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Abstract
Mineral dust over West Africa region modulates summer monsoon through direct radiative forcing. This study examined 
the impact of mineral dust radiative forcing on West Africa Monsoon variability with the aid of Regional Climate Model 
(RegCM4) at 50 km grid resolution driven by ERA Interim re-analysis. Three experiments were performed; first with the 
non-dust aerosol version of the model (CONTROL), and second with the dust aerosol module (DUST) and with an increase in 
the dust concentration (DOUBLE DUST). The simulation was run from October, 2004 to December, 2005 over West Africa 
domain with the first 3 months taken as spin up for model stability. The result shows that there was no significant change with 
Control and Dust case experiment but as the dust AOD increases from 1.0 to 2.0, radiation flux at the Top of Atmosphere 
changes from − 60 to − 80 W/m2 in the Double dust experiment. The Surface Long-wave Radiation Flux of 8.0 W/m2 remains 
unchanged in both cases. The Outgoing Long-wave Radiation (OLR) flux changes from 2.0 to 4.0 W/m2 indicating reduction 
in convective formation and as well as decrease in precipitation of 2 mm/day in the Sahel, while precipitation increases from 
2 to 4 mm/day in the Guinea coast region. There was also strengthening of TEJ core and weakening of AEJ above average 
as dust concentration increases in some parts of the region during the monsoon period. The air temperature increases from 
22.5 to 38.5 °C in both cases from coastal area to Sahelian region of West Africa. It was concluded that substantial amount 
of dust concentration in the atmosphere could trigger and increase radiative forcing of aerosols thereby sensitive to monsoon 
variability and results in enhancement of precipitation amount in the Guinea coast and reduction of precipitation amount in 
the Sahel region of West Africa. Meanwhile, there is need to inquire more into difference aerosol concentration per specie 
that can trigger or increase radiative forcing in the atmosphere.
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Introduction

West Africa monsoon is highly variable and its variability 
has led to incessant increase in flood occurrence in some 
parts of the region, while other parts had suffered immense 
drought which endanger crops and animal growth. This 

challenge of dramatic change in the precipitation regime 
from wet in the early 1960s to drier condition in the late 
1970s. This also includes changes in other associated rain 
producing system. For example, African Easterly Jet (AEJ) 
at 600 hpa pressure level tends to be weaker and more pole 
ward, while the 200 hpa Tropical Easterly Jet (TEJ) and 
the monsoonal flow become stronger during the wet sea-
son (Fontaine et al. 1995; Sultan and Janicot 2003; Sylla 
et al. 2012; Grist and Nicholson 2001. More often than 
not, monsoon variability has been linked to aerosol radia-
tive forcing among other factors. Here, we will focus on 
the direct radiative forcing of mineral dust impact on the 
monsoon variability in the region. Although many works 
have addressed radiative forcing of mineral dust in the West 
Africa climate system, yet there is need for accurate quan-
tification of aerosol concentration that can initiate forcing. 
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Aerosol characteristics with different species and emission 
in the West Africa region have been widely discussed. Spe-
cific inventories of different aerosols including carbonaceous 
aerosol from biomass burning and mineral dust (Marticorena 
et al. 2010) have been developed. Aerosol emission pathway, 
seasonal variation, and transportation with relative to size 
distribution and model parameterization have also been dis-
cussed. For example (Andreae et al. 2005; Diedhiou et al. 
1998; Fontaine et al. 1998; Goudie and Middleton 2001; 
Haywood and Shine 1997; Kaufman et al. 2002; Liao and 
Seinfeld 1998; Titos et al 2016; Wang and Eltahir 2000; 
Ming and Ramaswamy 2011; Akinyoola et al. 2018) in their 
intense discussion have explained different aerosol emis-
sion pathway and the seasonal variation in the West Africa 
region. In particular, Mineral dust ubiquitously found in the 
tropospheric layer of Atmosphere in the West Africa region 
and the maximum concentration is found in winter due to 
Sahara transport, while the daily concentration is extremely 
high during both dry and wet seasons (Marticorena et al. 
2010; Eresanya et al. 2017; Ogunjobi and Awoleye 2019). 
The deposition pathway through which dust is being washed 
off from the atmosphere as a result of mesoscale convec-
tive activities had also been identified. Physico-chemical 
properties of mineral dust, and the radiative forcing charac-
teristics which controls or influence precipitation processes 
have been extensively investigated. Single Scattering Albedo 
(SSA) is a critical parameter to determine the sign of the 
aerosol forcing. Levin and Ganor (1996), Miller and Tegen 
(1998), Haywood and Boucher (2000), Takemura et  al. 
(2005), and Choobari et al. (2014) shows that mineral dust 
consistently scatter radiation in the visible band of radia-
tion spectrum. They also found that SSA of the submicron 
dust has been estimated to be ∼ (0.99 ± 0.01) at 0.55 μm 
and ∼ 0.90 with the addition of the coarse mode. In line with 
this (Camara et al. 2010; Zakey et al. 2006a, b; Konare et al. 
2008a, b; Abiodun et al. 2012; Solmon et al. 2008; Marcella 
and Eltahir 2014a, b; N’Datchoh et al. 2018) in their differ-
ent simulation, results have concluded that dust radiative 
forcing influence precipitation activities in the region and 
were able to ascertained the forcing characteristics of Dust 
across the region. Yet, it is not widely agreed that climate 
feedback is relative to substantial amount of dust present in 
the atmosphere; certain mineral dust with minimum value of 
SSA based on seasonal variation present in the atmosphere 
will have little or no impact on the precipitation processes, 
while a substantial amount will bring significant change in 
the rain producing system. Substantial dust concentration 
will make a substantial impact on the rain producing system 
and processes. The sensitivity of the model to significant 
changes in the mineral Dust radiative forcing is essential to 
quantify the response of precipitation and air temperature 
in the region.

