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Abstract

Solar irradiance forecasting is essential in maximizing solar energy utilization and facilitating the shift towards an eco-
friendly and sustainable energy future. However, accurate solar irradiance from numerical weather prediction remains
challenging. This research evaluates the performance of state-of-the-art Weather Research and Forecasting tailored to the
solar energy applications (WRF-Solar) at two operational solar plants in Senegal: Diass and Ten Merina. The experiments
include different shortwave radiation schemes (Dudhia and RRTMG) with RRTMG coupled with dynamic aerosols. In
addition, the impact of shallow convection on the different experiments is investigated. A total of six simulations is
performed and assessed under various sky conditions using hourly GHI measurements for 2020. Results indicate that the
RRTMG scheme coupled with aerosols outperforms other simulations, exhibiting a maximum correlation (R) of 0.85,
skill score (SS) of 0.17, and the lowest RMSE value (160 W/m?) and MAE (110 W/m?). However, WRF-Solar exhibits
poor performance across all experiments (RMSE=386 W/m?, R=0.55, SS = -1.48) under cloudy skies. The influence
of the shallow convection scheme in the WRF-Solar model on GHI estimation was found to be limited under different
atmospheric conditions at both sites. These findings offer valuable insights that can enhance solar energy forecasting
accuracy and support reliable solar power generation and renewable energy optimization, benefiting energy providers,
policymakers, and communities in Senegal.

1 Introduction

With respect to the Paris Agreement and the cost reduction of
renewable technologies, many countries are increasing their
renewable energy capacity as part of climate change miti-
gation efforts. 183 Parties incorporated renewable energy
components in their Nationally Determined Contributions
(NDCs) in 2022, with 108 of them having set targets for
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renewable energy in the power sector (IRENA 2022). Sen-
egal’s strategic plan aims to inject an additional 699 MW of
renewable energy into the grid by 2030 (UNFCCC 2020).
The effectiveness of renewable energy supplies in reduc-
ing CO2 emissions is due to their minimal carbon footprint,
with carbon emissions per unit of generated energy typically
between 1 and 10% of those of fossil fuels (Moomaw et
al. 2011). Renewable energy deployments have grown in
recent years (2010-2020). The African continent is seeing
a 7% increase in renewale energy-based generation capac-
ity, of which solar energy had the largest additions (IRENA
and AfDB, 2022). About 10 solar PV plants have been
implemented in Senegal since 2016. However, like other
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renewable energy sources, solar energy is influenced by
weather and climate conditions. To estimate or forecast the
production of a solar PV plant, climate information, such as
solar irradiance, is necessary.

In Africa, meteorological data and analytical resources
have been constrained by a shortage of relevant expertise to
generate useful information or difficulties in obtaining exist-
ing data (Dinku 2019; Bliefernicht et al. 2018). Although
the National Meteorological and Hydrological Services
(NMHSs) are mandated to provide and share national data,
in Africa, data sharing with other institutions is quite lim-
ited and usually involves the cost of provision if available
(Dinku 2019; Overpeck et al. 2011). In Senegal, the renew-
able energy sector lacks access to climate information and
usually relies on online platforms for their data needs. This
climate information, however, is vital for effective manage-
ment and planning of renewable energy resources.

Solar energy forecasting is essential for utilities that rely
on solar power generation to provide customers with a reli-
able and cost-efficient electricity supply. Due to its intermit-
tent nature, integrating solar energy into the grid remains
challenging. Accurate solar PV forecasting supports grid
stability by enabling operators to accurately predict the
amount of energy that PV systems will generate over a
given period (Benitez et al. 2023). Numerical Weather Pre-
diction (NWP) could be an alternative. It is an essential tool
for forecasting solar irradiance beyond a few hours, aiding
in scheduling solar power plants for the day ahead (Larson
2013). NWP models use atmospheric reanalysis to establish
the initial and lateral boundary conditions and generate fore-
casts of meteorological variables, including temperature,
relative humidity, and wind speed. Incorporating weather
parameters has been shown to improve the accuracy of solar
irradiance estimation, and consequently solar PV output
forecasting (Gavina et al. 2024).

The Weather Research and Forecasting model for solar
energy applications (WRF-solar) is a NWP that has been
used in many studies for GHI forecasts (e.g., Lara-Fanego et
al. 2012; Lee et al. 2017; Verbois et al. 2018; Gueymard and
Jimenez 2019; Prasad and Kay 2020; Sawadogo et al. 2023;
Sawadogo et al. 2024). WRF-Solar is the first NWP model
specifically tailored for solar energy purposes (Jimenez et al.
2016). It is an improved version of the WRF model. It caters
to the growing need for tailored NWP products in the solar
energy sector (Jimenez et al. 2016). The WRF model has
been improved and adjusted to better model the interaction
of aerosols, clouds, and radiation, which helps decrease the
prediction uncertainty of GHI (Haupt et al.2016). Numer-
ous studies on the WRF-Solar model have been conducted
worldwide. Arbizu-Barrena et al. (2017) employed a new
technique called Cloud Index Advection and Diffusion in
Spain to forecast short-term solar radiation, integrating the
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precision of satellite-based cloud representation with the
WRF model’s ability to simulate atmospheric dynamics. In
Australia, Mukkavilli et al. (2018) compared various physi-
cal parameterization schemes to predict hourly direct nor-
mal irradiance under different aerosol conditions. Studies
for the USA, Gamarro et al. (2019) and Lee et al. (2017)
integrated the WRF-Solar modifications with a multilayer
energy model to develop a harmonized WRF forecasting
systems known as urban WRF-Solar and evaluated WREF-
solar alongside four different nowcasting models for GHI
forecast in California, respectively. Compared to WREF,
which has been frequently used by several authors (Abdal-
lah et al. 2015; Nooni et al. 2022; Diaz et al. 2015; Arnault
et al. 2016; Klein et al. 2015; D’Isidoro et al. 2020; Zhao
et al. 2011), the use of WRF Solar is very limited in Africa.
Some studies for Senegal using WRF looked at dust concen-
tration (PM, 5, PM,) to assess air quality and its impacts on
respiratory well-being (Toure et al. 2019; Diokhane et al.
2016; Jenkins et al. 2022). In another study, the MMS5 and
WRF mesoscale models were used to replicate intense pre-
cipitation and low-temperature events in Senegal, focusing
on intense off-season rains (Fall et al. 2007). Recently, one
of the first WRF-Solar applications was done by Sawadogo
et al. (2023), who evaluated various shortwave radiation
schemes within the WRF-Solar model for simulating GHI in
West Africa, specifically in Ghana and the southern region
of Burkina Faso.

