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Abstract. The anticipated increase in solar energy production in West Africa requires high-quality solar irra-
diance estimates, which are affected by meteorological conditions and in particular the presence of desert dust
aerosols. This study examines the impact of incorporating desert dust into solar irradiance and surface temper-
ature estimations. The research focuses on a case study of a dust event in March 2021, which is characteristic
of the dry season in West Africa. Significant desert aerosol emissions at the Bodélé Depression are associated
with a Harmattan flow that transports the plume westwards. Simulations of this dust event were conducted us-
ing the meteorological Weather Research and Forecasting (WRF) Model alone, as well as coupling it with the
CHIMERE chemistry transport model, using three different datasets for the dust aerosol initial and boundary
conditions (CAMS, GOCART, and MERRA-2). Results show that considering desert dust reduces estimation er-
rors in global horizontal irradiance (GHI) by about 75 %. The dust plume caused an average of 18 % reduction in
surface solar irradiance during the event. Additionally, the simulations indicated a positive bias in aerosol optical
depth (AOD) and PMq surface concentrations. The choice of dataset for initial and boundary conditions mini-
mally influenced GHI, surface temperature, and AOD estimates, whereas PM1( concentrations and aerosol size
distribution were significantly affected. This study underscores the importance of incorporating dust aerosols

into solar forecasting for better accuracy.

1 Introduction

The West African region is facing significant development
challenges due to global changes. One of these challenges is
related to access to electricity, particularly through the use of
renewable energy. West African countries have committed to
reducing their greenhouse gas emissions as part of the Paris
Agreement (UNFCCC, 2015). Furthermore, assessments of
solar resources in West Africa demonstrate the region’s sub-
stantial potential, as shown by Diabaté et al. (2004), Plain
et al. (2018), and Yushchenko al. (2018). The International

Energy Agency (IEA) projects that the installed capacity for
photovoltaic (PV) power generation will increase by almost
20 times from 2020 to 2030 under its Sustainable Africa Sce-
nario (IEA, 2022). PV energy is expected to experience sig-
nificant growth due to its competitiveness and low-carbon
nature. However, solar production is highly dependent on
weather conditions (Dajuma et al., 2016).

The growth of solar energy in West Africa calls for the de-
velopment of tailored tools to facilitate its integration into
power grids and ensure optimal operational maintenance.
Accurate production forecasts are required by solar power
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plant operators and have to span various timescales that range
from a few hours to several days. This is essential for max-
imising production, reducing penalties linked to predicted
deliverable energy, and optimising plant maintenance to min-
imise production losses. High-quality forecasts are also cru-
cial for electricity grid operators to maintain supply—demand
equilibrium and ensure system stability. Therefore, the vari-
ability in the energy production significantly affects them.
The key meteorological variables that influence photovoltaic
production are the global horizontal irradiance (GHI) and the
air temperature. These factors, which directly impact elec-
tricity production and cell efficiency, often reach high levels
in this region, as demonstrated by Dajuma et al. (2016) and
Ziane et al. (2021). Their findings indicate that solar irradi-
ance is the primary factor influencing PV production as the
generated current by the photoelectric effect is proportional
to the irradiance. Furthermore, they demonstrate that the sec-
ond factor of air temperature affects the efficiency of solar
cells as both parameters are inversely correlated.

Clauzel et al. (2024) identified desert dust aerosol as a sig-
nificant source of GHI forecast errors for the only two so-
lar power plants in the Sahel region of Sococim (Senegal)
and Zagtouli (Burkina Faso), particularly during the dry sea-
son. Dust aerosols are a key element in the West African cli-
mate and strongly influence solar farm production through
their direct effect (aerosol-radiation interaction (ARI); Bri-
ant et al., 2017) and indirect effects (aerosol—cloud interac-
tion (ACI); Tuccella et al., 2019) on radiation, as well as also
through their deposition on solar panels (fouling effect; Diop
et al., 2020; Aidara et al., 2023). As mentioned by Kok et
al. (2021), the West African desert aerosol load is the high-
est in the world and occurs mainly during the dry season. In
fact, North Africa, including the Sahara, is the world’s largest
contributor to desert dust emissions (Prospero et al., 2002),
and 60 % of this dust is transported to the West African re-
gion (D’Almeida, 1986; Kok et al., 2021). Most dust emis-
sions are associated with synoptic-scale atmospheric dynam-
ics such as the Harmattan flow during the dry season (Klose
et al., 2010). Engelstaedter and Washington (2007) pointed
out the importance of small-scale wind events associated
with the large-scale flow, especially in the Bodélé Depres-
sion, which is a hotspot for dust emissions (Engelstaedter et
al., 2006). Through analysing satellite observations, Schep-
anski et al. (2009) show that 65 % of the activation of the
dust source area occurred in the early morning, demonstrat-
ing the important role of the breakdown of the nocturnal
low-level jet. Washington and Todd (2005) confirmed the im-
portance of the Bodélé low-level jets during the dry season
for initiating dust emissions that can be transported to the
West African coast within a few days. Dust aerosol emis-
sions are also highly linked to mesoscale convective systems
(MCSs; Marsham et al., 2008; Bergametti et al., 2017) and
to strong near-surface winds in the intertropical discontinu-
ity zone during the rainy season (Bou Karam et al., 2009).
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Some studies intend to model dust events in West Africa,
such as the one by Ochiegbu (2021), who implemented a
back-trajectory model to understand the dust event reach-
ing Nigeria. This work revealed that most of the aerosols
coming to Nigeria between 2011 and 2014 originated from
the Bodélé Depression. Menut (2023) focused on dust fore-
casting during the Clouds—Atmospheric Dynamics—Dust In-
teractions in West Africa (CADDIWA) campaign during the
summer of 2021 (Flamant et al., 2024), using the CHIMERE
regional chemistry transport model (Menut et al., 2021).
The model was coupled online with the Weather Research
and Forecasting (WRF) meteorological model (Briant et al.,
2017; Tuccella et al., 2019) to perform dust aerosol con-
centration forecasts. The results of this work provide con-
fidence in the model coupling in the region as the dust fore-
cast quality does not decrease with time (up to a few days).
In addition, only a limited number of studies has been con-
ducted on the prediction of GHI in the West African re-
gion. Sawadogo et al. (2024) conducted an evaluation of
WRF-Solar GHI forecast (Jimenez et al., 2016) in Ghana
for the year 2021. In their work, a version of the model
coupled offline with the Copernicus Atmosphere Monitoring
Service (CAMS) aerosol optical depth (AOD) forecasts was
considered to integrate information on aerosol load. They
showed that WRF-Solar outperforms when predicting GHI
under clear-sky conditions, while its performance under high
aerosol levels remains poor; this was mainly attributed to un-
certainties in the input AOD during data assimilation within
the model. Close to the region of interest, for the northern
Morocco area, El Alani et al. (2020) compared the perfor-
mance of global models (Global Forecast System, Integrated
Forecast System, and McClear) and demonstrated their pro-
ficiency in capturing GHI hourly temporal variability.

To our knowledge, no studies have been conducted to as-
sess online coupled simulations between a meteorological
model and an aerosol life cycle model representing the emis-
sions, transport, and deposition in West Africa to estimate
solar irradiance. This is despite the significant presence of
desert dust characterised by high concentrations in the re-
gion. Additionally, hardly any attention has been given to the
significance of initial and boundary conditions for conduct-
ing the aerosol model on the performance of analysis sim-
ulations, and to our knowledge, investigating these aspects
would represent a novel contribution to research in the West
African region.

Within this general context, the objectives of this study are
two-fold: (i) to evaluate the ability to reproduce a dust event
using a meteorological and dust life cycle model coupling
configuration and (ii) to investigate whether the performance
of the simulations can be enhanced by modifying the aerosol
initial and boundary conditions employed and to estimate the
uncertainty associated with this dataset selection with regard
to the errors made by the model. Section 2 introduces the case
study, the simulation configuration, the data, and the models
selected for this work. In Sect. 3, the results are presented,
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beginning with the variables of interest for solar production
(GHI and surface air temperature), followed by the variables
associated with the desert aerosols (AOD, concentration, size
distribution, and emissions). Section 4 draws the main con-
clusions and gives some perspectives for this study.

2 Material and methods

2.1 Case study

The case study is a dust event that occurred in West Africa
from 26 March 2021 at 00:00UTC to 2 April 2021 at
00:00 UTC, i.e. during the dry season. High dust emissions
occur at the Bodélé Depression (Chad), with the plume then
being transported westward. The dust plume reached its max-
imum intensity in terms of AOD and dust concentration over
West Africa and in particular over the Zagtouli solar farm
(Burkina Faso; Fig. S1 in the Supplement) on 30 March
2024. The event was also chosen because it was not predicted
in the solar forecast currently implemented for the Zagtouli
solar farm, leading to solar forecast errors during the passage
of the dust plume (Clauzel et al., 2024).

Figure 1 illustrates that this event is characterised by a
strong Harmattan flow, with surface winds from the south/-
southwest sweeping across the Bodélé Depression (Chad),
where the potential for desert dust emissions is very high
(Prospero et al., 2002; Washington et al., 2006). Addition-
ally, this event is characterised by a westward flow between
Chad and the Atlantic coast, which facilitates the transporta-
tion of the dust plume. Figure 1a shows the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) satellite observa-
tions of the AOD, identifying the initial dust source area on
the Bodélé Depression, as well as the westward movement
of the plume. This event is characteristic of the West African
dry season climatology, with a dominant Harmattan flow as
described in Sect. 1. Figure S1 provides further insight into
the dust plume transport during the case study.