The objective of this work is to investigate the influence 
of mineral dust radiative forcing on the monsoon dynamics 
and the sensitivity of model to changes induced by min-
eral dust radiative forcing. This paper is divided into four 
sections; the first section presents the introduction, second 
session presents the data and method including model con-
figuration and experimental design, the third section present 
the results and discussion, while the fourth session discuss 
the Summary and conclusion.

Data and methods

Study area

The climate of West Africa region is governed by the 
North–South movement of the Inter-tropical Discontinuity 
(ITD). The West Africa domain is divided into three climatic 
zones according to (Omotosho and Abiodun 2007; Abiodun 
et al. 2012; Fink et al. 2016): (1) The Sahelian zone, with 
irregular annual rainfall that does not exceed 500 mm, and a 
maximum rainfall occurring in August. This zone is located 
roughly at 12.5° N latitude and its climate is semi-arid. (2) 
The Sudanian zone with a precipitation amount between 
less than 200 mm in the north of Nigeria and 1000 mm in 
the north of Mali. The climate is sub-humid and located 
approximately between 9 and 12.5° N. (3) The tropical 
humid Guinea Cost zone located along the Gulf of Guinea, 
characterized by annual mean rainfall higher than 1500 mm, 
as shown in Fig. 1.

Model configuration

This study employs the Regional Climate Model version 
4 (RegCM4) developed at the International Center for 
Theoretical Physics (ICTP) due to its wide applications in 
regional climate and environmental change studies (Giorgi 

Fig. 1  Subclassification of West Africa into major three climatic 
zones. (source: Omotosho and Abiodun 2007)
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et al. 2012). The model was configured with grid dimension 
of 80 × 120, 18σ levels and with 50 km grid horizontal reso-
lution driven by ERA Interim re-analysis. The dust scheme 
of RegCM4 represents the dry dust particle-size distribu-
tion through size bin approach. The whole-size spectrum 
of dust particles covers a diameter range of 0.01–20.0 m, 
divided into four size-bins, namely, the fine (0.01–1.0 m,), 
accumulation (1.0–2.5 m), coarse (2.5–5.0 m), and giant 
(5.0–20.0 m) particle-size modes (Zakey et al. 2006a, b). 
Using prognostic dust bin concentrations, long-wave refrac-
tive indices, and absorption cross sections, the dust particle 
long-wave emissivity/absorptivity influences are imple-
mented based on (Solmon et al. 2008). The representation of 
dust emission processes is a key element in a dust model and 
depends on the wind conditions, soil characteristics, and par-
ticle size. Following previous methods in the literatures, the 
dust emission calculation is based on parameterizations of 
soil aggregate saltation and sandblasting processes. In rela-
tion to the BATS interface, these parameterizations become 
effective in the model for cells dominated by desert and semi 
desert land cover. At present, we do not account for sub-grid 
fractional desert cover, that is a grid point is considered to 
be either totally covered by desert or with no desert cover. 
Equation 1 is the dust parameterization equation in tracer’s 
model as coupled in RegCM4; the equation comprises of 
transport term, primary emission term, removal term, and 
physico-chemical term:

where V is the specified velocity, ∇ is the spatial gradient 
operator, X is the Dust mixing ratio, FH is the horizontal 
turbulent diffusion, FV is the vertical turbulent diffusion, Sz 
is the emission term, Ddep deposition flux, and Qp is the 
particle.

Experimental design

In this study, three experiments with RegCM4 Model were 
performed and presented. The model was integrated from 
October, 2004 to December, 2005. However, the simula-
tion of October–December, 2004 was considered as spin 
up and discarded to allow for the model stability. The 
first experiment which is refer to as CONTROL with Bio-
sphere–Atmosphere Transfer Scheme (BATS) of RegCM4 
model and without aerosol interference were run, the second 
experiment also refers to as (DUST) case with coupled dust 
model and run concurrently, while the third experiment rep-
resents a case when the aerosol is double and thereafter refer 
to as (DOUBLE DUST) case study.

(1)

𝜕X

𝜕t
= −V̄ × ∇x + FH + FV + TCUM + Sz − R − Ddep +

∑
(

Qp − Qi

)

,

Remote‑sensing data sets

Multiangle Imaging Spectroradiometer (MISR)

Multiangle Imaging Spectroradiometer (MISR) was 
launched by the National Aeronautics and Space Admin-
istration (NASA) on December 18, 1999 and has been in 
operation since February 2000. The device consists of 
nine push broom cameras arranged to view at nominal 
zenith angles relative to the surface reference ellipsoid of 
0.0°, ± 26.1°, ± 45.6°, 18 ± 60.0°, and ± 70.5° and measures 
upwelling short-wave radiance in each camera at four spec-
tral bands, centered at 446, 558, 672, and 866 nm [142]. 
With high spatial resolution and a better radio metrical and 
geometrical accuracy, the multiple angle-band observations 
of MISR allow the retrieval of a number of aerosol optical 
and microphysical properties over land (including a bright 
desert surfaces) and ocean [36–38, 100, 143–145]. Further-
more, MISR-AOD retrievals (level-3 data) have a higher 
grid resolution (0.5° × 0.5°) in comparison to the Moderate 
Resolution Imaging Spectroradiometer (MODIS) of Level-3 
which has the resolution of 1° × 1°. In the present study from 
MISR-level-3-monthly-averaged data sets (version 31, which 
are available from 2000 onward), the AOD at 558 nm are uti-
lized to evaluate the simulated results. Multiangle Imaging 
Spectroradiometer provides radiometrically and geometri-
cally calibrated images in four spectral bands at each of the 
angles. Spatial sampling of 275 and 1100 m is provided on a 
global basis with a temporal resolution of 16 days, but radi-
ances at 1.1 km resolution are processed to yield the stand-
ard Level-2 MISR aerosol product at 17.6 km × 17.6 km 
pixel size. Martonchik et al. (1998) created a heterogeneous 
land algorithm. These properties have proofed the unique-
ness of MISR over other remote sensors. The MISR data 
information is available on https ://www-misr.jpl.nasa.gov/.

Sea‑viewing Wide Field‑of‑view Sensor (SeaWiFS)

Since September of 1997, SeaWiFS routinely provides 
ocean color and atmospheric products, e.g., the normalized 
water-leaving radiance [Lw(λ)]N for six visible wavelengths 
(412, 443, 490, 510, 555, and 670 nm), chlorophyll-a con-
centration Chl- a, AOT at 865 nm τa (865), and the aerosol 
Ångström exponent derived from the wavelength 510 and 
865 nm α (510). SeaWiFS has gone through four major 
reprocessings of the entire data set. Each reprocessing has 
addressed the data quality issues that are related to the 
sensor calibration, instrument navigation, data masks and 
flags, and retrieval algorithms. The SeaWiFS data used 
in here are from the fourth data reprocessing which was 
carried out in July 2002 (Patt et al. 2003). Currently, the 
SeaWiFS data processing is optimized for the ocean color 
measurements (e.g., chlorophyll- a concentration). Very 

