
ations along the coastal and forest zones, that closely align 

Fig. 4  Inter-annual monthly variability of solar radiation based on ERA5, and ensemble mean of CMIP5, CMIP6, and CORDEX from 
1990−2020
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with ERA5. However, in the Guinea and Sahel regions, 
there were consistent instances of overestimation of the 
inter-annual variations, potentially resulting from various 
contributing factors that warrant further investigation. To 
ensure data accuracy for local research, bias correction of 
model simulation of solar radiation should be adopted for 
Guinea and Sahel zones. Inter-annual solar radiation varia-
tions promise insights into long-term influences and drivers 
affecting the climate.

Figure 5, 6, 7 depicts Taylor’s Diagrams for the CIMP5, 
CIMP6, and CORDEX models simulation of SSRD with ref-
erence to ERA5. Taylor diagrams are capable of giving the 
preciseness of different models in comparison with observa-
tions using the three combined statistical parameters, includ-
ing correlation coefficient (CC), standard deviation (SD), 
and root mean square errors (RMSD) with a series of points 
on a polar plot (Solomon 2007; Taylor 2001). The best model 
is selected based on the closer distance from the reference 
data point on the diagram’s horizontal axis in addition to 
the highest value of CC and lowest values of SD and RMSD 
(Heo et al. 2014). Therefore, from Fig. 5, the best-performed 
models for CIMP5 were ACCESS-0 and IPSL-CM5B-LR 
(0.86) in the Coastal zone; IPSL-CM5B-LR (0.89) in the 

Forest zone; GISS-E2-R-CC, BNU-ESM, and CESM1-
BGC (0.87) in the Guinea zone; and BNU-ESM (0.77) in 
the Sahel zone. Also, from Fig. 6, the best-performed mod-
els for CIMP6 were MPI-ESM1-2-HR and BCC-CSM2-MR 
(0.84) in the Coastal zone; EC-Earth3-CC (0.89) in the For-
est zone; FGOALS-f3-L and CMCC-CM2-SR5 (0.88) in 
the Guinea zone; and INM-CM5-0 (0.82) in the Sahelian 
zone. Meanwhile, from Fig. 7, the best-performed models 
for CORDEX wereRCA4-CM5A (0.87) in the Coastal zone; 
CCLM-HAD (0.91) in the Forest zone, CCLM-HAD (0.91) 
in the Guinea zone and also CCLM-HAD (0.76) in the Sahel 
zone. It is worthy of note that 64.06% of the CIMP5 models, 
95.3% of the CIMP6 models, and 98.4% of the CORDEX 
model had correlation coefficients > 0.5 across the four cli-
matic regions in Nigeria.

Projection of solar radiation under different 
scenarios

Figures 8 to 9 provide valuable insights into the future 
projections of solar radiation across Nigeria’s four cli-
matic zones, based on simulations from CIMP5, CIMP6, 
and CORDEX models under different emissions scenarios 

Fig. 5  Taylor diagram of CIMP5 models along the a Coastal, b Forest, c Guinea, and d Sahel for the period 1990−2020
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(RCP4.5/SSP5−4.5 and RCP8.5/SSP5−8.5) for the mid-
future (2020−2050) and far-future (2070−2100).

Coastal zone

In the Coastal zone (Fig. 8), the majority of CMIP5, CMIP6, 
and CORDEX models projected solar dimming (negative 
projection changes) of more than 80%, 92%, and 60%, 
respectively, under RCP4.5/SSP−4.5 scenarios. This remark-
able agreement among the models suggests a robust pro-
jection of solar dimming in this region. The magnitude of 
projected solar radiation changes varies, with CMIP6 mod-
els showing the highest dimming at −6W∕m2 , and CMIP5 
models indicating the lowest dimming at −0.5W∕m2 . In the 
far-future, there is still considerable agreement among more 
than 50dimming in the Coastal zone under RCP4.5/SSP−
4.5 scenarios, whereas CMIP6 models show agreement with 
only 50% of the models. The magnitude of solar brightening 
varies, with CMIP6 models projecting the highest brighten-
ing at +11W∕m2 , and the lowest at +5W∕m2 . Under RCP8.5/
SSP5−8.5 scenarios (Fig. 9) for the mid-future, the models 
consistently project solar dimming in the Coastal zone, with 
81% of CMIP5, 93% of CMIP6, and 60% of CORDEX mod-
els indicating dimming. The magnitude of dimming ranges 