2.2 Modelling tools

In order to reproduce a dust event during the dry season
in West Africa, the WRF-CHIMERE coupled model is se-
lected as it has previously demonstrated favourable perfor-
mance in similar studies such as those conducted by Briant
et al. (2017) and Menut (2023). The technical details of this
coupled model are provided below.

2.2.1  WRF model

The meteorological Weather and Research and Forecasting
(WRF) Model version 3.7.1 is taken for compatibility with
the CHIMERE coupling procedure. It is used in its non-
hydrostatic configuration (Skamarock et al., 2008), and it is
forced at the boundaries of the domain every hour by the me-
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teorological reanalysis data of ERAS (ECMWF) provided on
aregular 0.25° x 0.25° grid.

The model is run with a 9 km horizontal resolution, a 45 s
integration time step, and 50 vertical levels from the sur-
face to S0hPa. The updated rapid radiative transfer model
for GCMs (RRTMG) radiation scheme (Iacono et al., 2008),
which is mandatory for the aerosol optical property feedback,
is employed for long- and shortwave radiations. Additionally,
the Thompson aerosol-aware microphysics scheme (Thomp-
son and Eidhammer, 2014) is applied. The Yonsei Univer-
sity planetary boundary layer’s surface layer scheme (Hu et
al., 2013) is also used, and the cumulus parameterisation is
based on the Grell-Freitas scheme (Arakawa, 2004). The re-
vised MMS5 surface layer scheme (Jiménez et al., 2012) is
employed, while the Noah-MP land surface model (Niu et al.,
2011) is implemented for the land surface physics scheme.

2.2.2 CHIMERE model

The chemistry transport model CHIMERE version v2020r3
(Menut et al., 2021) is used in conjunction with the WRF
model. Both models have a 9km horizontal grid. The
CHIMERE model has 30 pressure-dependent vertical lev-
els from the surface up to 200 hPa, with a first layer thick-
ness of 3hPa. The model is configured for dust only, with
no chemistry and only considering dust aerosols (details in
Sect. 2.3). The threshold friction velocities for dust emis-
sions are estimated using the Shao and Lu (2000) scheme
and the 6km spatial resolution GARLAP (Global Aeolian
Roughness Lengths from ASCAT and PARASOL) dataset
from Prigent et al. (2012). Mineral dust emission fluxes were
calculated employing the Alfaro and Gomes (2001) scheme
on 10 aerosol size bins ranging from 0.01 to 40 um. The Fé-
can et al. (1999) parameterisation is employed to account
for the inhibitory effect of soil moisture on dust emission.
Dry deposition is treated as described in Zhang et al. (2001).
Wet scavenging for aerosol is computed following the Willis
and Tattelman (1989) scheme. The CHIMERE model in-
cludes the Fast-JX module, version 7.0b (Wild et al., 2000;
Bian and Prather, 2002), for the calculation of radiative pro-
cesses. It considers the radiative properties for each aerosol
species and each aerosol size bin independently to com-
pute the aerosol optical depths, the single-scattering albedo,
and the aerosol asymmetry factor. More details on the dust
aerosol radiative properties are given in Tables S1 and S2.
Table 1 summarises the parameterisations employed in WRF
and CHIMERE. Finally, we test three different initial and
boundary condition datasets for the mineral dust load (see
Sect. 2.2.3).

2.2.3 Dust aerosol initial and boundary condition
datasets

In this study, the uncertainty in the solar estimate associated
with the initial and boundary conditions of the dust aerosol

Atmos. Chem. Phys., 25, 997-1021, 2025



1000 L. Clauzel et al.: Solar radiation estimation in West Africa: impact of dust conditions during 2021 dry season
LL\/_//_W(‘T ~J \_f-. simulation domain
(a) .' g (dx=Skm)
\ ¢ —— domain for analysis
35 Jf) N L ® AERONET sites
. L | 30°N % solar farm GHI obs.
3.0 : { + AMMA-CATCH GHI obs.
g5 =2 A
: \ Tamanrasset 25°N
/ | P S
a 20 \ :\ -~
g 15 \ 3 Bodélélbepression 7 20N
Dakar Belail G
10 T 1] 15N
5! E
05 ¢
| 10°N
0.0
FEIAT 5N
L A
20°W 15°W 10°W 5°W  0°  5°E  10°E 15°E  20°E
f INDAAF surface
- 35°N ® temperature obs.
\ INDAAF PM10 obs.
430 { 30°N
410
25°N
E 390
2 a7
= 20°N
~
@ 350
£
N330 ﬁ ”ﬁ/‘f 15°N
S10Jgl | § | NSRS RN - 10°N
290

20°W 15°W 10°W  5°W 0° 5%E

10°E

15°E  20°E

Figure 1. (a) Mean aerosol optical depth at 550 nm from MODIS satellite observations over the period from 28 March 2021 at 00:00 UTC to
2 April 2021 at 00:00 UTC. The global horizontal irradiance (GHI) observations and AERONET aerosol measurement network, introduced
in Sect. 2.4, are presented, as well as the boundaries of the simulated domain (red rectangle) and the area of interest for analysis (black
rectangle). (b) Mean synoptic conditions of the geopotential height (Zg) at 975 hPa and the 10 m wind (white arrows; in m s_l) over the
period from 28 March 2021 at 00:00 UTC to 2 April 2021 at 00:00 UTC from ERAS reanalysis. The surface temperature and aerosol
concentration observations from the INDAAF network, introduced in Sect. 2.4, are presented.

load are evaluated. Three datasets were used, namely a cli-
matology derived from the Global Ozone Chemistry Aerosol
Radiation and Transport (GOCART; Ginoux et al., 2001),
the Modern-Era Retrospective analysis for Research and Ap-
plications Version 2 (MERRA-2) reanalysis (Gelaro et al.,
2017), and the CAMS reanalysis (Inness et al., 2019).

The GOCART climatology is provided with the distribu-
tion of the CHIMERE model. It is a monthly climatology
on a coarse horizontal grid (2° x 2.5°), which is corrected by
applying a factor of 0.3 as in Vautard et al. (2005).

The MERRA-2 reanalysis combines the Goddard Earth
Observing System (GEOS) and GOCART models, which are
coupled online and implemented with a data assimilation sys-
tem. It has a 3h temporal resolution and is presented on a
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0.5° x 0.635° horizontal grid. The observational data consid-
ered in the data assimilation process are AOD satellite ob-
servations from MODIS, the Advanced Very High Resolu-
tion Spectroradiometer (AVHRR), the Multi-angle Imaging
SpectroRadiometer (MISR), and ground observations from
the AErosol RObotic NETwork (AERONET).

The CAMS reanalysis was constructed using 4D-Var data
assimilation in the ECMWEF’s Integrated Forecast System
(IFS). It has a temporal resolution of 3 h and is computed on a
regular 0.75° horizontal grid. The AOD data from the Visible
Infrared Imaging Radiometer Suite (VIIRS), MODIS, and
the Infrared Atmospheric Sounding Interferometer (IASI)
satellite observations are used as observational information
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Table 1. Parameterisations used in WRF and CHIMERE.

WRF
Microphysics Thompson aerosol-aware scheme (Thompson and Eidhammer, 2014)
Radiation RRTMG scheme for LW and SW (Iacono et al., 2008)

Land surface

Noah-MP land surface scheme (Niu et al., 2011)

Planetary boundary layer

Yonsei University scheme (Hu et al., 2013)

Surface layer

Revised MMS5 surface layer scheme (Jiménez et al., 2012)

Cumulus

Grell-Freitas scheme (Arakawa, 2004)

CHIMERE

Threshold friction velocities

Shao and Lu (2000) scheme

Soil moisture

Fécan et al. (1999) scheme

Dust emission fluxes

Alfaro and Gomes (2001) scheme

Radiative processes

Fast-JX model, version 7.0b (Wild et al., 2000; Bian and Prather, 2002)

0.010-0.022
0.022-0.048
0.048-0.107
0.107-0.235
0.235-0.516
0.516-1.136
1.136-2.500
2.500-5.000
5.000-10.00
10.00-40.00

Aerosol size distribution bins
(diameters in um)

in the data assimilation process. Version 48R1 of CAMS is
used in this study.

