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Abstract A regional climate model (RegCM4.4) has
been used to investigate the dynamical effect of dust aer-
osol radiative forcing and its impact on West African cli-
mate. The simulations was performed with the non-dust
aerosol version of the model (control) and a dust aerosol
module for the year 2010. The spatial and temporal distri-
bution of the aerosol optical depth (AOD) derived from the
dust run was compared with observed aerosol data from
Aerosol Robotic Network (AERONET) and other satel-
lite products. The results from the simulations show that
dust aerosol has a significant impact on West Africa Mon-
soon (WAM) system. The dust particles induced shortwave
(SW) radiative forcing exerted a heating effect at the top of
the atmosphere (TOA) over the study area during the DJF
season and cooling in MAM. In contrast, the dust induced
longwave (LW) radiative forcing exerted an atmospheric
cooling during dry season of DJF. The LW radiative forcing
at the TOA is maximum during JJA season with the core
of 4.3 Wm~2 over the source region (Bodele). The high-
est degrees of correlation (r>0.7) between modeled AOD
and (AERONET, MODIS, OMI, and MISR) were observed
over Cape Verde. Moderate (0.5<r<0.7) to poor cor-
relations (r<0.5) were also observed over Ilorin, Zinder,
Dakar, Ouagadougou, Agoufou, and Banizoumbou. Fur-
ther results over all the stations revealed that, RegCM4.4
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underestimates AOD over Ilorin, Zinder, Cape Verde, Oua-
gadugou, Agoufou, and Banizoumbou when compared
with AERONET and satellite observations except in Dakar
where it overestimated AOD from MODIS. All the experi-
ments exhibited a remarkable performance over Guinea
and whole West Africa with low RMSE and high postive
correlation.
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Introduction

Dust aerosols have a critical effect on regional climate
because of the large amount of dust particles emitted from
arid and semiarid regions in the world (Huang et al. 2009;
Shao et al. 2011; Tesfaye et al. 2013). Saharan desert, a
region located north of West Africa, is the largest source
region of dust in the world (Goudie and Middleton 2001).
According to (Ozer 2001) an estimated 1600 X 10° tons of
dust particles is lifted annually from the Sahara desert and
transported westward by easterly winds. These aerosols are
responsible for significant climate forcing through their
direct effects on solar and thermal radiation and their indi-
rect/semi indirect effects on cloud and precipitation pro-
cesses (Shi et al. 2005; Huang et al. 2009). Furthermore,
previous studies have shown that dust aerosol direct radia-
tive effects have a significant impact on West African cli-
mate and are likely to play a role in modulating seasonal
precipitation over the Sahel region. For instance, recent
modeling studies suggest significant climatic effects of dust
interacting with West African monsoon (WAM) dynam-
ics from event to seasonal and climate scales (Miller et al.
2004; Konare et al. 2008; Perlwitz et al. 2010; Zhao et al.
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2011). Other analyses using satellite observations have
similarly agree on the significant impact of dust on cloudi-
ness and precipitation over Sahel (Kliiser and Holzer-Popp
2010).