from −12W∕m2 (highest) in CMIP5 models to −1W∕m2 
(lowest) in CORDEX models. Also, in the far-future under 
RCP8.5/SSP5−8.5 scenarios, there is strong agreement 
among 87CMIP6, and 73% of CORDEX models regarding 
solar dimming in the Coastal zone, with the highest mag-
nitude of dimming projected at −35W∕m2 from CMIP6 
models. Overall, the results indicate a consistent projection 
of solar dimming in the Coastal zone across different emis-
sions scenarios and time periods, with some variations in 
magnitude among the models. These findings highlight the 
importance of considering different climate models in under-
standing future solar radiation changes and their potential 
impacts on the region’s climate and environment.

Forest zone

In the Forest zone, for the mid-future under the RCP4.5/
SSP5−4.5 scenario (Fig. 8), a considerable proportion of 
CMIP5 (75%), CMIP6 (87%), and CORDEX (60%) models 
project solar dimming. The highest magnitude of projected 
solar dimming is −8W∕m2 from CMIP6 models, while the 
lowest dimming values are −1W∕m2 from both CMIP5 
and CORDEX models. Looking further into the far-future, 
approximately 50% of the models from CMIP5, CMIP6, and 

Fig. 6  Taylor diagram of CIMP6 models along the a Coastal, b Forest, c Guinea, and d Sahel 1990−2020
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CORDEX project both solar dimming and solar brighten-
ing. The highest magnitude of solar dimming is projected 
at −8W∕m2 , while the highest magnitude of solar brighten-
ing is projected at 10W∕m2 . On the other hand, the lowest 
magnitude of solar dimming is −1W∕m2 , while the lowest 
magnitude of solar brightening is 0.6W∕m2 . Under RCP8.5/
SSP5−8.5 scenario (Fig. 9), 87CMIP5, 75% of CMIP6 and 
more than 60 % of CORDEX strongly agrees on the pro-
jected solar dimming in the mid-future and far-future for the 
forest zone. However, the magnitude of the projected dim-
ming is largest with the CMIP6 models with magnitude that 
is up to −35W∕m2 . The lowest projected dimming is within 
the range of −1W∕m2 and −5W∕m2 in both CORDEX and 
CMIP5 models. These results also suggest significant vari-
ations in solar radiation projected changes among the dif-
ferent models and scenarios, emphasizing the complexity of 
projecting future solar radiation patterns in the Forest zone. 
The importance of further research to understand the under-
lying drivers and mechanisms responsible for these projected 

changes is crucial. This will also improve the accuracy of 
climate models in simulating solar radiation dynamics.

Guinea zone

In the Guinea zone, all the models consistently project solar 
dimming during the mid-future under the RCP4.5/SSP5−4.5 
scenario (Fig. 8), with CMIP6 models exhibiting the highest 
magnitude of −12W∕m2 . This unanimity in dimming sig-
nals suggests a robust projection among the models for this 
period. However, in the far-future, there is notable variation 
among the models regarding the projected change signal. 
Approximately 50 % of the models in CMIP5 and COR-
DEX show agreement on the direction of change, while only 
40 % of CMIP6 models indicate a solar brightening in the 
far-future along the Guinea zone. The agreement observed 
between CORDEX and CMIP5 models can be attributed 
to the utilization of similar climate forcings, which might 
contribute to their aligned projections. Under the RCP8.5/

Fig. 7  Taylor diagram of CORDEX models along the a Coastal, b Forest, c Guinea, and d Sahel 1990–2020
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Fig. 8  Projected changes in solar radiation under RCP4.5/SSP5−4.5 for the different climatic zones across Nigeria in the mid-future (2020-2050) 
and far-future (2070-2100)

Fig. 9  Projected changes under RCP8.5/SSP5−8.5 for the different climatic zones across Nigeria in the mid-future (2020-2050) and far-future 
(2070-2100)
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SSP5−8.5 scenario (Fig. 9), more than 90% of CMIP5, 87 
% of CMIP6, and 60% of CORDEX models project solar 
dimming for both the mid-future and far-future periods. 
The highest and lowest magnitudes of solar dimming in the 
mid-future and far-future are observed at −12W∕m2 and 
−35W∕m2 , respectively. These results emphasize the con-
sensus among the models in projecting solar dimming in 
the mid-future, providing confidence in the reliability of the 
projections. However, the varying signals in the far-future 
highlight the complexity and uncertainty involved in project-
ing future solar radiation changes in the Guinea zone.