These three dust aerosol initial and boundary datasets dif-
fer in type (climatological or reanalysis); in the horizontal,
vertical, and temporal resolutions; and in the resolution and
range of their aerosol size distribution. While GOCART has
the highest number of aerosol classes with seven bins, CAMS
covers a wider size spectrum despite a lower size resolution
with only three classes. MERRA-2 has an intermediate res-
olution with five classes but covers a smaller particle size
spectrum than CAMS. The CHIMERE model pre-processes
these dust aerosol size distributions by applying a transfer co-
efficient § to compute the dust aerosol concentration on the
10 aerosol size bins defined for the simulations as follows:

cjzzia,-,jxc,-, 1)
where ¢; is the dust aerosol concentration of the ith size bin
from the initial and boundary condition datasets considered,
c; is the dust aerosol concentration of the jth size bin in
the CHIMERE simulation, and §; ; is the transfer coefficient.
This transfer coefficient is derived as follows:

- &;,j = 0 if the ith size bin from the initial and boundary
condition datasets is found to be wholly outside the jth
size bin in the CHIMERE simulation;
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- &;,j = 1 if the ith size bin from the initial and bound-
ary condition datasets is wholly encompassed by the jth
size bin in the CHIMERE simulation;

IOg(rj,max)_log(rj,min)
lOg(Ri,max)_log(Ri,min)
initial and boundary condition datasets wholly encom-
passes the jth size bin in the CHIMERE simulation;

if the ith size bin from the

- &=

-8 = IOg(Ri,max)_log(r_Lmin)
by log(Ri,max)_log(Ri,min)
initial and boundary condition datasets partially over-
laps the jth size bin in the CHIMERE simulation but

extends below the start of this size bin;

if the ith size bin from the

1Og("j,ma\x)*log(Ri,min)
lOg(Ri,max)_log(Ri,min)
initial and boundary condition datasets partially over-
laps the jth size bin in the CHIMERE simulation but

extends beyond the end of this size bin.

if the ith size bin from the

- &=

Here R;min and R; max are, respectively, the radius of the
lower and upper limit of the ith size bin from the initial and
boundary condition datasets, and 7 min and 7; max are, re-
spectively, the radius of the lower and upper limit of the jth
size bin in the CHIMERE simulation.

For the sake of simplicity, throughout this article we
will refer to the WRF-CHIMERE simulations run with the
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GOCART, MERRA-2, and CAMS dust aerosol initial and
boundary conditions as the “wrf_chimere-G”, “wrf_chimere-
M”, and “wrf_chimere-C” simulations, respectively.

Table 2 summarises the characteristics of the three dust
aerosol datasets and their associated size distributions.

2.3 Modelling strategy

The domain of simulation extends from 2 to 35° N and from
19°W to 24°E, as illustrated by the red box in Fig. 1b. The
domain is large enough to represent the primary atmospheric
flows, including the Harmattan north/northwest flow and the
monsoon south flow, as well as the transport of the emitted
aerosol plumes. A horizontal resolution of 9km has been
selected in order to ensure that the grid ratio is approxi-
mately 3 with the ERA5 meteorological forcing. This choice
is also motivated by the a priori intention to achieve a res-
olution higher than that of previous CHIMERE simulations
performed in this region, as well as to surpass the resolution
of the operational solar forecast model used for the Zagtouli
solar farm, which is based on global forecasting models (see
Sect. 2.4.1). The CHIMERE model is configured in a “dust
only” model, which models only the mineral dust type. This
hypothesis is supported for this dust case study by Fig. S2
as desert dust is the dominant aerosol during the event, par-
ticularly above 10° N. This hypothesis is also reinforced by
the dust optical depth (DOD) to AOD ratio derived from the
CAMS reanalysis, which exceeds 80 % during this case study
and for the domain of interest (not shown). It is notable that
biomass burning, which represents the other principal aerosol
source in this region, is no longer a significant contributor to
aerosol levels at that time of the year (Evans et al., 2018).

The WRF and CHIMERE models are coupled online
through the OASIS3-MCT coupler. A two-way coupling
strategy is selected in which WRF sends meteorological vari-
ables to CHIMERE which in turn exchanges aerosol infor-
mation such as AOD, single-scattering albedo (SSA), and
the asymmetry factor. This coupling strategy imposes most
of the WRF parameterisations. The exchange frequency is
set to 15 min. The WRF model computes fields on 50 lev-
els, which are linearly interpolated over the 30 CHIMERE
vertical levels via the OASIS coupler. The coupling includes
the feedback of aerosol-radiation interactions (ARIs; direct
aerosol effect) and aerosol—cloud interactions (ACIs; indirect
aerosol effects) simultaneously.

The simulation starts on 14 March 2021 at 00:00 UTC and
ends on 2 April 2021 at 00:00 UTC. The first 2 weeks served
as the spin-up period. The simulation outputs are analysed
for the period from 28 March 2021 at 00:00 UTC to 2 April
2021 at 00:00 UTC, which corresponds to the passage of the
dust plume in the Sahel region, in particular around the Za-
gtouli solar farm in Burkina Faso. Four simulations were
conducted, namely a meteorological simulation, using WRF
model alone, and dust simulations with the coupled WRF-
CHIMERE models, using as initial and boundary conditions
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the GOCART climatology, the MERRA-2 reanalysis, and the
CAMS reanalysis. The simulation using only WRF allows
for the evaluation of the impact of taking into account dust
aerosols in estimating solar irradiance. This is compared to
the other three simulations, which are also used to evaluate
the uncertainties associated with the choice of the aerosol
initial and boundary condition datasets. A domain of inter-
est, spanning 10 to 25° N (Fig. 1a), was selected for analysis
and comparisons. This choice was guided by the dust plume
trajectory (Fig. S1) and the “dust-only” hypothesis (Fig. S2).

2.4 Evaluation datasets

This section presents the local and regional data that are em-
ployed in the evaluation of the simulations.

2.41 GHI

The global horizontal irradiance (GHI) is the total shortwave
irradiance from the Sun on a horizontal surface on Earth. It
is the sum of direct irradiance, which takes into account the
solar zenith angle and diffuse horizontal irradiance. It is mea-
sured in W m~2 for the wavelength range 0.3-3.0 um.

The national electricity company of Burkina Faso, Son-
abel, operates a solar farm in Zagtouli (12.31°N, 1.64° W;
Fig. la), approximately 15km west of the capital, Oua-
gadougou. It has an installed capacity of 34 MWp and con-
tributes up to 4 % of Burkina Faso’s annual electricity pro-
duction. Ground GHI measurements from pyranometers are
available at a temporal resolution of 15 min for the Zagtouli
solar plant and undergo pre-processing to ensure quality con-
trol. This involves removing outliers and days with missing
data, visually checking the consistency of the measured val-
ues, and selecting data corresponding to production hours
(positive values for solar irradiance at the top of the atmo-
sphere). Operational GHI forecasts for this solar farm are
computed by the French company Steadysun. These fore-
casts are based on a multi-model, multi-member, and multi-
mesh grid aggregation, which is derived from the National
Centers for Environmental Prediction (NCEP) Global En-
semble Forecast System and the ECMWEF Integrated Fore-
cast System (Clauzel et al., 2024).

In situ measurements of GHI from pyranometers (Fig. 1a)
are also available at a 15 min temporal resolution for the
Banizoumbou (Niger) surface station, installed as part of the
AMMA-CATCH observatory (African Monsoon Multidisci-
plinary Analysis — Coupling the Tropical Atmosphere and
the Hydrological Cycle; AMMA-CATCH, 1990; Galle et al.,
2018).

The two measurement sites were selected because they are
the only locations where GHI observations have been made
available along the dust plume transport for the case study,
with the Zagtouli power station being one of the first large
solar farms in West Africa and the AMMA-CATCH obser-
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Table 2. Summary of the characteristics of the dust initial and boundary condition products.

GOCART MERRA-2 CAMS
Type Climatology Reanalysis Reanalysis
Temporal resolution Monthly 3h 3h
Vertical levels 20 72 60
Horizontal resolution (lat x long)  2° x 2.5° 0.5°x 0.635° 0.75° x 0.75°
Dust aerosol size distribution 0.20-0.36 um 0.1-1.0 um 0.03-0.55 um
(radius in pm) 0.36-0.60 um 1.0-1.8 um 0.55-0.90 um

0.60-1.20 um 1.8-3.0 um 0.90-20.00 um

1.20-2.00 ym 3.0-6.0 um

2.00-3.60 um 6.0-10.0 ym

3.60-6.00 ym

6.00-12.00 um

vatory being the only one to offer continuous GHI measure-
ments for the region and period of interest.

The CAMS gridded solar radiation dataset (CAMS solar
radiation services v4.6; Schroedter-Homscheidt et al., 2022),
based on the Heliosat-4 method (Qu et al., 2017), provides
several variables related to solar irradiance, such as clear-sky
and all-sky GHI. It has a horizontal resolution of 0.1° x 0.1°
and provides data every 15min. The clear-sky model in-
cludes aerosols through the CAMS chemical transport model
(Inness et al., 2019), which integrates data assimilation of
AOQOD and is coupled online to a numerical weather prediction
model. Cloud information for the all-sky model is derived
from Meteosat Second Generation (MSG) satellite observa-
tions using the AVHRR Processing scheme Over cLouds,
Land and Ocean (APOLLO) next-generation cloud process-
ing scheme (Kliiser et al., 2015). The dataset was selected for
comparison with the simulations as it integrates a descrip-
tion of aerosol processes. While Yang and Bright (2020) and
Sawadogo et al. (2023) show that it is the best-performing
product for estimating surface solar irradiance in the West
African region among several satellite-based gridded irradi-
ance products, this dataset still has a negative bias of about
10 % for all-sky solar irradiance estimates at desert stations
in North Africa (CAMS solar radiation regular validation re-
port; Lefevre, 2022).