Recently, the rapid development of computational pow-
ers and numerical models have enabled the representations
and simulations of atmospheric processes. The credibility
and performance of these numerical models in the descrip-
tion of atmospheric processes can be evaluated based on
the comparison between the simulations and observations.
However, quantifying the large-scale atmospheric pro-
cesses of dust particles as well as capturing the dust-cli-
mate interactions and feedbacks through field experiments
or different observation techniques, is very challenging. In
this regard, online coupled desert dust-climate models are
a beneficial tool to simulate dust aerosol-radiation-climate
interactions and feedbacks (Zhang 2010; Tummon 2011;
Tesfaye et al. 2013). Global Circulation Models (GCMs)
for instance, have been used to perform dust-climate simu-
lations in order to examine the large-scale climatic varia-
bles which controls the dust load, long-range transportation
and deposition (e.g., Yue 2009). The use of global scale
desert dust-climate interactions and feedback mechanisms
have also been reported in various studies (e.g., Mahowald
et al. 2011; Rotstayn 2011; Gu et al. 2012; Sajani 2012).
On the other hand, employing GCM, Woodward (2005)
reported that in the future, due to the climate change
induced desertification, the global burden as well as radia-
tive influences of desert dust particles may considerably
increase. The GCM dust-climate simulations generally pro-
vides vital informations on large-scale distribution and
wide range of environmental roles of dust particles in the
past, present and future. In global-scale models, because
of their coarse grid resolution; there exists a large bias
in simulated meteorological fields and surface variables
(Croft et al. 2012). These biases may impose remarkable
inaccuracies on computations of dust aerosol emission and
atmospheric processes and consequently, in predicting the
dust climatic effects (Darmenova and Sokolik 2007; Todd
et al. 2008). In this respect, the desert dust module which
is interactively coupled with high-resolution Regional Cli-
mate Model (RegCM) is a noteworthy tool to simulate a
small-scale dust process, as well as its climatic effects with
better accuracies (Gong et al. 2003; Wang 2004; Tummon
et al. 2010; Konare et al. 2008; Solmon et al. 2008; Darme-
nova et al. 2009; Zhang et al. 2009; Giorgi et al. 2012).

Solmon et al. (2012) investigated the direct effect of dust
aerosol on climate over West Africa using regional climate
model (RegCM), with a specific focus on the Sahel region.
They reported that the mean effect of dust over summer
seasons was to reduce precipitation in majority of the Sahel
region as a result of strong surface cooling and elevated
diabatic warming inhibiting convection. However, on the
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very northern Sahel and in the vicinity of dust sources, a
relative increase of precipitation was obtained as a result of
enhanced diabatic warming in the lower atmosphere associ-
ated with high dust concentrations at low altitude. Zakey
et al. (2006) implemented a dust module in a regional cli-
mate model (RegCM) to study the Saharan dust distribu-
tion and observed that the model reproduces the main spa-
tial and temporal features of the dust distribution especially
at seasonal timescale over the Saharan region. They con-
cluded in there study that the coupled model is suitable for
long-term simulation of dust effects on West African and
European climate. In addition, Konare et al. (2008) used
the same model (RegCM3) to simulate West African sum-
mer seasons and reported that; the radiative shortwave forc-
ing of dust is to reduce the precipitation over the Sahel,
strengthen the southern branch of the AEJ and weaken the
Tropical Eastery Jet. Despite these wonderful studies, the
distributions of dust aerosols and its impacts on climate
are still not well understood. Therefore, this study assesses
the potentials of Regional Climate Model (RegCM4.4) in
quantifying the direct and indirect effects of dust aerosol
radiative forcings on West African climate in the year 2010.

Design of the experiment
Study area

This study focuses on West Africa (0°-20°N) and
(20°W-20°E) domain. The area where dust impact on cli-
mate and the various AERONET stations used for model
validation are indicated (Fig. 1). The domain covers the
major sources of dust aerosol in northern Africa, Guinea
coast, and part of the Atlantic Ocean. The climate of the
region is governed by the north—south movement of
the Inter-tropical Discontinuity (ITD). The West Africa
domain is divided into three climatic zones: Guinea coast
(4°-8°N), Savannah (8°-11°N) and Sahel (11°-16°N) fol-
lowing the classifications defined in (Omotosho and Abi-
odun 2007; Abiodun et al. 2012; Akinsanola et al. 2015).
Basically, the stations under study include: Ilorin-Nigeria
(08°32'N, 04°34'E); Cape Verde-Tropical Atlantic Ocean
(16°45'N, 22°57'W); Dakar-Senegal (14°42'N, 17°29'W);
Banizoumbou-Niger (13°45'N, 02°39'E); Ouagadougou-
Burkina Faso (12°22'N, 1°31'W); Agoufou-Mali (15°21'N,
1°29'W). The local climate of Ilorin, which is located at the
northern boundary of the Guinea savannah region of Nige-
ria, is characterised by the north easterly wind known as
harmattan which brings in air containing Saharan dust from
the Chad basin. The climate is characterized by both wet
and dry seasons. The mean monthly temperatures of Ilorin
vary from 25-28.9°C and total annual rainfall in the area
is about 1200 mm. Dakar is located in a tropical region
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with well-defined dry and humid seasons resulting from
the northeast winter winds and southwest summer winds.
In Dakar, annual rainfall is about 600 mm between June
and October, when maximum temperatures average 27 °C;
December-February minimums are about 17 °C. Banizoum-
bou is located in the Sahel region, between the Sahara
desert to the north and the Sudanian zone to the south.
Banizoumbou is mainly influenced by sources located in
Niger, south Algeria, Libya, and Chad with average annual
rainfall of 450 mm. Over Cape Verde in the tropical Atlan-
tic Ocean, the mean temperature range from 21 to 29°C,
and less than 250 mm annual rainfall. The local climate
of Ougadougu is characterized by a mean temperature of
28 °C and annual rainfall of about 800 mm, while annual
rainfall of 370 mm over Agoufu.