https://www-misr.jpl.nasa.gov/
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high AOT data such as the dust and smoke plumes are 
usually masked out due to large uncertainties in the ocean 
color products with these cases (Gordon 1997). The Sea-
WiFS has a reflectance threshold at 865 nm corresponding 
to the AOT of ∼ 0.3. Thus, the current SeaWiFS aerosol 
products are mostly applicable and valid in the open ocean 
regions where the marine aerosols are often the dominant 
sources. It is noted that, however, the SeaWiFS measure-
ments can be used to derive the aerosol optical proper-
ties for very thick aerosol layers, e.g., for the dust study 
(Husar et al. 2001; Moulin et al. 2001a), and possibly for 
the ocean color data in the regional case study (Moulin 
et al. 2001b). Implementation is planned for an aerosol 
retrieval scheme in which very high AOT (e.g., dust and 
smoke) can still be retrieved, even though the ocean color 
data may have large uncertainties. In these cases, flags 
can be applied to the ocean color products. The choice 
of SeaWiFS over other sensors is as a result of its capa-
bility to capture marine aerosols around the West Africa 
region and also serve as tool to validate the performance 
of RegCM4 in capturing Aerosol Optical depth which cut 
across heterogeneous surfaces.

Moderate Resolution Imaging Spectroradiometer (MODIS)

Moderate Resolution Imaging Spectroradiometer is a key 
instrument that is carried on both the Terra (EOS AM) and 
Aqua (EOS PM) satellites. Terra’s orbit around the earth 
is timed, so that it passes from north to south across the 
equator in the morning, while Aqua passes south to north 
over the equator in the afternoon. The MODIS instrument 
has 36 spectral bands that provide abundant information 
on atmospheric, terrestrial, and oceanic environments. The 
instrument uses different methods for data retrieval over 
land (Kaufman et al. 1997) and over oceans (Tanre et al. 
2001). To improve the accuracy and quality of retrieved 
data, the algorithms used for MODIS have been updated 
to make use of improved cloud-masking processes, aero-
sol models, and the surface reflectance database (Remer 
et al. 2005). The MODIS aerosol product observes the 
encompassing aerosol optical thickness over the oceans 
comprehensively and over the landmasses. Moreover, the 
size distribution is determined over the seas, and the type 
of aerosol is inferred over the land. The aerosol product 
incorporates the “dark blue” algorithm recently created 
to get aerosol optical thickness over bright land regions. 
The Dark Target algorithm is connected over sea and dark 
land (e.g., vegetation), while the Deep Blue algorithm in 
Collection (C6) covers the whole land regions including 
both dark and bright surfaces. Both results are provided 
on a 10 × 10 pixel scale (10 km at nadir). The DB algo-
rithm was constrained to just bright targets; however, it 

has extended inclusion to incorporate both bright targets 
and vegetated locales, utilizing NDVI information in addi-
tion to a precalculated surface reflectance database. The 
algorithm details on the information are available from 
https ://modis atmos .gsfc.nasa.gov. For this study, the Terra 
Collection 006 Deep blue AOD data were used because of 
its prefer algorithm over land.

Model input data sets

Era interim re‑analysis data sets (EIN15)

The first ECMWF Re-Analysis (ERA) project has pro-
duced a new, validated 15 year data set of assimilated data. 
Era-interim 15 (EIN15) is a grid data set with regcminput/
EIN15 as id. The data type is in netCDF dataformat. It has 
edu.ucar.unidata as naming authority and is freely avail-
able as NCEP model documentation. DOC/NOAA/NWS/
NCEP http://www.ncep.noaa.gov/creat es EIN15 as regcm 
data input and also published by UCAR/UNIDATA http://
www.unida ta.ucar.edu/. The data sets have Time step cov-
erage. The project began in February 1993. The first phase 
of the work required the acquisition and preparation of the 
observations and forcing fields. During the 1st year, a sub-
stantial program of experimentation, closely co-ordinated 
with the Centre’s Research and Operational activities, was 
completed. This enabled the scientific components of the re-
analysis system to be defined, and a strategy for production 
to be determined. At the same time, work was progressing 
on the development of both the production system and the 
internal validation tools. The final production system was 
adopted in 1994, and there followed a period of sustained 
production, monitoring, and validation throughout 1995 and 
the first 9 months of 1996. All data generated by the project 
likely to be of future value have been collected and pre-
served. These include blacklist information, radiosonde bias 
correction tables, TOVS bias and calibration files, and the 
record of which satellites have been used at different periods.