Sahel

Along the Sahel zone, a larger percentage (60−80%) of 
the models projected solar dimming under RCP4.5/SSP5−
4.5 and RCP8.5/SSP5−8.5 scenarios. The largest projected 
change occur in the far-future of RCP8.5/SSP5−8.5 sce-
narios with a magnitude of −35W∕m2 compared to the 
−12W∕m2 from RCP4.5/SSP5−4.5 scenario.

Generally, the inferences from Figs. 8–9 showed that most 
of the models predicted solar dimming, that is, negative 
values of projected changes in solar radiation for both sce-
narios for the mid-and far-futures. The solar dimming in the 
mid-future is less than that of the far-future across the four 
climatic zones in agreement with (Wu et al. 2022). Solar 
radiation is critical to the ecosystem and economy of tropical 
countries. Globally, there is an increasing demand and move 
towards renewable energy with solar energy being the most 
accessible. The future of solar radiation within the country 
has a direct effect on available renewable energy in Nigeria. 
Most models projected a solar radiation dimming over dif-
ferent regions of the country. This projected dimming will 
reduce available solar radiation for power generation Jiang 
et al. (2023). There is the need for the country to consider 
mitigation and adaptation strategies such as co-locating solar 
power stations with wind and nuclear power stations to sup-
port the projected dimming, reduction of air pollution, and 
adoption of innovative energy storage systems. The dimming 
of solar radiation can also have impact on crop production. It 
has been reported that solar dimming affects maize produc-
tion Meng et al. (2020). The impact of solar dimming can be 
reduced by cultivar improvement Liu et al. (2021).

Conclusion

This study has shown the distribution of solar radiation 
across four climatic zones in Nigeria. These are the For-
est, Guinea, Coastal, and Sahel zones. As expected, tropical 
regions generally have higher solar radiation than locations 
in higher-latitude. In contrast, renewable energy from solar 
radiation has been better maximized in higher latitudes than 

equatorial areas. However, as evidenced in this study, the 
higher solar radiation in tropical areas makes it suitable for 
solar energy potentials. For most emerging economies in 
West Africa, like Nigeria, there is so much hope in eradicat-
ing energy poverty if future solar radiation can be projected 
using available computing techniques and Earth Observation 
products. Solar radiation, in conjunction with temperature, 
drives the evaporation of water from the surface. This makes 
it an essential factor in the water cycle, indicating drought 
and agricultural productivity.

Solar radiation data challenges have been in the African 
tropics due to the high cost of equipment and maintenance. 
Alternative sources of data used in this region are satellite 
and numerical models. Understanding the efficiency of these 
models will help in making decisions. Hence, there is the 
need to first and foremost investigate the performance of 
reanalysis datasets compared with the numerical climate 
models for future climate projections of solar radiation in 
Africa. Beyond historical data, it is imperative to investigate 
future scenarios of solar radiation in the tropical region due 
to its socio-economic and environmental importance and 
relevance. This study’s ERA5 reanalysis agrees with the 
CMIP6 simulated SSRD during the dry months (Novem-
ber to February) along the Coastal and Forest zones. Still, 
significant differences are found along the Guinea Savan-
nah and Sahelian. This suggests that the effects of aerosols, 
cloudiness, and humidity on solar radiation must be well 
represented as this could cause the observed differences.

In the mid and far future, the models from the COR-
DEX, CMIP5, CMIP6 suggested solar dimming in all cli-
matic zones under the SSP5−8.5 scenario. This is inferred 
as negative values of projected changes in solar radiation. 
Specifically, solar dimming in the mid-future is less than that 
of the far future across the four regions. In light of the chang-
ing climate, solar dimming has been attributed to increased 
aerosol particles due to pollution, dust, and other factors. 
These pollutants absorb solar energy and reflect the sunlight 
into space. Across most urban centres, these pollutants have 
also been responsible for cloud droplets. Hence, further stud-
ies still need to fully understand the role and dynamics of 
atmospheric pollutants and how they influence solar radia-
tion intensity and dimming. The projected decrease in solar 
radiation across most models under the SSP5−8.5 scenario 
suggests the region needs to begin adaptation planning.
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