Despite these advances, little is known about WRF-Solar
performance in Senegal’s Sahelian climate, which is char-
acterized by high aerosol from frequent dust events (Toure
et al. 2019). A detailed evaluation of different radiation
schemes and model configurations is needed to improve
solar irradiance forecasting in this unique environment. The
studies of Sawadogo et al. (2023) focused on different cli-
mate zones (Guinea and Savannah). Senegal is located in
the Sahel region; evaluating the model in this climate zone
will provide a more comprehensive understanding and offer
a clearer overview of the WRF-Solar model’s performance
in West Africa. This gap is particularly critical as reliable
solar forecasts are essential for integrating solar power into
electricity grids and reducing stability challenges. In Sen-
egal, improving the accuracy of solar irradiance forecasts
can support the expansion of renewable energy, making
the evaluation of WRF-Solar performance in this country
important.

This study advances solar irradiance forecasting for data
scarce regions of West Africa in several important ways.
First, it provides the first evaluation of WRF-Solar at opera-
tional solar power plants in Senegal, a country strongly
influenced by mineral dust and seasonal biomass burning
aerosols. Second, it presents the first assessment of the role
of shallow convection parameterizations on WRF-Solar
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performance in tropical West Africa. Third, the study dem-
onstrates that dynamically incorporating aerosol optical
depth substantially improves solar irradiance forecast accu-
racy under real world operational conditions, showing the
importance of aerosol-radiation interactions in regions with
high aerosols.

Therefore, this study aims to assess WRF-Solar perfor-
mance for solar irradiance estimation in Senegal. This is
done by performing multiple WRF-Solar simulations (six)
using different shortwave radiation schemes (Dudhia and
RRTMG) and aerosol information. For the RRTMG scheme,
two simulations are carried out: one without aerosol opti-
cal depth (AOD) and one with AOD (RRTMG_AERO).
Moreover, we examine the impacts of shallow convection
on the different simulations. In fact, Deng’s shallow scheme
can generate reasonable cloud fractions and decrease sur-
face temperature bias, which can have an impact on surface
radiation (Deng et al. 2014). Different experiments with or
without the activation of shallow convection are assessed
under two operational solar plants: Diass and Ten Merina.
To evaluate the performance of WRF-Solar, all the analyses
are assessed under different atmospheric conditions (clear-
sky, cloudy-sky, all-sky, and high aerosol concentration).
The results of the study contribute to the knowledge of the
performance of the WRF-Solar model in areas located in the
Sahel region that are prone to high aerosol episodes.

2 Materials and methods
2.1 Study area and observation data

The research focuses on two solar plants in Senegal. Sen-
egal is located between latitudes 12° —17° N and longitudes
11°—18° W (Fig. 1). The country spans an area of approxi-
mately 196,700 km? and has a coastline of about 700 km.
The climate is tropical, regulated by the Intertropical Con-
vergence Zone (ITCZ), with a long dry season from October
to May (Sarr et al. 2014). During the rainy season (June-
September), the ITCZ moves northwards, and the southern
region receives more rainfall than the northern region. The
country has high solar energy resources, receiving about
3000 h of sunshine yearly, with an average solar energy
estimate of approximately 2000 kWh/m?/year (Youm et al.
2000). Dust events in Senegal are common due to the coun-
try’s proximity to the Sahara Desert. These events typically
occur during the dry season, when strong Harmattan winds
carry dust across the region (Jenkins et al. 2022).
Ground-based GHI data were used to evaluate the model
(Table 1). The ground-based hourly GHI data were collected
from two solar plants (Diass and Ten Merina), all located in
the region of Thies. Thies is about 50 km from the capital
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Fig. 1 WRF domains showing the two domains: the domain (D1) with
15 km of resolution and the domain (D2) with 3 km of resolution

Table 1 is a summary of all the dataset used in this study

Reference Resolution Period
ERAS Hersbachet 31 Km/hourly 2020
al. 2020
CAMS Peuchetal. 40 Km/3hourly
2022
Observation Solar Plants ~ Point Coordinate/hourly

city of Dakar and is characterized by an annual rainfall
between 500 and 650 mm, a semi-arid climate, and a mean
annual temperature of 26.7° C (Senghor et al. 2011). The
solar plants are on-grid with an installed capacity of 23 MW
and 30 MW, respectively. They are equipped with meteoro-
logical stations, including pyranometers, which take mea-
surements of the GHI. Since access to data remains a major
challenge in Africa, the selection of these plants was primar-
ily driven by data availability. Additionally, Ten Merina is
located inland, whereas Diass is closer to the coast, a con-
trast that may also play an important role in the analysis.

2.2 Model data
2.2.1 Era5 data

ERAS reanalysis data were used to define the model’s
boundary conditions. It is a reanalysis dataset produced by

@ Springer



323 Page 4 of 20

A. Ndiaye et al.

the European Centre for Medium-Range Weather Forecasts
(ECMWEF) as part of the Copernicus Climate Change Ser-
vice (Hersbach et al. 2020). The ERAS dataset is the fifth
generation ECMWF reanalysis, offering horizontally and
vertically improved resolution. Estimates of atmospheric
variables are provided by the ERAS dataset with a global
resolution of about 31 km (corresponding to ~0.25° grid
spacing). The reanalysis datasets used in this study are
hourly surface and atmospheric pressure data from 01 st
December 2019 to 31 st December 2020.

2.2.2 Copernicus atmosphere monitoring service datasets
(CAMS)

The aerosol optical depth (AOD 550 nm) utilized in this
study was obtained from CAMS. CAMS utilizes ECMWF’s
computational systems and forecasting framework to gen-
erate global analyses and forecasts of atmospheric com-
position that are nearly real-time (Peuch et al. 2022). The
analyses of the global atmospheric composition of CAMS
are based on the ECMWEF integrated prediction system and
exploit more than 90 different satellite data streams (Peuch
et al. 2022). The CAMS system operates at ~40 km hori-
zontal resolution (spectral) and 137 vertical levels (0.01-
1013 hPa) (Garrigues et al. 2022). The Angstrom exponent
(a) used in this study is estimated from the linear regres-
sion of Eq. 1 (Reid et al. 1999; Knobelspiesse et al. 2004;
Schuster et al. 2006) at a different wavelength of 469 and
865 nm. As CAMS does not provide the Angstrém exponent
at 550 nm, we computed it using Eq. 1 to obtain AOD at this
wavelength, which is required for WRF-Solar. The AOD at
469, 550, and 865 nm data are 3-hourly data and cover the
period of 01 st December 2019 to 31 st December 2020.