Results and discussion

JJAS seasonal Dust climatology in the West Africa 
region

Mineral dust emission and transportation varies from sea-
son to season in the West Africa region with major source 
point at Bodele in the Republic of Chad and other sources 
across the Sahel. The Dust climatology over West Africa 
was described in Konare et al. (2008a, b) who found that 
RegCM3 adequately reproduces the mineral aerosol clima-
tology of the region and the dust belt of the Sahel-Sahara 
region. Prospero et al. (2002) also discovered that West 

https://modisatmos.gsfc.nasa.gov
http://www.ncep.noaa.gov/creates
http://www.unidata.ucar.edu/
http://www.unidata.ucar.edu/
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Africa has the highest rate of mineral dust emission espe-
cially at Bodele source point. It is also worth to note that 
the emission of mineral dust in the Sahel was as a result of 
characteristics of the desert surface, biomass burning, and 
other anthropogenic activities in the region, especially dur-
ing the dry season. More importantly, the Bodele depres-
sion emits larger dust particles into the atmosphere. Wind 
played major roles in the transportation and dilution of 
the mineral dust in the atmosphere where coarse particles 
of the dust can be taken downwind. Different wind origi-
nates at different levels of the atmosphere and contributes 
largely in the distribution of aerosol. Figure 2 compares 
JJAS seasonal mineral dust AOD during the monsoon 
period in the West Africa region with RegCM4 and the 
dust AOD captured by the AERONET, MODIS, and Sea-
WiFS remote sensors. The RegCM4 captured the daily 
mineral dust AOD emission and deposition with the dust 
bands in the Sahel with average AOD value greater than 
1.0 in the summer seasonal period between  16oN-20oN and 
 15oW-20oE. The same dust characteristics also observed in 
the MISR and MODIS AOD pattern in the summer period 
of the year with the dust bands in the Sahel but with less 
magnitude. The reason for these differences is the dust 
parameterization in the RegCM4 which is responsible 
for high magnitude of dust replicated in the model. Dur-
ing summer season, however, there was less emission of 

mineral dust from the surface by low wind circulation, 
but there is high possibility of wet dust deposition dur-
ing the boreal summer as a result of scavenging activity. 
Dust deposition is known as the measurement of amount of 
mineral dust that can be washed from the atmosphere and 
deposited at the surface in the region. Although mineral 
dust emission and transport is mostly occur in the winter 
than the summer, but the effect is seen on the precipitation 
amount. The disparity between the model results and that 
of MISR, SeaWIFs, and MODIS results is in the measur-
ing algorithm that capture aerosol as an entity.

Figure 3 shows the time-series plot of annual dust Aer-
osol Optical Depth across the West Africa region with 
AERONET, MODIS-Terra, and SeaWiFS and RegCM4 
data sets for five major AERONET stations in West Africa 
region including Agoufou in Mali, Bodele in the Repub-
lic of Chad, Banizoumbou in Niger Republic, Dakar in 
Senegal, and Ilorin in Nigeria. It was observed that all 
the selected remote sensors used measured higher dust 
AOD in DJF seasonal period in all the stations except for 
Bodele. The Bodele has the highest monthly distribu-
tion of dust AOD which is also replicated by RegCM4 
model output. Figure 4a, b shows the region of annual and 
seasonal dust emission and distribution in the Planetary 
Boundary Layer of West Africa region. The Latitudinal 
region is found between  14oN–20oN and  15oW–20oE with 
an upward extension to about 700 hpa which indicate the 

Fig. 2  JJAS Mineral Dust AOD emission and distribution in the West Africa Region: a MISR, b SeaWiFS, c MODIS, and d RegCM4 model



1206 Modeling Earth Systems and Environment (2019) 5:1201–1214

1 3

Sahara Air Layer (SAL). A layer of air perturbation lies 
between 600 and 700 hpa level which is also responsible 
for dust mixing. It also aids westward transportation of 
dust from inland to the Atlantic Ocean, while Fig. 4c, d 
shows the seasonal emission and extent of vertical dis-
tribution of dust in the atmosphere at 500 hpa above the 
AEJ level.