2.4.2 Surface temperature

In situ surface temperature measurements are available for
three stations of the International Network to study Depo-
sition and Atmospheric composition in Africa (INDAAF),
namely Banizoumbou (Niger; 13.54° N, 2.66° E; 6.2 m above
surface; Rajot et al., 2010a; Marticorena et al., 2010; Kaly et
al., 2015), Cinzana (Mali; 13.28° N, 5.93° W; 2 m above sur-
face; Rajot et al., 2010b; Marticorena et al., 2010; Kaly et
al., 2015), and Bambey (Senegal; 14.70° N, 16.47° W; 5.2m
above surface; Marticorena et al., 2021a) (Fig. 1b). The mea-
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surement sites were selected since they are almost aligned
around 13-15° N, which represents the main pathway of Sa-
haran and Sahelian dust towards the Atlantic Ocean during
the case study.

The ERAS5 atmospheric reanalysis (Hersbach et al.,
2020) provides spatially continuous hourly values of sur-
face temperature at 2m and has a horizontal resolution of
0.25° x 0.25°.

2.4.3 Aerosol

The INDAAF network also provides data on aerosol concen-
tration through ground measurements of PMj, i.e. the con-
centration of atmospheric particles with an aerodynamic di-
ameter smaller than 10 um. For this case study, hourly PMg
measurements are available for two stations (Fig. 1b), namely
Cinzana (Rajot et al., 2010c; Kaly et al., 2015) and Bambey
(Marticorena et al., 2021b).

The CAMS atmospheric reanalysis (Inness et al., 2019)
is also used to evaluate regional surface PM|y concentration
and AOD. It provides 3 h data with a horizontal resolution of
0.75° x 0.75° and a surface layer thickness of 2.4 hPa.

Local ground measurements of AOD are retrieved
from the AErosol RObotic NETwork level 1.5 dataset
(AERONET; Holben et al., 1998; Giles et al., 2019). AOD
is calculated from sun photometer recordings, along with the
Angstrém Exponent, and is only available during clear-sky
conditions in daylight hours with a resolution of 1 min. The
AOD at 400 nm simulated with the WRF-CHIMERE model
is converted to 440 nm for comparison with AERONET, us-
ing the Angstrom formula as follows:

AOD PN
LX), 2
AODy, ~ \ g

where AOD,, is the AOD at the desired wavelength, which
is A =440nm here; AOD,, is the AOD at the wavelength
simulated in the model, which is Ay = 400 nm here; and « is
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the Angstrém exponent derived from the simulated AOD at
different wavelengths and given here for the range from 400
to 600 nm.

AERONET also provides an aerosol size distribution
dataset estimated through the inversion of the photometer
data, as described in Dubovik and King (2000). The algo-
rithm for inversion provides a volume particle size distri-
bution for 22 bins, which are logarithmically distributed for
radii between 0.05 and 15 pm. For comparison with the mod-
elled aerosol size distribution, this distribution is interpolated
on the CHIMERE-simulated aerosol size distribution which
is composed of 10 bins ranging from 0.01 to 40.00 ym in
diameter (see Table 1). Given that the coarsest bin (10.00-
40.00 um) is at the limit of the capabilities of the inver-
sion method, and the two thinnest bins (0.010-0.022 and
0.022-0.048 um) are out of the range of the inversion prod-
uct, the AERONET dataset size sections are interpolated on
the CHIMERE size sections ranging from 0.048 to 10.0 um.
Consequently, only comparisons between the three simula-
tions can be made for the three size sections which are out
of the range of the AERONET product. The column aerosol
volume size distribution simulated by the model is calculated
for each bin “i” as in Menut et al. (2016):

M, r; X Azg

dv (r,-) _ Zn levels

dIn(r;) k=1 Odust X In (ri,max/ri,min)

, 3

where r; is the mean mass median radius (in um), and 7; min
and r; max are the boundaries of the ith bin. my ,, is the dust
aerosol mass concentration (the mass of aerosol in 1 m3 of
air; given in ugm™3). pqust is the dust aerosol density (the
mass of the particle in its own volume; pgust = 2300 kg m’3).
Az is the model layer thickness (in metres) for a total of n
levels (here 30 vertical levels).

The locations of the five AERONET sites used for com-
parison in this study are illustrated in Fig. 1a.

The spatially continuous AOD is also derived from level 2
aerosol products of MODIS Terra and Aqua satellites (com-
bined Dark Target-Deep Blue AOD at 0.55um, Collec-
tion 6.1; Platnick et al., 2015). It provides a measure of
the AOD at 550 nm during the daytime for clear-sky con-
ditions, with a spatial resolution of 10 km. To compare sim-
ulated AOD from WRF-CHIMERE models with AOD from
MODIS, the former is converted from 600 to 550 nm. The
conversion is performed using the Angstrom formula (Eq. 2).

Table 3 provides a general overview of the data used to
evaluate the simulations in this study.

3 Results

The analysis starts by assessing the errors and uncertainties
associated with the dust aerosol initial and boundary condi-
tion datasets employed to estimate the variables of interest
for solar production, i.e. GHI and surface temperature. Sub-
sequently, we investigate the potential causes of these uncer-
tainties by evaluating the AOD, aerosol size distribution, and
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surface aerosol concentration (PMjy), as well as by examin-
ing mineral dust emissions and the flux of these aerosols at
the boundaries of the domain. The metrics used to assess the
quality of the simulations are described in the Supplement.

3.1 GHI

In Fig. 2, the local evaluation demonstrates the effect of
taking into account dust aerosol for GHI estimation with
the WRF-CHIMERE coupling over the WRF meteorologi-
cal model alone. The coupling reduces the MAE by a factor
of 3.6 at Zagtouli and by a factor of 4.6 at Banizoumbou on
average. The simulations accurately represent the reduction
in GHI intensity caused by the dust plume at both stations.
However, the reduction persists compared to the observations
at Zagtouli. At Banizoumbou, the simulations overestimate
GHI at the beginning and end of the case study.

Figure 2 also indicates that the CAMS gridded solar ra-
diation product fails to fully reproduce the dust event, with
only a small reduction in GHI during the passage of the dust
plume and an intermediate MAE between the WRF-only and
the WRF-CHIMERE simulations. This point serves to high-
light the advantages of using a regional model in comparison
to a global product for the simulation of dust conditions and
the estimation of solar irradiance.

Furthermore, the uncertainty in GHI estimation related to
the choice of the dust aerosol initial and boundary condition
datasets is limited, particularly when compared to the errors.
This is evidenced by the fact that the mean standard devia-
tion between the three WRF simulations is only 7 % of the
average MAE of these simulations at Zagtouli and only 5 %
at Banizoumbou.

The regional comparison presented in Fig. 3 provides more
insight into the impact of incorporating dust on GHI esti-
mation with the WRF-CHIMERE coupling when compared
to the WRF meteorological model alone. As anticipated, the
WRF-only simulation has the highest GHI estimates. The
WRF-CHIMERE simulations indicate that dust aerosols re-
duce the mean GHI estimation by approximately 115 W m—2
(—18 %) compared to the WRF-only simulation, while the
CAMS gridded solar radiation global product shows a reduc-
tion of 88 W m~2 (—14 %). The three WRF-CHIMERE sim-
ulations exhibit identical regional patterns, with lower mean
GHI values observed on the dust plume trajectory from the
Bodélé Depression to the west and also in the south Atlas re-
gion. In contrast, the CAMS gridded solar radiation dataset
does not show this regional pattern, which may indicate that
this global product does not fully capture the dust event.

Furthermore, the uncertainty in GHI estimation associ-
ated with the choice of the dust aerosol initial and bound-
ary condition datasets is limited, particularly when com-
pared to the changes brought by the taking of dust aerosol
into account. Indeed, the standard deviation between the
three WRF-CHIMERE simulations represents only 5 % of
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Table 3. Summary of data used to evaluate the simulations.

1005

Product Type Resolution
GHI Zagtouli solar farm monitoring system Pyranometer GHI measurement Local

AMMA-CATCH observational network  Pyranometer GHI measurement Local

CAMS gridded solar radiation Atmospheric reanalysis 0.01° x 0.01°
Temperature INDAAF network Ground measurements Local

ERAS Atmospheric reanalysis 0.25° x 0.25°
PMjg INDAAF network Ground measurements Local

CAMS (v48R1, EAC4) Atmospheric reanalysis 0.75° x 0.75°
Aerosol size distribution = AERONET network Inversion product Local
Aerosol optical depth AERONET network Sun photometer ground measurements ~ Local

MODIS Satellite observations 10km
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Figure 2. Local comparison of CAMS gridded solar radiation product and simulated GHI against (a) the Zagtouli solar farm observations
and (b) the Banizoumbou AMMA -CATCH observations. wrf_chimere-G, wrf_chimere-M, and wrf_chimere-C refer to the WRF-CHIMERE
simulations using GOCART, MERRA-2, and CAMS as dust aerosol initial and boundary condition datasets, respectively.

the mean difference between these three simulations and the
WRF-only simulation without dust.