TA
In—=2

X = — TAQ (1)

Ay
ln}\z

T x, and 7, are the total AOD with wavelengths of A ;
and A o, respectively.

2.3 WRF solar model
2.3.1 WREF solar configuration and setup

The WRF-Solar version 4.2.2 was used to assess the mod-
el’s performance in estimating solar irradiance in Senegal.
In this study, we employed a one-way, two-layer nested
domain setup: an outer domain (D1=15 km), which covers
the whole of West Africa, and an inner domain (D2=3 km)
set over Senegal (Fig. 1). The simulation was done for
2020 at 15 km spatial resolution (coarse resolution) and
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3 km (high-resolution), respectively, for D1 and D2. Simi-
lar domains have previously been used in West Africa
(Fall et al. 2007; Diokhane et al. 2016; Jenkins et al. 2022;
Sawadogo et al. 2023). The two domains have grid points of
200x220 and 401 %301, respectively. We incorporated the
land use fraction and land use index from MODIS and the
green vegetation index from the Fraction of Photosyntheti-
cally Active Radiation (FPAR) into the WRF Preprocessing
System (WPS). The model’s land use was also initialized
using GEODATA TOPO (10 M) data from the United States
Geological Survey topography database.

2.3.2 WRF experiment

Multiple numerical experiments were performed to evaluate
the performance of various parametrizations integrated into
WRF-Solar for forecasting solar irradiance. Because WRF-
Solar is a physically based NWP model, our analysis directly
reflects the atmospheric processes influencing solar irradi-
ance in Senegal. Many factors are considered for the model’s
physical parameters, including cloud cover, aerosol optical
depth, and solar radiation. For a given region, choosing the
most appropriate set of physical parameterization options
in the model is crucial for any simulation (Patil and Kumar
2016). The appropriate selection ensures a more physically
realistic representation in the simulation. The WRF Solar
model provides several options for the microphysics scheme.
This scheme is used to describe the processes of cloud for-
mation, precipitation, and other microphysical processes in
the atmosphere. In this study, we used the state-of-the-art
recommendation physics schemes in the WRF-Solar model
tailored for solar energy applications. The Thompson micro-
physics scheme was applied in this study, as it is a reasonable
choice for cloud properties simulations (Otkin and Green-
wald 2008; Jimenez et al. 2016; Yang et al. 2021). Cumulus
schemes account for convective rainfall, while microphysics
handles non-convective ones (Aryaputera, 2015). The Cumu-
lus scheme is used to represent the effects of deep convection
that occur on a scale too small to be resolved by the model.
However, the cumulus scheme has been found to mispresent
the sub-grid scale clouds. To improve cloud simulation accu-
racy, WRF-Solar incorporates a shallow convection scheme.
Deng’s shallow cumulus parametrization scheme was used
to account for the effect of unresolved clouds. Deng’s shal-
low convection scheme employs a mass-flux formulation
with explicit cloud entrainment/detrainment dynamics to
represent updraft processes. Scheme activation depends on
boundary layer depth and turbulent kinetic energy thresholds
(Jimenez et al. 2016).

Additional physics parameterizations selected for this
study include the Fast All-sky Radiation Model for Solar
applications (FARMS), the Mellor- Yamada-Nakanishi-Niino
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(MYNN) planetary boundary layer (PBL) scheme, and the
Noah Land Surface Model (Niu et al. 2011).

The integration of FARMS facilitates high-temporal-
resolution computation of surface solar radiation, signifi-
cantly improving the model’s ability to capture irradiance
variability at each time step (Gueymard and Jimenez 2019).
It is designed to be computationally efficient while still pro-
viding accurate results, making it suitable for weather and
climate simulations. The WRF model offers many options
for the PBL and Land Surface Model (LSM) schemes. The
MYNN scheme represents boundary layer clouds by param-
eterizing their properties, including the cloud mixing ratio
and fraction (Yang et al. 2021). The LSM simulates the
exchange of heat, moisture, and momentum across the land-
atmosphere interface (Chen and Dudhia 2001).

In this study, six experiments were run to investigate the
impacts of two different shortwave radiation schemes (Dud-
hia and RRTMG) in the model for two solar plants in Senegal
(Diass and Ten Merina). Senegal experiences dust episodes
originating from the Sahara Desert as well as other aerosol
types throughout the year, making it essential to incorporate
these factors into the WRF-Solar model. In fact, GHI reach-
ing photovoltaic systems can be significantly reduced by the
presence of aerosols (Jimenez et al. 2016). To achieve that,
we coupled the WRF-Solar model with time-varying aero-
sols through the RRTMG shortwave radiation scheme: one
without aerosol optical depth (AOD) and one with AOD
(RRTMG_AERO). For the RRTMG_AERO simulation, the
Thompson and Eidhammer (2014) scheme was applied to
enable direct cloud—aerosol feedback. Besides this, we also
investigated the impacts of shallow convection on GHI esti-
mation in Senegal. All the experiments were done under no
shallow and shallow schemes. Hourly values of GHI were
generated from the simulation timeframe spanning from 01 st
December 2019 to 31 st December 2020, with December 2019
dedicated to the spin-up process. To ensure reproducibility,
all WRF-Solar configurations and simulation parameters are
documented in Table 2, and the specific model version (4.2.2)
and its source code are provided here https://github.com/wrf
-model/WRF/archive/refs/tags/v4.2.2.zip.

Table 2 Parameterization schemes applied in the model configurations
Physics Dudhia RRTMG RRTMG AERO
Shortwave Dudhia RRTMG RRTMG +aerosols
Longwave RRTMG RRTMG RRTMG

Noah land surface model

Radiation

Land surface

Microphysics Thompson Thompson and
Eidhammer (2014)
PBL Mellor—Yamada—Nakanishi—Niino
(MYNN)
Shallow Deng cumulus
cumulus
FARMS Activated

2.4 Methods
2.4.1 Quality control of the observation data

The data quality control involves visualizing the hourly
GHI throughout the year and removing any missing data
and suspicious GHI values. Initially, the raw data con-
sisted of sub-hourly measurements, and the GHI val-
ues for each hour were extracted. If any missing values
occurred between 20:00 and 5:00 (nighttime) in the raw
data, a value of 0 was assigned to them. Nevertheless, if
there are any missing values outside this time window,
we considered the GHI values for the next three timesteps
(t+1tot+3).