Response of Monsoon precipitation to mineral dust 
radiative forcing

Monsoon is a period of inflow of moisture from the Atlantic 
Ocean to the inland of West Africa. The nature and vari-
ability of West Africa monsoon is being determined by 
evolving ocean, atmospheric constituents, and land condi-
tions. Many studies have actually assessed the capability of 
RegCM in simulating precipitation climatology over West 
Africa region. For example, Sylla et al. (2012) assessed the 
capability of RegCM3 to reproduce the seasonal tempera-
ture and precipitation cycle during the period of 1981–2000 

Fig. 3  Variation of Dust AOD with time for AERONET, MODIS-Terra, SeaWiFS and RegCM4 at a Agoufou, b Bodele, c Banizoumbou, d 
Dakar, and e Ilorin
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over West Africa with two sets of boundaries conditions, re-
analysis data, and ECHAM5 output. These works were also 
in line with Solmon et al. (2008). The changes in precipita-
tion could be linked to the fact that more short wave is being 
scattered in the atmosphere with higher dust concentration 
and this reduces the energy budget received at the surface.

Figure  5a shows the seasonal cycle of West Africa 
precipitation pattern including monsoon evolution in the 
Control experiment. The seasonal cycle of West African 
rainfall is characterized by a northward migration of the 
zonally oriented maximum from a southerly position dur-
ing boreal winter to a northerly position in Early-to-mid 
August, followed by a more rapid retreat from September 
to November. The same figure also reveals the migration 
of precipitation and apparent latitudinal “jump” in the 
location of rainfall maximum at the end of June from the 
coastal region around 5°N to about 10°N (Sultan and Jani-
cot 2003; Le Barbe et al. 2002). The monsoon jump, how-
ever, results into high rainfall amounts in the Sahel region 
of West Africa accompanied by abrupt reduction in pre-
cipitation intensities along the Guinean coast. In Septem-
ber, the rain band retreats southward towards the Guinea 
coast accompanied by a decrease in rainfall amount in 
the Sahel. Figure 5c shows the difference in precipitation 
between the double dust and the control experiment with 
reduction of precipitation in the annual circle. This is an 

indication that increases in dust concentration increases 
radiative forcing which in turn reduces precipitation across 
the Sahel region.

Figure 6 shows the time-latitude plot for precipitation pat-
tern in the West Africa region with monsoon jump around 
June and the peak in August–September, a period charac-
terized with convective rainfall with thunderstorm while 
precipitation retreats in October. The Sahel rainfall pattern 
almost behaves alike with the Savannah but with reduction 
in precipitation amount. The peak of precipitation is found 
around September. In general, the Double Dust indicates 
increase in precipitation in some part of the region and the 
difference between the Double Dust and Control indicates 
reduction in precipitation in some other parts of the region.

Response of temperature to the experiments

Air temperature variation in the West Africa region is very 
important as it determines weather variability in the region. 
Figure 7a presents temperature variation in the Control 
experiment. In this case, Sahel region with maximum tem-
perature value of 38.5 °C was observed and this implies a 
very high-temperature values as a result of short-wave radia-
tion attenuation at the top of atmosphere and less absorb-
ance of long-wave radiation in the Sahel and this leads to 
prevalent warming in the Sahel than elsewhere in the region. 

Fig. 4  Vertical extension of mineral dust in the Planetary Boundary 
Layer. a Annual latitude emission and transport of dust between 1000 
and 700  hpa level. b Annual dust emission points along the longi-

tude of West Africa. c JJAS Latitude emission and transport of dust 
between 1000 and 400 hpa level with limited coverage areas. d JJAS 
dust emission points along the longitude of West Africa region
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Figure 7b also shows Double Dust case experiment which 
indicates increase in dust concentration leading to more scat-
tering of short-wave and less absorbance of long-wave radia-
tion and in turn leads to increase in temperature at the sur-
face. The Sahel region recorded highest temperature values 
in the double dust experiment, while other areas including 
the Savannah and Guinea coast also experienced increase 
in temperature compare to Control experiment. Figure 7c 
shows the difference temperature values between the Double 
Dust and the Control experiment indicating cooling effects 
of temperature value of 12 °C in the Guinea coast as well 
and 18 °C in the Sahel. Underline surface characteristics is 
an important factor in the temperature cooling in the West 
Africa region which contributes to scattering and absorbing 
of dust in the region.