3.2 Temperature

Figure 4 illustrates the contrasting outcomes of taking into
account dust aerosols into the WRF-CHIMERE coupling
in comparison to the WRF meteorological model alone for
the estimation of surface temperature. At Bambey (Fig. 4a),
which is far from the dust source areas, the coupling has
no effect on daytime temperatures but does affect nighttime

https://doi.org/10.5194/acp-25-997-2025

temperatures. The WRF-CHIMERE and WRF-only simula-
tions have indicator of agreement (IOA) and mean absolute
error (MAE) of the same order of magnitude. At Cinzana
(Fig. 4b), the WRF-only simulation performed better, with
an MAE 0.6 °C lower than the coupled simulations, espe-
cially for nighttime temperatures but also for estimating the
daily temperature peak. Finally, at Banizoumbou (Fig. 4c),
which is near the dust source areas, the coupling leads to a
significant improvement in surface temperature estimation,
with an IOA of approximately 0.79 compared to 0.56 for
the WRF-only simulation and an MAE reduced by around
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Figure 3. Mean daytime GHI during the period of 28 March 2021 at 00:00 UTC to 2 April 2021 at 00:00 UTC as estimated by (a) the CAMS
gridded solar radiation dataset, (b) the WRF only simulation, and the WRF-CHIMERE simulations with (¢) GOCART, (d) MERRA-2, and
(e) CAMS as dust aerosol initial and boundary condition datasets; the plus sign (+) is the Zagtouli solar farm, and the cross (x) is the

Banizoumbou site. p is the mean GHI estimates over the domain.

3.6 °C. The impact of dust aerosols on temperature is partic-
ularly pronounced at nighttime. However, dust also affects
the daily temperature peak, with a reduction of 1.1 °C of the
daily maximum temperature observed on 30 March.

Depending on the position of the measurement station, the
results show a contrast. There is a significant improvement in
the model coupling close to the source zones at Banizoum-
bou. However, this improvement is reversed with increasing
distance at Cinzana. This suggests errors in the simulation of
the transport of the dust plume from the source zones (Bodélé
Depression) towards the west. Overall, the main differences
between WRF only and WRF-CHIMERE coupled simula-
tions occur at nighttime when there is no solar production.
These differences highlight the warming effect due to the
dust aerosol interaction with the longwave earth radiation.

In general, the uncertainty associated with the choice of
the dust aerosol initial and boundary condition datasets for
the WRF-CHIMERE simulations is negligible compared to
the errors in temperature estimation or the difference with the
WRF-only simulation.

The value of the ERAS reanalysis for surface temperature
evaluation is also reinforced in Fig. 4 since it shows the low-
est MAE and highest IOA. This dataset can therefore be con-
sidered reliable for a regional evaluation of surface tempera-
ture.

The regional surface temperature evaluation in Fig. 5 also
reveals a contrast benefit of the coupling approach for sur-
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face temperature estimation. While the WRF-only simulation
(Fig. 5a) underestimates the surface temperature all over the
domain, WRF-CHIMERE simulations overestimate surface
temperature in the dusty areas (Saharan region; Fig. 5b, c,
d). Overall, incorporating the dust aerosol simulation in the
estimation of surface temperature reduces the MAE by 14 %
(Fig. 5e) when comparing the surface temperature estimates
from simulations with the ERAS reanalysis.

Furthermore, the uncertainty associated with the choice of
the dust aerosol initial and boundary condition datasets is
limited. This is demonstrated by the fact that the standard de-
viation between the three WRF-CHIMERE simulations av-
eraged over the period of the analysis is 12 % of the mean
bias of those three simulations in comparison to ERAS re-
analysis and only 7 % of the difference between the coupled
simulations and the WRF-only simulation without dust.

Finally, the incorporation of dust aerosol into the estima-
tion of GHI appears to be a crucial element in this case study.
However, the value of this approach is more debatable in the
context of surface temperature estimation. Furthermore, the
uncertainty related to the dust aerosol initial and boundary
condition dataset selection is limited, particularly when com-
pared to the simulation errors, and to the differences between
including dust in the simulation and not including it. The fol-
lowing sections will examine the simulated dust aerosol con-
dition during the case study in order to explain the discrep-
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Bambey (Senegal)

1007

—+— obs.
ERA5
—— |OA =0.88 ; MAE = 1.3°C
2
2 wrf only
g —— IOA =0.81; MAE = 2.2°C
o
£
2 wrf_chimere - G
8 —— 10A =0.79 ; MAE = 2.0°C
>
wrf_chimere - M
—-— IOA =0.80 ; MAE = 2.0°C
wrf_chimere-C
15 . . . | . IOA = 0.79 ; MAE = 2.1°C
2021-03-28 2021-03-29 2021-03-30 2021-03-31 2021-04-01
12:00:00 12:00:00 12:00:00 12:00:00 12:00:00
Cinzana (Mali)
401 \ - 4
b) A = =Y A Y, | —— obs.
37.57 /‘1 '\ [ /4 \l ff \ (.
7\ 7 :\ ] Fo\ ERA5
3 & A / \ / 'Y “‘i —— I0A = 0.89 ; MAE = 1.1°C
8 7 3 ’«" ," I i 1
¢ a5 fl th f f i ] wrf only
g | i J / i A — I0A=0.88 ; MAE = 1.2°C
£ 30 i ) ] A\ )
> 4 tf f N ! wrf_chimere - G
£ o754 o ,1 =~ —— I0A'=0.77 ; MAE = 1.9°C
a ¥ /
25 / \ / wrf_chimere - M
—-— 10A =0.78 ; MAE = 1.8°C
225 \ "
Y wrf_chimere -C
20 . | M | . IOA = 0.79 ; MAE = 1.8°C
2021-03-28 2021-03-29 2021-03-30 2021-03-31 2021-04-01
12:00:00 12:00:00 12:00:00 12:00:00 12:00:00
" Banizoumbou (Niger)
—+— obs.
ERA5
—— |IOA = 0.87 ; MAE = 1.0°C
2
2 wrf only
g —— IOA = 0.56 ; MAE = 5.2°C
o
£
2 wrf_chimere - G
é —— |OA =0.78 ; MAE = 1.7°C
wrf_chimere - M
—-— IOA =0.79 ; MAE = 1.6°C
wrf_chimere -C
I0A =0.79 ; MAE = 1.6°C

T
2021-03-29
12:00:00

T
2021-03-28
12:00:00

T
2021-03-30
12:00:00

T
2021-04-01
12:00:00

T
2021-03-31
12:00:00

Figure 4. Local comparison of ERA5 and simulated surface temperature with the INDAAF observations for the (a) Bambey (Senegal),
(b) Cinzana (Mali), and (c) Banizoumbou (Niger) measurement sites. wrf_chimere-G, wrf_chimere-M, and wrf_chimere-C refer to the
WRF-CHIMERE simulations using GOCART, MERRA-2, and CAMS as dust aerosol initial and boundary condition datasets, respectively.
IOA is the indicator of agreement, and MAE is the mean absolute error.

ancies observed in GHI and surface temperature, which are

key parameters for solar production.
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3.3 Aerosol optical depth

The local evaluations presented in Fig. 6 reveal an overes-
timation of the AOD for stations close to dust sources such
as Tamanrasset (Fig. 6a), Zinder (Fig. 6b), and Banizoum-
bou (Fig. 6¢). This overestimation is more limited with in-
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Figure 5. Mean difference in surface temperature compared to the ERAS reanalysis for (a) the WRF-only simulation and the WRF-
CHIMERE simulations with (b) GOCART, (¢c) MERRA-2, and (d) CAMS as dust aerosol initial and boundary condition datasets during
the period of 28 March 2021 at 00:00 UTC to 2 April 2021 at 00:00 UTC. The black point is Bambey, the cross (x) is the site at Cinzana,
and the plus sign (4) is the Banizoumbou INDAAF site. (€) Probability density function for the differences in surface temperature between

simulations and the ERAS reanalysis.

creasing distance from the dust source at Cinzana (Fig. 6d)
and Dakar (Fig. 6e). The order of magnitude of the dis-
persion between the three simulations is small when com-
pared to the errors in the simulation in representing the ob-
served AOD. As a consequence, the uncertainty associated
with the choice of the dust aerosol initial and boundary con-
dition datasets is limited. Overall, the AERONET AOD mea-
surements appear to be very scarce, particularly close to
the dust aerosol sources (Zinder, Tamanrasset, Banizoum-
bou, and Cinzana). The AOD measurements are performed
by sun photometers which provide recordings by pointing
at the Sun. Thus, these recordings are only available during
the daytime and with clear-sky conditions. In some cases of
intense dust plumes with very high concentrations leading
to strong solar radiation absorption, the sun photometers are
technically limited and cannot produce any record or, some-
times, the AERONET quality control system removes them
(Mueller et al., 2015; Giles et al., 2019). This may be the rea-
son for the scarcity of observations in this case study which
focuses on an intense dust event, thus increasing the per-
ceived overestimation of the simulations. To compensate for
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this, the AOD estimates from MODIS satellite observations
have been added to Fig. 6 to complete the data.

Furthermore, the CAMS reanalysis appears to be a reliable
dataset for dust AOD estimation as it has no overestimation
and has the lowest normalised mean absolute error (nMAE)
for all sites. Although it does not reproduce the AOD dynam-
ics close to the dust source at Tamanrasset and Zinder, it has
the highest correlation coefficient for the other sites. Never-
theless, this result should be interpreted with caution, given
the limited data available for calculating the dataset evalu-
ation metrics. More research is needed to substantiate this
conclusion.