Figure 2 illustrates the time series of instantaneous
hourly GHI for Diass and Ten Merina stations. These
two stations exhibit a similar hourly GHI pattern over the
year. The availability of solar resources is highest in the
dry period, while the GHI values slightly decrease in the
rainy season and some days during Harmattan. However,
some missing data points in Diass (4) and Ten Merina (54)
were excluded from the analysis. Finally, to identify and
exclude recorded data that may be suspicious due to sensor
calibration issues or faults, the BSRN (Baseline Surface
Radiation Network) tests were applied. The tests identify
abnormal GHI measurements that deviate from normal
levels. The BSRN guidelines (BSRN 2021) provide the
physically feasible range (Eq. 2) and the highly unusual
limit (Eq. 3) for GHI measurements:

—4W/m® < GHI < Iy * 1.5 % cos (SZA)"? + 100 W/m? )

—2W/m® < GHI < Iy % 1.5 % cos (SZA)"? + 50 W/m* 3)

where I is the solar constant and SZ A the solar zenith
angle.

2.4.2 Model evaluation

The evaluation of the model involves comparing its outputs
with observations to assess its accuracy and reliability
in predicting hourly GHI values. A nearest-neighbour
interpolation technique was used to identify and extract the
simulation data points that match the station’s geographical
coordinates. When evaluating the performance of various
simulations against observational data, the focus was
solely on GHI values derived from observations when
the solar zenith angle (SZA) is below 85°. This selection
criterion was implemented to prevent potential GHI errors
caused by measurement uncertainties during dawn and
late evening periods, along with the seasonal effects of
sunrise and sunset (Sawadogo et al. 2023). For the study
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Fig. 2 Time series of instantaneous hourly GHI showing the data variations and availability for the two solar plants before quality control. The

white bands represent missing data

region, SZA values<85° correspond to a Universal Time
Coordinated period between 8:00 and 18:00. Our analysis
comprised three scenarios: cloudy sky, clear-sky, and all-
sky conditions. For both cloudy and clear-sky analyses, the
observational data were categorized using the clearness
index (Kt) to distinguish composite days with cloudy and
clear-sky conditions.

GHI
K =
=% @

With GHI being surface-level global horizontal irradiance
and Go the top-of-atmosphere irradiance.

The clearness index quantifies the proportion of direct
solar radiation reaching the Earth. Therefore, the threshold
values used to distinguish between cloudy and clear skies
may differ based on location. The definition of clear and
cloudy sky in this study is based on Kt values, with Kt>0.65
indicating clear skies and Kt<0.4 indicating cloudy skies.

@ Springer

2.4.3 Evaluation metrics

To evaluate the accuracy of WRF-Solar, we employed mul-
tiple statistical metrics: root mean square error (RMSE) and
mean absolute error (MAE) to quantify absolute deviations,
correlation coefficient (r) to assess linear relationships, and
the index of agreement (IOA) to evaluate error magnitudes
and temporal alignment. In addition to this, we also calcu-
lated the RMSE-based skill score (SS) following Murphy
(1988).

For normalized comparisons, we derived nRMSE and
nMAE by scaling RMSE and MAE against observed
means. The IOA, which ranges from 0 (no agreement)
to 1 (perfect match), further validated model skill in
replicating both the magnitude and timing of observed
irradiance.

1 n
MAFE = ﬁz i1 (Ipi — 04l) (6)
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where p; is the simulated GHI, o; represents the observed
GHI at timestep i. The analysis used n data points, with
Omaz and 0y, indicating the observed maximum and

minimum values. o and P are the average values of the
observation and simulation, respectively. r represents the
and the reference simulation.

3 Results
3.1 Evaluation of the WRF-solar simulations
3.1.1 Scatter plot of simulated against observed GHI

Figure 3 presents the scatter plot analysis for GHI, which
compares the performance of different WRF shortwave radia-
tion schemes, including shallow and no shallow schemes, for
the study locations and the entire dataset. In general, the esti-
mated GHI shows minimal or no differences between simula-
tions run with or without the shallow convection scheme under
all-sky conditions. For instance, the Dudhia_shallow experi-
ment shows a RMSE of 198 W/m? (15%), a MAE of 146 W/
m? (11%), while the Dudhia_no_shallow indicates 199 W/m?
(15%) and 146 W/m? (11%), respectively, with no difference in
the SS (—0.4). Different from the study of Jiménez et al. (2022),
who demonstrated that integrating Deng’s shallow cumulus
parametrization can enhance solar irradiance forecasting even
at high resolution in the Contiguous United States (CONUS)
domain, our results indicate that the inclusion or exclusion of
the shallow convection scheme in the model has minimal influ-
ence on GHI estimation at 3 km within the region under all-sky
conditions. It is important to note that these discrepancies could
be related to the fact that Jiménez et al. (2022) used sub-hourly
data, which may capture finer temporal variations of the clouds
that are not as evident with instantaneous hourly data.
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Fig. 3 Scatter plot comparing hourly GHI values from various WRF Solar simulations against observations for the two solar plants
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Another reason could be the response of the climate sys-
tem to the activation of the shallow convection scheme in
Senegal, especially in the tropics, where deep convection
dominates cloud formation (Danso et al. 2020). This sug-
gests that, under specific atmospheric and regional charac-
teristics, the role of shallow convection in modulating GHI
is relatively weak at 3 km resolution in Senegal. It is pos-
sible that cloud formation and vertical transport processes
are already sufficiently represented by the model’s resolved
dynamics and microphysics, thus reducing the added value
of parameterized shallow convection schemes.

In addition, the RRTMG_AERO experiment scheme
exhibits the best performance for GHI at the two stations.
The RRTMG AERO shallow experiment achieves the
highest correlation coefficient (0.85), IOA (0.84), and SS
(0.17), with low values of RMSE (160 W/m?) and MAE
(110 W/m?), indicating a strong positive correlation between
the predicted and the observed GHI values. Similar perfor-
mance has also been observed for the no shallow scheme,
with a correlation coefficient (0.85), IOA (0.85), and SS
(0.17), along with RMSE (158 W/m?), and MAE (110 W/
m?). The Dudhia scheme follows the RRTMG_AERO
scheme in terms of performance, while the RRTMG scheme
exhibits the least performance among the evaluated experi-
ments. This is consistent with the findings of Verbois et al.