Radiative forcing at the top of atmosphere

Hypothetically mineral dust both scatter and absorb short- 
and long-wave radiation energy aloft and this refers to as 
direct radiation forcing of aerosol. Previous analysis shows 
the mineral dust bands with coarse particles in the Sahel. 
Smaller particles of aerosol are seen to be more prevalent in 
Sahel region, especially in Agoufou, Bodele, Banizoumbou, 
and Dakar with high single scattering albedo values. Fig-
ure 8 presents mineral dust short-wave radiation forcing at 
the top of atmosphere in JJAS seasonal climatology for Con-
trol, Double Dust case, and difference between the two case 
studies. There was short-wave radiation forcing of about − 5 
to − 9 W/m2 over the dust band in the Sahel indicating high 
scattering potential of the dust in the region.

There was another important observation at the shore of 
Mali and Mauritania where there were extension of dust 
through transportation to the ocean and this increases the 
water surface albedo which is responsible for the high nega-
tive short-wave radiation forcing of about − 13 to − 17 W/
m2 on the Ocean. This has been observed by Miller et al. 
(2004), Zakey et al. (2006a, b). Time-series plot of Fig. 9 

Fig. 5  Seasonal precipitation response to a Control, b Double Dust, 
and c Double Dust minus Control experiment

Fig. 6  Inter-annual precipitation response to a Control, b Double 
Dust, and c Double dust minus Control experiment
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shows decrease in short-wave radiative forcing at the top of 
atmosphere from − 22 W/m2 at the Guinea coast to − 60 W/
m2 between 12 and  14oN in the Sahel for the dust case and 
decrease from − 38 to 90 W/m2 in the same latitude in the 
Double Dust case experiment.

Figure 10 shows short-wave radiative forcing at the sur-
face across the entire West Africa region with an average 
values of − 28 W/m2 around Bodele source point in the 
Control experiment. Increase in dust concentration induced 
short-wave radiative forcing of − 40 W/m2 at the surface 

across the Sahara and Sahel dust belt with the highest values 
at the dust source regions at Bodele and Banizoumbou. The 
latitudinal pattern of the surface short-wave radiative forcing 
is with maximum value of − 180 W/m2 between 16 and  18oN 
and from − 50 to − 260 W/m2 in the Control and Double 
Dust case study. The surface short-wave reduction in the 
region is an indication of surface cooling which is a result of 
dust concentration variability in the Sahel. Radiative forcing 
at the surface follows the spatial distribution of AOD in the 
region. This was also noted by Konare et al. (2008a, b) and 
Solmon et al. (2008).

Figure 11 shows upward long-wave radiation flux in the 
West Africa region. The highest value of upward long-
wave radiation flux is found along the Sahel and the lowest 

Fig. 7  JJAS mean daily temperature (°C) for a Control, b Double 
Dust, and c Double Dust minus Control experiment

Fig. 8  Top of atmosphere short-wave radiative forcing for a Control, 
b Double Dust, and c Double dust minus Control experiment and 
Surface short-wave radiative forcing for a Control, b Double Dust, 
and c Double dust minus Control experiment
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value at the Guinea coast in the Southern part of West 
Africa. As the dust concentration increases in the Dou-
ble Dust experiment, there was increase in the upward 
long-wave radiation flux across the entire region, thereby 
reducing potential of cloud formation even in the Guinea 
coast. The difference between Double Dust and Control 
experiment shows decrease in upward long-wave radiation 
flux, but has larger coverage in the Guinea coast which 
enhances cloud formation potential in the region when 
compared to the control experiment.

Zonal and surface wind response to the experiments

The South-westerly trade and north-easterly trade wind 
are the two major trade winds over West Africa associated 
with wet and dry seasonal period. The prevalent of each 
trade wind determines the position of ITD in the region as 
it migrates North–Southward differentiating one trade wind 
from another.