The AOD differences shown in Fig. 7b, c, and d show
that the simulations significantly overestimate the AOD com-
pared to the MODIS satellite observations, particularly in the
Saharan and north Sahelian zones and in the south Atlas, with
an average overestimation of +1.25 between 15 and 20° N. It
is important to note that this overestimation is localised close
to the desert aerosol source zones. The simulated AOD er-
ror in the Sahel zone, particularly around the Zagtouli solar
power plant, is more limited, with an average of +0.51 be-

https://doi.org/10.5194/acp-25-997-2025



L. Clauzel et al.: Solar radiation estimation in West Africa: impact of dust conditions during 2021 dry season 1009

Tamanrasset

obs. (23 hourly values)

MODIS

CAMS (nMAE=19 ; corrcoef=0.18)
wrf_chimere - G (nMAE=95 ; corrcoef=0.88)
wrf_chimere - M (nMAE=146 ; corrcoef=0.82)
wrf_chimere - C (nMAE=89 ; corrcoef=0.88)

obs. (10 hourly values)

MODIS

CAMS (nNMAE=23 ; corrcoef=-0.79)
wrf_chimere - G (nMAE=54 ; corrcoef=0.25)
wrf_chimere - M (nMAE=60 ; corrcoef=0.43)
wrf_chimere - C (nMAE=62 ; corrcoef=0.29)

obs. (17 hourly values)

MODIS

CAMS (NMAE=17 ; corrcoef=0.78)
wrf_chimere - G (nMAE=86 ; corrcoef=0.57)
wrf_chimere - M (nMAE=92 ; corrcoef=0.55)
wrf_chimere - C (nMAE=89 ; corrcoef=0.59)

T T T T T
N2 I\ N2 N INA N A% N A
> S ) Q Q A A N\ W\
T o P & & o o2 oS N
Cinzana

(d) + obs. (20 hourly values)

# MODIS
--- CAMS (nNMAE=15 ; corrcoef=0.91)
—— wrf_chimere - G (nMAE=21 ; corrcoef=0.84)
—— wrf_chimere - M (nMAE=21 ; corrcoef=0.86)

wrf_chimere - C (nMAE=24 ; corrcoef=0.87)

Dakar Belair

+ obs. (43 hourly values)
# MODIS
--- CAMS (nNMAE=10 ; corrcoef=0.85)
—— wrf_chimere - G (nMAE=35 ; corrcoef=-0.44)
—— wrf_chimere - M (nMAE=46 ; corrcoef=-0.47)
wrf_chimere - C (nMAE=34 ; corrcoef=-0.45)

T T
NG AT

T
A N

® A

®° ®°

=

AN
& s

®
A
R YN

T
W N2 W

5 5 Q
Q’b’i Qrb,‘l 0.3,'5 &

Figure 6. Local comparison of simulated AOD with AERONET in situ measurements at 440 nm for (a) Tamanrasset, (b) Zinder, (¢) Ban-
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tween 10 and 15°N. The mean standard deviation between the selection of the dust aerosol initial and boundary condi-
the three WRF-CHIMERE simulations is only 10 % of the tion datasets is small.

mean error and 5 % of the mean simulated AOD. Conse- The observed overestimation of AOD by the WRF-
quently, the uncertainty in the AOD estimate associated with CHIMERE simulations could be due to an overestimation of

the aerosol concentration, an inaccurate estimation of the size
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distribution of the dust plume, excessive aerosol emissions
within the domain, or an excessive inflow of desert aerosols
at the domain boundaries. These hypotheses are investigated
below. Another potential explanation may also be the uncer-
tainties in the radiative properties of the dust aerosol incor-
porated in the CHIMERE model or an underestimation of
the aerosol deposition flux; these aspects are not investigated
here.

3.4 Aerosol size distribution

The evaluation of the aerosol size distribution in Fig. 8
shows that the simulations generally have a dominant aerosol
size mode shifted towards coarser sizes compared to the
AERONET inversion product. The ground-based size distri-
bution has a strong peak between 1.14 and 5.00 pm, whereas
the size distributions estimated by the WRF-CHIMERE sim-
ulations peak for coarser aerosol. For the Dakar Belair sta-
tion (Fig. 8d), the AERONET inversion product indicates
a first peak of lower intensity between 0.05 and 0.11 pm,
which suggests the presence of aerosols other than desert
dust. These aerosols may be of anthropogenic origin, given
the proximity of the measurement site to the Senegalese cap-
ital. When comparing the size distributions between the three
simulations with different dust aerosol initial and boundary
condition datasets, it can be seen that the simulations driven
with CAMS and MERRA-2 reanalysis are relatively close
and well separated from the one driven with the GOCART
climatology. Notably, the dominant size bin in the simula-
tion using GOCART dataset is consistently the one with the
largest particles, whereas with the aerosol from reanalyses
it is the aerosols between 5 and 10 um. Consequently, the
uncertainty associated with the selection of the dust aerosol

Atmos. Chem. Phys., 25, 997-1021, 2025

initial and boundary condition datasets is high when exam-
ining the aerosol size distribution, particularly for particles
exceeding 5.00 um in diameter. The aforementioned uncer-
tainties in the aerosol size distribution, which are linked to
the choice of the dust aerosol initial and boundary condition
datasets, may be attributed to differences in the flow of desert
dust entering the domain, as well as uncertainties in the trans-
fer method carried out by the CHIMERE model to match the
aerosol classes of these datasets to its own size distribution
as described in Sect. 2.2.3.

As a result, the shift in the WRF-CHIMERE size dis-
tribution towards coarser particles compared to AERONET
observations would result in a simulated AOD smaller than
AERONET measurements. However, the opposite is ob-
served (Sect. 3.3). This suggests a positive bias in the simu-
lated aerosol concentration, which would explain the positive
bias in the AOD, while the coarser size distribution would
tend to compensate.

3.5 Aerosol concentrations

The three simulations properly capture the dynamics of the
PMj( surface concentration with respect to the INDAAF
ground measurement (Fig. 9) as correlation coefficients are
around 0.6 at Cinzana and close to 0.7 at Bambey. The WRF-
CHIMERE simulations driven with MERRA-2 and CAMS
dust aerosol datasets overestimate the surface PM o concen-
tration peaks for Bambey (Fig. 9a) and Cinzana (Fig. 9b),
with high positive bias values of around 63 gm™> at Bam-
bey and 247 gm™> at Cinzana. The latter station is closer
to the dust aerosol sources. In contrast, the simulation using
the GOCART dust aerosol dataset demonstrates superior per-
formance in representing this variable, with an MAE that is

https://doi.org/10.5194/acp-25-997-2025



L. Clauzel et al.: Solar radiation estimation in West Africa: impact of dust conditions during 2021 dry season

0.3
(a) Tamanrasset
ta 1 2021-03-31 08:44:00
025 tm 1 2021-03-31 09:00:00
= 027
£
3
E
2 0.15
5
>
© 014
0.05- I
0 : e .
005 011 023 052 114 250 500 10.00 40.00
aerosol size bins [um]
I(c) Banizoumbou
1 ta 1 2021-03-30 13:56:00
tm : 2021-03-30 14:00:00
0.8
g
mgo,e—
5
3 04
0.2 ’
‘ L\
0 } | .
005 011 023 052 114 250 500 10.00 40.00

aerosol size bins [pm]

1011

14-'(b) Zinder
’ ta : 2021-03-29 15:30:00
tm : 2021-03-29 15:00:00
124
— 17
3 AERONET obs.
”g 0.8- B wrf_chimere-G
o I wrf_chimere-M
g 0.6 wrf_chimere - C
3
0.44 S
0.2 '
‘ .
0 T i | = r
0.05 0.11 0.23 0.52 1.14 2.50 5.00 10.00  40.00
aerosol size bins [pum]
I(d) Dakar Belair
0.3 ta 1 2021-03-31 12:16:00
tm : 2021-03-31 12:00:00
0.25 ‘
i 0.2
=
£
% 0.15
3
3
0.1
0.05
| =] I
0.05 0.11 0.23 0.52 1.14 2.50 5.00 10.00  40.00

aerosol size bins [pm]
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approximately 60 % and 70 % lower than the two other sim-
ulations at Bambey and Cinzana, respectively.

Furthermore, the uncertainty associated with the selection
of initial and boundary condition datasets for dust aerosols is
of a comparable magnitude to the simulation errors observed
for surface PM( concentrations. Section 3.4 partly explains
these discrepancies in surface PM( concentration estimates
between the simulation driven with the GOCART climatol-
ogy and those driven with CAMS or MERRA-2 reanalysis
in terms of aerosol size distribution. These differences may
also be attributed to variations in the size distribution of dust
aerosol emissions or in the inflow of dust into the simulation
domain and its aerosol size distribution.

Moreover, Fig. 9 indicates that the CAMS reanalysis pro-
vides reliable estimates of surface PM( concentration, as ev-
idenced by the fact that it has the lowest MAE values. How-
ever, the Bambey and Cinzana ground measurements, which
are the only two available for the case study, are situated at
a considerable distance from the dust sources, limiting our
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ability to assess the accuracy of the CAMS reanalysis in cap-
turing the dust event. Moreover, the CAMS reanalysis ex-
hibits a negative bias at Cinzana, which is the closest site to
the dust sources.

Figure 10 illustrates an overestimation of the PMjo con-
centrations compared to the CAMS reanalysis. This is par-
ticularly evident in dust source areas such as the Bodélé De-
pression. The WRF-CHIMERE simulation driven with the
GOCART dataset is the closest to the CAMS reanalysis, with
a mean estimate 3.6 times higher. However, this ratio reaches
8.6 for the simulations driven with the CAMS and MERRA-
2 reanalysis dataset.