Dudhia_shallow
B Dudhia_no_shallow
| RRTMG_shallow
20.0 B RRTMG_no_shallow
RRTMG_AERO_shallow
B RRTMG_AERO_no_shallow
17.5 A
15.0 A
X 12.5 -
w
2
< 10.0 1
=
7.5
5.0 A
2.5 1
0.0 -
DJF MAM JA SON
seasons

(2018), who demonstrated that the Dudhia scheme outper-
forms RRTMG in solar irradiance forecasting. Moreover,
the analysis has revealed a substantial difference in the met-
rics between the RRTMG and RRTMG_AERO schemes.
The inclusion of aerosol effects improves the accuracy of
the modelled GHI. Aerosols modify the intensity and distri-
bution of radiation reaching the Earth’s surface by absorb-
ing and scattering solar radiation. By accounting for these
effects, the integrated WRF-Solar model that incorporates
aerosol data can provide a more accurate estimate of GHI
over a given region. These results align with those reported
by Sawadogo et al. (2023), who revealed that incorporating
aerosol data that varies over time into the model enhanced
the estimated GHI in West Africa. Jimenez et al. (2016) like-
wise demonstrated that the fully coupled WRF-Solar model
reduced the biases in GHI estimation. Therefore, aerosol-
radiation-cloud feedback can significantly improve the esti-
mated GHI, particularly in regions with significant aerosol
concentrations.

3.1.2 Seasonal performance of the GHI simulations
Figure 4 presents the seasonal performance analysis

between observed GHI and the GHI estimates generated
by the WRF-Solar model. RRTMG_AERO performs best

16

14

DJF MAM JJA SON
seasons

Fig. 4 Seasonal performance of WRF-Solar: the simulated GHI across various model experiments and both stations are evaluated using nRMSE

and nMAE
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in all seasons for both shallow and no-shallow schemes.
Again, the activation of the shallow convection scheme
in the WRF-Solar is weak throughout the season. The
simulations using the Dudhia and RRTMG schemes show
similar performance across all seasons, with only a tiny
difference. However, in December-January-February
(DJF), March-April-May (MAM), and September-Octo-
ber-November (SON) seasons, the Dudhia scheme, both
shallow and no shallow, displays slightly better perfor-
mance as compared to RRTMG, this is indicated by the
relatively lower nRMSE and nMAE values. During DJF
and MAM seasons, the values of nRMSE and nMAE are
relatively low compared to the other seasons, indicating
good performance. In June-July-August (JJA), the simu-
lations show high values of nRMSE, with significantly
high nMAE values. The climate pattern of the country
may account for the reduced accuracy of WRF-Solar in
estimating GHI in JJA. The rainy season occurs in JJA,
hence the presence of clouds in this season. This under-
scores the difficulty of the model in estimating cloud
properties.

This limitation of WRF-Solar to properly forecast cloud
conditions is also discussed by Liu et al. (2022), who found
that factors associated with entrainment and the cloud con-
densation threshold account for most of the variability in
the ensemble simulations, especially in environments with
lower pollution levels. According to Tapakis and Chara-
lambides (2013), the quantity of irradiance reaching the

Earth is significantly influenced by cloud cover, which is
considered one of the most unpredictable variables. The
results of this study align with the observations made by
Sawadogo et al. (2023), who noted a substantial disparity in
the hourly GHI estimates during the JJA season compared
to other seasons.

3.1.3 Diurnal cycle performance of the GHI simulations

The performance of the model in the diurnal cycle (clear sky,
cloudy sky, and high AOD) is also evaluated. Evaluation
of the model’s performance during clear sky is essential
because clear sky conditions often serve as a baseline for
estimating solar energy potential. The cloudy sky conditions
help determine the model’s capability to simulate cloud cover
accurately and estimate the associated reduction in solar
radiation. The high AOD conditions help assess its capability
to account for aerosol effects and predict the resulting
reduction in GHI. This is particularly important in regions
with significant aerosols. This evaluation helps identify the
model’s potential biases, strengths, and limitations that could
enable improvements in its parameterizations or input data.

3.1.3.1 The model’s performance under clear sky The
daily pattern of GHI for the different experiments and
observations at Diass and Ten Merina under clear sky
conditions is displayed in Fig. 5. The figure illustrates a
comparison of the accuracy of different WRF-Solar con-

TenMerina

Diass
1200
m— observation
= = Dudhia_Shallow
== = Dudhia_no_Shallow
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Fig.5 Yearly average diurnal cycle of observed GHI at the two stations, along with simulated GHI from the various WRF Solar experiments under

clear-sky situations
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figurations considered in this study in reproducing the
observed yearly average diurnal variation of GHI at the
two stations. The performance of the experiments dif-
fers in Diass and Ten Merina. In TenMerina, the various
experiments exhibit a better performance as they not only
capture the diurnal variation but also the amplitude of the
GHI. However, the RRTMG_AERO experiment fails to
capture the peak of the observed GHI. On the other hand,
in Diass, RRTMG_AERO well captures the peak of the
observed GHI, whereas the other experiments overesti-
mate it. Additionally, all experiments exhibit a temporal
shift in the morning hours and align more closely with
observations as the day progresses. This suggests that
the impact of aerosol-radiation feedback, as represented
in the RRTMG_AERO configuration, varies between the
two sites, potentially due to differences in local aerosol
loading despite their proximity (Fig. 6). The discrepancy
of the performance in both sites could also be the bias
in the CAMS aerosol data since the model incorporates
the aerosol data directly into the radiative transfer routine
without parametrization (Ruiz-Arias 2020). Moreover,
the difference may arise from variations in aerosol con-
centration between the two stations under clear sky condi-
tions, despite their proximity (Appendix B). Despite these

differences, all experiments consistently reproduce the
general pattern of the diurnal GHI cycle under clear-sky
conditions, demonstrating the capability of WRF-Solar to
simulate solar irradiance in cloud-free environments.

3.1.3.2 Performance of the model under cloudy sky Figure
7 displays the yearly average diurnal fluctuation of GHI,
calculated from a compilation of cloudy days across the
stations. In comparison to the effectiveness of WRF-Solar
experiments on clear sky days, it is noteworthy that the
model’s performance is significantly lower under cloudy
sky conditions at both stations. The different experiments
generally fail to capture both the diurnal variability and the
magnitude of the observed GHI, with a systematic overesti-
mation at both locations.