Figure 12 shows zonal wind characteristics at different 
pressure levels. The Dust case (Fig. 10a) shows the mon-
soon wind core speed of 4 m/s at the surface and the Africa 
Easterly Jet (AEJ) with core speed of 8 m/s reflecting normal 
situation, since there is no significant difference between 
Control and Dust case experiment. In the same vein, the 
Tropical Easterly Jet (TEJ) with stronger core speed of 
12 m/s shows a very strong feature in the summer seasonal 
period. The double dust in Fig. 12b reflects increase in 
mineral dust concentration with a significant influence on 
the Jets characteristics. The monsoon is strengthened with 
10 m/s and the AEJ also increases by 18 m/s, while TEJ 
increases by 24 m/s, respectively. In the summer period, TEJ 
is strengthened, while AEJ weaken. These changes reflect 
radiative forcing of mineral dust as it induces changes in the 
two major jet streams and monsoon inflow over the region. 
The increase noticed in the zonal wind features is reflected 
in the enhancement of precipitation in the Guinea coast as a 
result of increase in mineral dust concentration which in turn 
increase SSA. The monthly variation of the zonal wind in the 

Fig. 9  Latitudinal variation of 
radiation for a TOA short-wave 
radiation forcing and b surface 
short-wave radiation forcing
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JJAS period is shown in Fig. 11. The first panel shows char-
acteristics of the wind in June with Monsoon speed of 4 m/s 
and 8 m/s for Control and Double Dust case experiment. 
Monsoon is strengthened with speed of 6–12 m/s in August 
during Dustt and Double dust experiment indicating more 
inflow of moisture in August. Africa Easterly Jet core speed 
of 9.5 m/s was also found in August except for TEJ which 
has its highest speed of 15 m/s in July. Tropical Easterly Jet 
in general is strengthened, while AEJ is weakened in JJAS 
summer period. The same trend of zonal wind characteristics 
was recorded in Grist and Nicholson (2001).

Summary and conclusion

In performing the sensitivity experiments, three mineral 
dust scenarios were used. The first scenario was Bio-
sphere–Atmosphere–Transfer System, this is a scenario 
with no dust to serve as Control other aerosol radiative 
forcing considered includes the dust enabled scenario over 
West Africa to ascertain the areas that are feasible for dust 
emission and transport and the double dust scenario to 
observe the effects of increase in dust concentration on 
the dust Optical characteristics. There was an observa-
tion of an enhancement of monsoon precipitation in the 
double dust experiment. The increase in precipitation 
from 2 to 4 mm/day was mostly felt in the Guinea coast 
region and with minimal or no such increase elsewhere. 
The monsoon precipitation reduction noticed in the Sahel 
in the dust experiment was due to dust scattering abil-
ity, thereby reducing net radiation received at the surface 
which in turn reduces out going long-wave radiation which 
enhances cloud formation and another factor was the slight 

Fig. 10  Short-wave radiative forcing at the surface for a Control, b 
Double Dust, and c Double dust minus Control experiment

Fig. 11  JJAS net upward long-wave radiation flux for a Control, b 
Double dust, and c Double dust minus Dust
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reduction in the speed of the AEJ. This reduction in the 
speed of AEJ combined with the slight reduction in the 
core speed of TEJ may have led to changes in the vertical 
wind shear between the two jets. At the Top of Atmos-
phere (TOA), there was negative radiative forcing noticed 
across the West Africa region, but with about − 15 W/m2 
in the Sahel region and as the dust concentration increases 
in the double dust experiment, there were high negative 
values of radiative forcing of aerosol in the region. This 

means that there was more scattering of short-wave radia-
tion at the Top of Atmosphere as the dust concentration 
increases.

The study has clearly demonstrated the effect of min-
eral dust radiative forcing on the environment which alters 
radiation processes and climate feedback. It can also be 
observed that climate change issue is strongly related to 
atmospheric constituent change. The study also shows how 
increase in mineral dust concentration can enhance rainfall 
in the Guinea coast, but aid drought in the Sahel region. 

Fig. 12  Changes in Zonal wind and response to Control, Dust, and Double Dust experiment in (first panel) June, (second panel) July, (third 
panel) August, and (fourth panel) September
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Reduction of anthropogenic activities that increase dust 
emission in region must be reduced to reduce the drought 
occurrence in Sahel region of West Africa. With further 
detail study, the experiment can serve as a feasibility study 
for field campaign experiment as a mitigation strategy of 
climate change in West Africa region.
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