The mean standard deviation between the three WRF-
CHIMERE simulations is 35 % of their mean PMjq sur-
face concentration estimate. Consequently, the uncertainty
in the estimation of dust PM( surface concentration associ-
ated with the selection of the dust aerosol initial and bound-
ary condition datasets is significant. The discrepancies be-
tween the simulation using the GOCART climatology and

Atmos. Chem. Phys., 25, 997-1021, 2025
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the two other ones using CAMS or MERRA-2 reanalysis
can be partly explained by the differences in the simulated
aerosol size distribution, as shown in Sect. 3.4.

3.6 Dust emissions

In terms of dust emissions (Fig. 11), the Bodélé Depression
is, as expected, identified as the primary dust source area,
with emissions reaching up to 244 g m~2. The differences in
the simulations with each of the three dust aerosol initial and
boundary condition datasets, relative to their mean, exhibit
the highest values in the source zones located at the Bodélé
Depression and the south Atlas. Nevertheless, it is worth not-
ing that there is a factor of 100 in between the emissions in
the Bodélé area (approximately 200 g m~2) and the observed
differences between the three simulations. Consequently, the
uncertainties in dust emissions resulting from the choice of
the dust aerosol initial and boundary condition datasets can
be considered negligible. As emissions are primarily influ-
enced by surface wind, it can be inferred that the uncertainty
generated by the dust aerosol driving dataset on the surface
wind is negligible too, which is confirmed by Fig. S4. Addi-
tionally, the size distributions of the aerosols emitted during
the case study are found to be identical (not shown). There-
fore, the differences in dust surface concentration and dust
aerosol size distribution may be partly attributed to the dust
flows at the boundaries of the domain and are not linked to
differences in simulated dust emissions within the domain.
However, there are no observational data available to enable a
quantitative evaluation of the accuracy of the emissions com-
puted within the WRF-CHIMERE simulations.

3.7 Dust boundary flux

As shown in Fig. 1b, the dust event is associated with a
strong Harmattan flow that is characterised by a northeast-
erly flow in the lower layer. It is thus interesting to quantify
the dust inflow associated with each of the dust aerosol ini-
tial and boundary condition datasets for the eastern domain
boundary. The lowest dust flux is observed with GOCART
(Fig. 12a), with a maximum of approximately 480 gm~2. In
contrast, MERRA-2 and CAMS (Fig. 14 b and c, respec-
tively) exhibit higher dust fluxes, with maximum values of
around 1650 g m~2. The maximum flow is around 10°N for
MERRA-2, while for CAMS it is closer to 16° N. Given that
GOCART is a climatology, it is reasonable to expect a lower
dust flux compared to the CAMS and MERRA-2 reanalyses,
which are real-case simulations incorporating data assimila-
tion of AOD. This is particularly true for the presented case
study, which involves an intense dust event associated with a
Harmattan flow.

There are also significant differences in both quantity and
distribution by aerosol size bin (Fig. 12d). MERRA-2 ex-
hibits a strong dominant mode for the class between 1.14 and
2.50 um, while CAMS shows significant values from 0.52 to
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40 um, with a maximum for the size class between 0.52 and
1.14 um. Finally, the GOCART model displays a lower vari-
ability between 1.14 and 40.00 um, with the maximum oc-
curring for the size class between 2.55 and 5.00 pm.

The eastern dust fluxes at the boundary significantly vary,
depending on the dataset used as the dust aerosol initial and
boundary conditions, in terms of quantity and size distri-
bution. The reanalysis dataset, CAMS and MERRA-2, are
expected to provide a more accurate representation of dust
flux in terms of quantity as they are real-case simulations as-
similating observational data in their calculations; this is in
contrast to GOCART, which is a climatology. However, GO-
CART provides a more comprehensive description of aerosol
size distribution with seven classes compared to CAMS,
which has only three classes but proposes a higher horizontal
resolution. While GOCART considers the effect of aerosol
size to be essential, CAMS assumes the horizontal resolution
to be a key parameter. MERRA-2 is the most comprehensive
of the three datasets, with the highest horizontal resolution
and an aerosol size distribution that is close to the GOCART
one with five classes.

As a result, and in consideration of the negligible uncer-
tainty in dust emissions within the simulation domain related
to the choice of the dataset for dust aerosol initial and bound-
ary conditions (see Sect. 3.6), these differences in eastern
dust fluxes appear to account for the uncertainties in the sim-
ulated surface dust concentrations (see Sect. 3.5) and dust
aerosol size distribution (see Sect. 3.4).

3.8 Discussions

The evaluation of the simulated GHI at the Zagtouli solar
power plant and the Banizoumbou site (Fig. 2) indicates a
significant enhancement in surface solar irradiance estima-
tion when WRF is coupled with CHIMERE. Specifically,
the local MAE is reduced by approximately 75 %. This con-
firms the relevance of incorporating the dust radiative effect
with a coupling approach in comparison with the operational
forecasts currently employed based on meteorological mod-
els alone. During the dry season, dust events similar to the
one presented here, with emissions at Bodélé and then trans-
port of the plume westwards, are common. This work there-
fore calls for forecasters in the photovoltaic sector to bet-
ter account for the desert dust cycle in their forecast prod-
ucts. This local evaluation also highlights the potential ben-
efits of using a regional model rather than a global product
as the WRF-CHIMERE simulations outperform the CAMS
gridded solar radiation product with an average MAE re-
duced by approximately 38 % at the Zagtouli solar farm and
by 70 % at the Banizoumbou site, which is closer to dust
sources. These discrepancies are corroborated by the regional
comparison presented in Fig. 3, which reveals that the mean
WRF-CHIMERE GHI estimate is 5 % lower than the CAMS
solar radiation dataset. Additionally, the latter does not ex-
hibit a geographical pattern with a lower GHI estimation
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along the dust plume trajectory, which is in contrast to the
WRF-CHIMERE simulations. These results confirm those
from Sawadogo et al. (2023), who recently showed that the
CAMS reanalysis has low performances in estimating solar
irradiance during high AOD episodes like the one studied
here. Furthermore, the comparison reveals that incorporat-
ing dust in the simulation reduces surface solar irradiance
by 18 % in this case study. This reduction is notably higher
but remains within the same order of magnitude as previous
studies that integrated dust aerosol information for solar es-
timation. For example, Masoom et al. (2021) in India and
Mostamandi et al. (2023) in the Arabian Peninsula reported
GHI reductions due to dust of approximately 5 %—10 %. This
discrepancy underscores the potential variability in the dust
impact on solar irradiance, depending on the method used
to account for dust effects in the simulations. In light of the
anticipated expansion of PV production in West Africa, this
point underscores the potential consequences of such dust
events if they are not accurately predicted.

The evaluation of local surface temperature (Fig. 4) re-
veals contrasting results regarding the effectiveness of the
coupled approach. It demonstrates an average local MAE re-
duction by approximately 10 % compared to the WRF-only
simulation. However, the main differences occur mainly at
night when no photovoltaic is produced, as previously ob-
served by Yue et al. (2010) and Briant et al. (2017). It can
be attributed to the opposing radiative forcing effects of dust
aerosols across different wavelength ranges. In the case of
the longwave, which corresponds to terrestrial radiation, the
presence of dust aerosols has a warming effect. Conversely,
for the shortwave, which corresponds to solar radiation, the
presence of dust aerosols induces a cooling effect. Conse-
quently, during nighttime when solely terrestrial radiation is
present, there is an increase in surface temperature. During
the daytime, a competition between the warming effect of
terrestrial radiation and the cooling effect of solar radiation
ensues. The net impact is a decrease in surface temperature,
indicating that the effect of solar radiation dominates, with
the cooling effect exceeding the warming effect (Sokolik and
Toon, 1999).

The regional evaluation in Fig. 5 confirms these contrast-
ing results and indicates a reduction in regional MAE by
about 14 % with the coupling rather than with WRF alone.
The overestimation of surface temperature in dusty areas
with the coupling, not present in the WRF-only simulation,
reveals the dominant aerosol warming effect during night-
time compared to the cooling effect during the daytime.
These results align with those of Briant et al. (2017), who es-
timated dust-induced warming of up to +5 °C during night-
time and cooling of approximately —1°C during the day-
time in a 2012 dust event in West Africa. These statements
strongly depend on the accuracy of the ERAS reanalysis
which serves as a reference. ERAS integrates data assimi-
lation of temperature and incorporates aerosol radiative ef-
fects through prescribed monthly climatologies from the GO-
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CART model but does not dynamically simulate aerosols.
Due to the limited ground measurements in the Saharan re-
gion to constrain the reanalysis and to the significant biases
that can come when considering a coarse climatology for the
radiative effects of aerosols to represent an intense dust event,
it is possible that ERAS underestimates the aerosol effect in
dusty areas.