One potential explanation for the lower performance of
WRF-Solar under cloudy skies could be an underestimation
of cloud features and properties within the model (Yang et
al. 2021). Additionally, the timing of cloud occurrence might
be inaccurate in the model simulations. This could lead to
an incorrect representation of the intensity of GHI reaching
the Earth’s surface, as cloud cover diminishes the amount of

0.6 1

AOD

Jan Feb Mar Apr May Jun

Stations
I Diass
B TenMerina

Jul Aug Sep Oct Nov Dec

Month

Fig. 6 Monthly AOD distribution over Ten Merina and Diass for 2020 under clear-sky conditions. The dashed orange and blue lines indicate the

mean of the AOD in the two stations
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Fig. 7 Yearly average diurnal cycle of observed GHI at the two stations, along with simulated GHI from different WRF Solar experiments under

cloudy-sky conditions

solar radiation that reaches the surface. The accuracy of the
WREF model is affected by the choice of different physical
parameterizations and numerical configurations. While
previous studies have shown that the WRF-Solar model
has effectively reduced biases in GHI compared to the
standard WREF, substantial uncertainties remain in the model
(Jimenez et al. 2016; Yang et al. 2021). Liu et al. (2022)
demonstrated that three cloud-related variables - relative
humidity near cloud base (RHa), relative humidity near
cloud top (RHc), and the entrainment rate explain more than
80% of GHI variability under cloudy skies, highlighting the
critical role of cloud microphysics. Moreover, uncertainties
could also be related to aerosols, as they are present even on
cloudy days. GHI has a high sensitivity to uncertainties in
aerosol, albedo, and cloud properties in cloudy skies (Yang
et al. 2021). The Thompson-Eidhammer microphysics
scheme, which accounts for aerosol effects used in the
RRTMG_AERO experiment, explicitly accounts for direct
radiation-cloud-aerosol effects. Despite the enhancement
in the radiation-cloud-aerosol feedback in WRF-Solar,
uncertainties arising from model-specific parameters
associated with aerosol effects and external factors remain
(Liu et al. 2022). Nevertheless, the RRTMG_AERO shallow
and no shallow schemes exhibit relative improvement under
cloudy conditions.

3.1.3.3 Sources of uncertainty under cloudy sky To
understand the poor performance of the WRF Solar
model under cloudy skies at the two locations, we further
analyse the vertically integrated water vapor (WVP) as a
diagnostic variable to investigate the sources of cloud-
related uncertainty.

The diurnal cycle of WVP under cloudy conditions
reveals systematic differences across model configurations
at both Diass and TenMerina (Fig. 8). RRTMG-based con-
figurations consistently simulate higher column moisture
(~47-49 kg m™? at Diass and ~43-45 kg m? at TenMe-
rina) compared to Dudhia-based schemes (~43-46 kg m™
and ~40-42 kg m™2, respectively), with the spread across
configurations being more pronounced than the diurnal
variability itself. A modest afternoon increase in WVP is
evident across all configurations, driven by the diurnal
growth of the convective boundary layer, which entrains
surface moisture into the column as the mixed layer deep-
ens in response to surface heating (Baldysz et al. 2024).
The contrast between shallow and no-shallow convection
runs further confirms that parameterized vertical moisture
transport modulates boundary-layer humidity by control-
ling the vertical redistribution of moisture between the
sub-cloud layer and the lower free troposphere. Despite
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Fig. 8 Average diurnal cycle of water vapor under cloudy sky and at the two stations

this higher column moisture, all RRTMG-based configura-
tions still exhibit a large positive GHI bias under cloudy
sky (Fig. 7), with simulated GHI exceeding observations
by up to ~300—400 W m2 at peak. This indicates that the
key uncertainty lies not in total moisture availability, but
in how water vapor is converted into cloud liquid water,
and in how cloud optical properties are represented within
the radiation scheme (Thompson et al. 2016). Differences
in column humidity alter cloud condensate production
and optical thickness, and these effects propagate through
cloud-radiation feedback, contributing to the systematic
overestimation of surface irradiance under overcast condi-
tions (Shan et al. 2022; Sawadogo et al. 2023; Song et al.
2021).

3.1.3.4 Performance of the model for high AOD Figure 9
shows the average daily variation of GHI, computed from
a compilation of days characterized by high AOD across
the stations. The WRF experiments exhibit improved per-
formance on days characterized by low AOD values of
0.1 at both stations. During such conditions, the model
effectively captures the amplitude and variations of GHI,
albeit with a slight underestimation at the Ten Merina
station. In comparison, the RRTMG and Dudhia radia-
tion schemes, whether considering a shallow convection
scheme or not, slightly demonstrate a closer approxima-

@ Springer

tion to the observed GHI amplitude than the RRTMG
AERO scheme.

Conversely, on days characterized by high AOD (2.2
and 2.3), respectively, at Ten Merina and Diass, the
RRTMG_AERO scheme, including both shallow and
non-shallow configurations, demonstrates better perfor-
mance in representing GHI with a closer amplitude to the
observed GHI. In these situations, the RRTMG_AERO
proves to be more effective in capturing the variations and
magnitude of GHI than other schemes. Importantly, the
shallow convection scheme makes almost no contribu-
tion under these high-AOD conditions, indicating that the
shallow convection scheme has a negligible role in repre-
senting GHI under high-AOD conditions.

The inclusion of aerosol effects in the RRTMG_AERO
scheme contributes to a more accurate representation of
GHI under such high AOD conditions. This finding aligns
with the study by Sosa-Tinoco et al. (2022), who demon-
strated that incorporating AOD into the WRF-Solar simu-
lations reduces the MAE of predicted solar irradiance by
10.9% compared to runs without AOD, particularly under
high aerosol conditions. Nonetheless, despite efforts to
account for aerosol effects in the RRTMG_AERO scheme,
it is essential to acknowledge that uncertainties remain.
This is consistent with the results found in the diurnal
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Fig. 9 Diurnal variation of observed and simulated GHI at the two stations under high AOD situations

pattern of GHI in Ten Merina under clear skies (Fig. 5)
when the RRTMG_AERO experiments fail to accurately
reproduce the maximum of the observation. Therefore,
further research and improvements in the assimilation of
aerosol processes are necessary to enhance the precision
of GHI predictions in WRF-Solar. Overall, the inclusion
of a shallow convection scheme appears to have a mini-
mal contribution to the representation of the GHI under
high AOD.

3.1.4 Overall performance

Table 3 provides an overview of the performance of the
various experiments for the two stations under clear and
cloudy days. The statistical results from the metrics indi-
cate that the model is quite effective in estimating GHI
at both locations. The model’s simulations exhibit higher

accuracy under clear sky conditions compared to cloudy
skies. For Diass, under clear sky conditions, the average
correlation coefficient is 0.91, with a SS of 0.25, a RMSE
of 135 W/m?, and a MAE of 108 W/m?. On the other hand,
under cloudy conditions, the correlation and the SS drop
to 0.6 and —1.19, and the corresponding RMSE and MAE
values increase to 341 W/m? and 281 W/m?, respectively.
At the Ten Merina station, under clear sky conditions, the
model shows better performance with an average cor-
relation of 0.93 and SS of 0.42, along with a RMSE of
114.1 W/m?, and a MAE of 77.9 W/m?. Conversely, under
cloudy sky conditions, the correlation and SS decrease to
0.58 and —0.9, and the RMSE and MAE values increase
to 324.5 W/m? and 258.7 W/m?, respectively. These find-
ings highlight that the WRF-Solar model’s forecasting
accuracy for GHI highly depends on sky conditions at
both locations.
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Table 3 Error values for GHI forecasts(W/m?) are categorized according to the prevailing sky conditions

Sky Station RMSE nRMSE R MAE nMAE IAO SS Experiment Best Experiment
Conditions
Cloudy Diass 382 4132  0.66 323.73 35.01 047 —1.45 Dudhia_Shallow
Sky
Diass 374 4045  0.68 309.09 3343 048 —-14 RRTMG_Shallow
Diass 263 2845 055 209.13 22.62 0.6 —0.69 RRTMG_AERO_Shallow RRTMG_AERO_Shallow
Diass 373 40.34  0.61 307.66 33.28 0.47 —1.4 Dudhia_no_Shallow
Diass 386 41.75 055 31698 3428 0.46 —1.48 RRTMG_no_Shallow
Diass 268 2899  0.57 219.33 23.72 0.59 —0.72 RRTMG_AERO no_Shallow RRTMG_AERO_ no_Shallow
TenMerina 367 4229 054 2959 34.09 048 —1.15 Dudhia_Shallow
TenMerina 367 4229  0.64 297.88 3432 047 —1.15 RRTMG_Shallow
TenMerina 245 2823 046 182.13 2099 0.6 -0.43 RRTMG_AERO_Shallow RRTMG_AERO_Shallow
TenMerina 359 4136  0.57 285.1 3285 049 —-1.1 Dudhia no Shallow
TenMerina 380 4378 0.7 31725 36.55 0.46 —1.23 RRTMG_no_Shallow
TenMerina 229 2639 0.56 174.24 20.08 0.64 —0.34 RRTMG_AERO no_Shallow RRTMG_AERO no_Shallow
Clear Sky  Diass 138 1401 093 114.17 11.59 0.87 0.23 Dudhia_Shallow
Diass 142 1441 091 1158 11.75 0.87 0.21 RRTMG_Shallow
Diass 122 1238 09 9348 949 0.89 0.32 RRTMG _AERO_Shallow RRTMG_AERO_Shallow
Diass 141 1431 092 115.62 11.73 0.87 0.22 Dudhia_no_Shallow
Diass 145 1472 09 116.86 11.86 0.86 0.2  RRTMG_no_Shallow
Diass 122 1238 09 9337 948 0.89 0.32 RRTMG_AERO no_Shallow RRTMG_AERO no_Shallow
TenMerina 113 9.22 094 81.12 6.62 091 043 Dudhia_Shallow Dudhia_Shallow
TenMerina 119 9.71 093 82.62 6.74 091 04  RRTMG_Shallow
TenMerina 114 9.3 093 72.02 588 091 043 RRTMG_AERO_Shallow RRTMG_AERO_Shallow
TenMerina 112 9.14 094 79.63 6.5 0.91 0.44 Dudhia no_Shallow Dudhia_no_Shallow
TenMerina 115 9.38 093 8035 6.56 091 042 RRTMG_ no_Shallow
TenMerina 112 9.14 093 72.18 589 091 044 RRTMG_AERO no Shallow RRTMG AERO no_Shallow

Additionally, the results indicate that under clear sky
conditions in Diass, the RRTMG AERO experiment,
both with and without considering a shallow convection
scheme, demonstrates better performance in estimating
GHI. Following that, the Dudhia scheme also showed
relatively good performance. Similarly, in Ten Merina,
RRTMG_AERO and the Dudhia simulations exhibit the
most accurate GHI estimates. Nevertheless, when con-
sidering the MAE, the RRTMG_AERO scheme performs
best. This aligns with the study of Sawadogo et al. (2023),
who found that RRTMG_ AERO and Dudhia schemes are
the best in estimating GHI for 18 stations in West Africa
(Ghana and Burkina). Although their study area is in the
Guinea and Savannah zones, both regions are influenced
by Saharan dust and biomass-burning aerosols, which are
also key aerosol sources in the Sahel. This similarity in
aerosol characteristics may partly explain the performance
of the two radiation schemes across these regions.

Under cloudy conditions in both stations, all experi-
ments show a significant uncertainty in GHI estimation.
This corresponds with earlier studies (Yang et al. 2021;
Liu et al. 2022), which indicate that the WRF-Solar model
has uncertainties in GHI estimation on cloudy days.

@ Springer

Nonetheless, the RRTMG_ AERO experiment remains
the best-performing scheme for forecasting GHI. This
experiment consistently outperforms other schemes in
accurately capturing GHI. This indicates the experiment’s
effectiveness in accounting for aerosol effects and its abil-
ity to provide reliable GHI predictions, even though some
improvements are required.

These findings suggest that in both stations, the RRTMG __
AERO scheme, with its inclusion of acrosol effects, shows
favourable performance for GHI estimation under clear
and cloudy skies. The Dudhia scheme also performs well,
although the RRTMG_AERO scheme outperforms it when
considering MAE.

On the other hand, the effect of shallow convection
scheme in WRF-Solar has a minimal impact on the
estimated GHI at both stations under clear skies. This is
evident in Fig. 10, where during the dry season (JFM),
which consists predominantly of clear-sky days, there is
minimal variation in the total cloudiness across the two
simulations. The limited sensitivity to shallow convection
can partly be explained by the 3 km grid spacing, at which
a portion of shallow convection processes is already
resolved explicitly by the model dynamics, thereby
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Fig. 10 Difference of daily total cloud cover between shallow and no_shallow with the RRTMG_AERO experiment in Diass and Ten Merina for

the year 2020

reducing the added value of a parameterized shallow
convection scheme.

Nonetheless, during the rainy season, which is character-
ized by a higher incidence of cloudy days, there are some
differences in total cloud cover between the shallow and no
shallow experiments. Both stations show a similar monthly
value of total cloud cover but with a difference in the JJA
season. In the West African monsoon regime, deep convec-
tion plays a dominant role in cloud formation and radiative
variability, which may further explain why shallow con-
vection parameterization exerts only little influence com-
pared to regions where shallow cumulus clouds are more
prevalent.