Nevertheless, despite the improvements demonstrated in
solar irradiance and surface temperature estimation, the
WRF-CHIMERE simulations exhibit a notable positive bias
in terms of AOD, as evidenced by the local and regional
evaluations presented in Figs. 6 and 7. This overestimation
cannot be attributed solely to differences in aerosol concen-
trations, as the simulations yield markedly disparate surface
concentrations of PMg, depending on the dust aerosol ini-
tial and boundary condition datasets chosen (Fig. 10), while
these discrepancies do not appear in the AOD estimates.
However, the results from Yahi et al. (2013) and Léon et
al. (2020) emphasised the importance of considering dust
plume height when linking surface PM( concentrations to
AOD. Therefore, differences in the vertical distribution of
the dust plume, which are not evaluated in this study due to
the lack of quantitative observational data, could account for
part of the observed discrepancies between simulated AODs
and surface PM g concentrations. This excess of aerosol load
may be attributed to an overestimation of emissions within
the domain, but this cannot be verified as there is no such
measurement. The incoming flux of dust in the domain plays
a minor role as shown in Fig. 12, where the flux significantly
also varies depending on the dust aerosol initial and bound-
ary condition datasets employed, while these differences are
no longer present in the simulated AOD estimates. Addition-
ally, the underestimation of aerosol deposition by sedimen-
tation (not studied in this research) could be at the origin of
the overestimation of the simulated dust loads. Finally, an-
other potential explanation for these AOD biases may be the
inaccuracies in the dust radiative properties incorporated in
the CHIMERE model calculation (see Tables S1 and S2).
These depend on the mineralogical composition of the desert
dust particles emitted, which are considered uniform in this
work. The radiative properties of aerosols also depend on
their granulometry. In the CHIMERE model, dust aerosols
are treated as spherical particles in the calculation of their
radiative properties using Mie theory, which introduces bi-
ases. Adebiyi et al. (2023) showed that ellipsoidal dust par-
ticles have a slightly higher mass extinction efficiency com-
pared to spherical particles. As a result, accounting for ellip-
soidal dust aerosols would lead to a slight increase in AOD
that is associated with a small decrease in GHI. This study
further indicates that dust particles with radii smaller than
20.0 um are the primary contributors to dust AOD for short-
wave radiation, with the contribution from larger particles
being an order of magnitude lower. Therefore, including par-
ticles larger than 40.0 um in the CHIMERE model would not
significantly affect AOD and GHI estimates. This is corrob-
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orated by Mostamandi et al. (2023), who demonstrated that
dust particles with radii smaller than 3 pm are primarily re-
sponsible for the reduction in solar irradiance, while particles
larger than 10 um mainly contribute to dust deposition, which
was not examined in this study.

The uncertainty associated with the choice of the large-
scale dust aerosol initial and boundary condition datasets is
very low when considering the variables of interest for so-
lar production, namely GHI and surface temperature (Figs. 3
and 5). This uncertainty is also low compared to the per-
formance of simulations for AOD estimation (Fig. 7). This
result is similar when examining dust emissions within the
domain, which are nearly identical for the three coupled sim-
ulations (Fig. 11). This can be explained by the fact that dust
emissions depend on the cube of surface wind speed (Mar-
ticorena and Bergametti, 1995), which presents no signifi-
cant signature of the selection of the dust aerosol initial and
boundary conditions (Fig. S4). The aerosols emitted within
the chosen domain are much greater than those entering,
as the domain accounts for the main source zones. This is
why the simulations are not that sensitive to dust aerosol
large-scale dataset employed. The results regarding the un-
certainty associated with the choice of the dust aerosol ini-
tial and boundary condition datasets differ when examining
various elements of the dust life cycle. Indeed, aerosol size
distributions vary significantly between the simulation driven
with GOCART on the one hand and simulations driven with
CAMS and MERRA-2 on the other hand. GOCART cli-
matology over-represents aerosols larger than 10 um com-
pared to the CAMS and MERRA-2 reanalyses. These dif-
ferences partially account for the significant deviation in sur-
face PM g concentration estimates (Fig. 10), indicating that
reanalysis-type datasets result in much higher values, up to
3 times higher, compared to climatological-type data, which
are closer to ground observations. The dust flux entering the
domain may also partly explain these differences. In fact, this
flux is very low with GOCART, with values up to 3.5 times
lower than CAMS and MERRA-2 (Fig. 12). The size dis-
tribution of this incoming aerosol flux is also a determining
factor.

4 Conclusion and perspectives

This study aims to evaluate the ability of the WRF-
CHIMERE coupling to simulate GHI during a typical dust
event in the dry season in West Africa. This event is char-
acterised by a Harmattan flux associated with significant
desert dust emissions over the Bodélé Depression, with the
dust plume subsequently transported westward. This work
demonstrates the utility of coupling a meteorological model
with a desert aerosol life cycle model to represent such
events, particularly for improving solar forecasts. Indeed,
GHI estimations are markedly enhanced with this approach
compared to using a meteorological model alone with a
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75 % reduction in the local MAE. Nevertheless, the perfor-
mance of the WRF-CHIMERE simulations in representing
the aerosol load of this event is more controversial. There is
an overall overestimation of AOD and PM g surface concen-
tration by the coupled model in the north Sahelian—Saharan
zone.

This work also aims at investigating whether the perfor-
mance of the simulations can be improved by changing the
dust aerosol initial and boundary condition datasets and at
estimating the uncertainty associated with this choice. The
results show that this selection has almost no influence on
the estimation of the solar irradiance, surface temperature,
and AOD. On the contrary, the choice of the dust aerosol ini-
tial and boundary condition datasets has a significant impact
on the surface PM( concentration and the aerosol size dis-
tribution.

This work outlines new research perspectives. First, we
observe the difficulty of evaluating simulations in West
Africa due to the scarcity of available observations. Estab-
lishing a denser measurement network or conducting obser-
vation campaigns, particularly for GHI, would help research
about the solar estimation and forecasting in this region.
Additionally, the WRF-CHIMERE simulations demonstrate
significant biases in terms of AOD and PMj( surface con-
centration which are not fully explained here. One potential
explanation for this is an overestimation of dust emission
for which no evaluation is possible. Furthermore, studying
aerosol deposition (not conducted in this work) would com-
plement the study of the desert dust aerosol life cycle. On
the one hand, an underestimation of the deposition might
be a contributing factor to the overestimation of the simu-
lated aerosol load. On the other hand, dust deposition on
solar panels affects solar production by masking the avail-
able solar irradiance (soiling effect), and this should be taken
into account in forecasting systems to conduct optimised
cleaning operations. A further limitation of this study is the
use of the WRF meteorological model for the coupling with
CHIMERE rather than the WRF-Solar model (Jimenez et al.,
2016), which is an enhanced version of WRF dedicated to
solar forecasting. Indeed, WRF-Solar incorporates enhanced
algorithms for the computation of solar irradiance, account-
ing for the direct and indirect effects of aerosols and employ-
ing an advanced solar-tracking algorithm. This makes it the
appropriate version of WREF to use for solar energy research.
However, no coupling between WRF-Solar and CHIMERE
has yet been implemented, representing an important per-
spective to expand this work. Finally, the study focuses on
a typical dust event during the dry season, essentially pre-
senting the aerosol-radiation interaction. It could be benefi-
cial to test such a simulation configuration for more complex
cases involving cloud presence. Indeed, the interaction be-
tween aerosols and clouds has a significant impact on solar
forecasting by increasing albedo, extending cloud lifespan,
and promoting cloud formation through increased condensa-
tion nucleus concentration (indirect aerosol effects).
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Code and data availability. WRF namelist configuration files,
CHIMERE parameter files, Python codes exploited in this study,
and GOCART climatology data can be found in the Zenodo reposi-
tory at https://doi.org/10.5281/zenodo.10808476 (Clauzel, 2024).

ERAS data are available from the Copernicus Climate Data Store
service at https://doi.org/10.24381/cds.adbb2d47 (Hersbach et al.,
2023).

CAMS data were downloaded from the Copernicus Atmo-
sphere Data Store service at https://ads.atmosphere.copernicus.eu/
datasets7q=CAMS (Qu et al., 2017; Inness et al., 2019; Schroedter-
Homscheidt, et al., 2022).

MERRA-2 data can be found on the dedicated NASA plat-
form at https://goldsmr5.gesdisc.eosdis.nasa.gov/data/MERRA?2/
(Gelaro et al., 2017).

Data from AMMA ground measurement stations can be
accessed  from  https://doi.org/10.17178/AMMA-CATCH.all
(AMMA-CATCH, 1990).

The INDAAF web page allows access to the data at https:
/findaaf.obs-mip.fr/catalogue/ (last access: 2 September 2024;
https://doi.org/10.25326/210, Rajot et al., 2010a; https://doi.org/
10.25326/269, Rajot et al., 2010b; https://doi.org/10.25326/268,
Rajot et al., 2010c; https://doi.org/10.25326/263, Marticorena et
al., 2021a; https://doi.org/10.25326/267, Marticorena et al., 2021b;
Kaly et al., 2015).

AOD and aerosol inversion data are available from the
AERONET website (https://aeronet.gsfc.nasa.gov, AERONET,
2024), and the website provides these data freely to the public. Data
may be acquired by utilizing several download mechanisms includ-
ing site-by-site download tools.

The MODIS satellite observations are available from NASA’s
Level-1 and Atmosphere Archive and Distribution System Dis-
tributed Active Archive Center (LAADS DAAC) platform at
https://doi.org/10.5067/MODIS/MODO08_D3.061 (Platnick et al.,
2015).
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