Despite that, in Ten Merina, the difference in terms of
RMSE between the shallow and no shallow experiment is
higher with the RRTMG_AERO experiment (16 W/m?)
compared to Diass (5 W/m?). This inland response may
reflect enhanced land-atmosphere coupling and boundary-
layer turbulence, which can modulate low-level cloud
development and thermodynamic profiles. This allows
shallow convection parameterizations to exert a more
noticeable though still limited impact on radiation. Addi-
tionally, the cloud properties produced by the shallow
scheme may contain substantial biases (Zhang and Breth-
erton 2008). These biases can be further compounded by
uncertainties related to aerosol-radiation-cloud feedback
in the model, particularly due to inaccuracies in aerosol
input data. Previous studies have shown that the AOD
from CAMS reanalysis has bias during high aerosol con-
centration in West Africa compared to in situ data (Léon et
al. 2021). This indicates that the inherent bias from aerosol

into the model may result in a high bias in GHI estimates
over the region when Deng’s shallow convection scheme
is turned on.

In contrast, when the model excludes aerosol input,
RRMTG coupled with the shallow convection scheme
performs slightly better than without it. For instance, in Ten
Merina, this configuration improves the GHI estimates by
about 2% in terms of MAE. Nevertheless, simulations that
include aerosol information generally provide more accurate
GHI estimates across all atmospheric conditions. Overall,
the activation of shallow convection has a weak impact
on the GHI estimation over Senegal under all atmospheric
conditions.

4 Summary and conclusions

The study investigated the effectiveness of two shortwave
radiation schemes, Dudhia and RRTMG, within the WRF-
Solar model for two solar power plants in Senegal: Diass
and Ten Merina. The simulations used a one-way, two-
nested domain configuration, where the larger domain
(West Africa) had a resolution of 15 km, and the inner
domain (Senegal) had a resolution of 3 km, with the
analysis centred on the latter. The experiments of WRF-
Solar were evaluated using observed instantaneous hourly
GHI from the solar plants for 2020. This is the first study
to examine WRF-Solar’s performance specifically for
solar power plants operated by energy companies in West
Africa. The RRTMG scheme was investigated in two
simulations, one without considering AOD and one with
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time-varying AOD (RRTMG_AERO). Additionally, the
study explored the influence of shallow convection on all
simulations.

The evaluation process involved examining the WRF-
Solar model’s effectiveness under different sky conditions,
including all-sky, clear-sky, cloudy situations, and high
AOD. By considering GHI measurements from these diverse
sky conditions, a comprehensive analysis of the model’s
performance and its capability to capture the variations in
solar irradiance across diverse atmospheric conditions was
achieved. The key findings can be outlined as follows:

e For the seasonal evaluation of the model, it is observed
that the nRMSE and nMAE are relatively low for DJF
and MAM compared to the other seasons, indicat-
ing good performance in these seasons. However, the
JJA season showed the lowest performance of the ex-
periments, characterized by high values of nRMSE and
nMAE.

e Under clear sky, the model simulations successfully rep-
licate the daily pattern and magnitude of the observa-
tions, even though there is a slight underestimation at
Ten Merina from RRTMG_AERO. In contrast, the mod-
el’s performance is noticeably diminished under cloudy
sky conditions at both stations, as cloud cover causes
challenges in accurately predicting irradiance.

e Under high AOD conditions, the experiments are ob-
served to be better on days characterized by low AOD
values rather than high values.

e Overall, the RRTMG_AERO scheme, regardless of the
consideration of the shallow convection scheme, ex-
hibits superior performance in forecasting GHI at these
stations. This is followed by the Dudhia scheme, which
also shows relatively good performance.

e The shallow convection scheme in the WRF-Solar mod-
el exhibited a minimal impact on GHI estimation across
different atmospheric conditions at both locations.

The results suggest that the impact of including shallow
clouds in the model doesn’t significantly enhance its ability
to forecast GHI at the studied stations. However, there are
some slight differences under cloudy skies in Ten Merina.
To better understand the impact of including shallow clouds
in the model over West Africa, using sub-hourly data, as
done by Jiménez et al. (2022), would provide more detailed
insights. Using sub-hourly data would allow to capture rapid
changes in cloud cover and solar irradiance. Further inves-
tigation using sub-hourly data in the West African context
could provide a deeper insight into the impact of shallow
clouds on solar irradiance estimation.
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These findings highlight the performance of various
radiation schemes in WRF-Solar for forecasting GHI at the
Diass and Ten Merina solar plants in Senegal. The results
indicate that the RRTMG_AERO scheme performs better
than other schemes. This applies to clear, cloudy, and all-
sky conditions. Moreover, they emphasize the significance
of selecting appropriate radiation schemes and consider-
ing aerosol effects in GHI forecasting models while also
showing the relatively minor role of the shallow scheme
in improving GHI representation. Nevertheless, it is cru-
cial to acknowledge that the model still exhibits signifi-
cant biases, particularly under cloudy sky conditions. This
indicates the challenge of accurately simulating GHI under
such conditions in Senegal. The same challenge is noticed
in other regions. While there is improvement in the model,
biases remain especially under cloudy sky. Future research
should focus on improving the representation of cloud pro-
cesses in WRF solar, as this remains a key source of uncer-
tainty in GHI estimation. Consequently, further adaptation
and development of the WRF-Solar model, particularly in
improving aerosol-cloud-radiation feedback, are essential to
improve GHI forecasting accuracy.

These findings have practical implications for solar energy
development and grid management in Senegal. The superior
performance of the RRTMG_AERO scheme suggests that
incorporating time-varying aerosol information into WREF-
Solar can enhance the accuracy of solar irradiance forecasts.
Given the growing penetration of solar energy in Senegal’s
energy mix, WRF-Solar forecasts could support plant
managers particularly during the dry season (October-May),
which is dominated by clear-sky days. In the rainy season,
more accurate GHI forecasts are essential for scheduling and
maintaining grid stability. Our results indicate that operational
forecasts in Senegal would benefit from adopting RRTMG _
AERO as the default configuration. This provides energy
planners and utilities with a pathway for using WRF-Solar as
a practical forecasting tool to support the growing renewable
energy sector in the country.

Appendix A. Performance of the model
under cloudy days

This annex shows the model’s performance under cloudy-sky
conditions, focusing on selected examples rather than annual
averages. As shown and discussed in Sect. 3.1.3.2, which
presents the diurnal cycle of the annual average for cloudy
days at each site, all experiments fail to reproduce both the
diurnal variation and the magnitude of GHI. Moreover, GHI
is consistently overestimated at both stations.
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Fig. 11 Diurnal variation of GHI for the WRF-Solar configurations and observations at the two stations under cloudy-sky conditions
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Appendix B. Mean spatial distribution of
AOD over senegal
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Fig. 12 (a) Annual mean spatial distribution of AOD over Senegal. (b) Annual mean spatial distribution of AOD over Senegal, considering only
clear sky days in Diass. (¢) Annual mean spatial distribution of AOD over Senegal, considering only clear sky days in TenMerina.
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