Observational data

AEROSOL ROBOTIC NETWORK (AERONET) surface
observation network

AERONET is a ground-based remote sensing aerosol net-
work established by NASA. In this study, aerosol optical
depth (AOD) at 440 nm from seven sites over West Africa
were used for comparison with model results. The sites
are Banizoumbou (13°45'N, 02°39'E), Agoufou (15°21'N,
1°29'W) over Sudan region, Ouagadougou (12°22'N,
1°31'W) over Sahel region, and Ilorin (08°32'N, 04°34'E)
over the southern biomass burning region, Dakar (14°42'N,
17°29'W) at the coast, and Cape Verde (160°N, 220°W) on
a near-coast island. All of the retrievals of AOD are quality
level 2, and the uncertainty of AOD measurements is about

10°0'0"W 0°0°0" 10°0'0"E

20°0'0"E

+0.01 (Holben et al. 2001). Detail description of instru-
ments used can be found in Holben et al. (1998).

Moderate Resolution Imaging Spectroradiometer (MODIS)

The Moderate Resolution Imaging Spectroradiometer
(MODIS) instruments on board the NASA Terra and Aqua
platforms are uniquely designed with wide spectral range,
high spatial resolution, and near daily global coverage to
observe and monitor the Earth changes including tropo-
spheric aerosols (Kaufman et al. 1997). The MODIS instru-
ments provide observations at moderate spatial resolutions
(1-250 km) and temporal resolutions (1-2 days), over dif-
ferent portions of the electromagnetic spectrum. Therefore,
in this study, the retrieved “deep blue” AOD at 440 nm
from MODIS-Terra level 2 is used for monthly mean AOD
validation over all the stations under study.

Multi-angle Imaging Spectroradiometer (MISR)

The MISR has a temporal resolution of 16 days and nomi-
nal spatial resolutions of 250, 275 m, and 1 km, but radi-
ances at 1.1 km resolution are processed to yield the stand-
ard Level-2 MISR aerosol product at a 17.6 kmx 17.6 km
pixel size. The MISR-AQOD retrievals (level-3 data) have
a higher grid resolution (0.5°x0.5°) in comparison to the
Moderate Resolution Imaging Spectroradiometer (MODIS)
of Level-3 which has the resolution of 1°x 1°. In this study,
Terra MISR monthly-averaged datasets at (0.5°%0.5°) spa-
tial resolution are utilized to evaluate the simulated results
over the whole domain of interest.
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Ozone monitoring instrument (OMI)

The OMI has a nadir-viewing imaging spectrometer that
measures the top of the atmosphere (TOA) upwelling radi-
ances in the ultraviolet and visible regions of the solar
spectrum (270-500 nm). The OMI was originally designed
to retrieve data on trace gasses such as O;, NO,, SO,, etc.,
but it also provides valuable information on atmospheric
aerosols. It has a wavelength range around 400 nm that can
be used to detect elevated layers of absorbing aerosols such
as those resulting from biomass burning and desert dust
plumes.

Tropical rainfall measuring mission (TRMM)

This earth observation satellite measure rainfall and latent
heat of condensation exchange over the tropical and sub-
tropical regions. The precipitation data used in this study
are on a daily temporal resolution and a 0.25°%0.25° spa-
tial resolution extending from 0°S to 20°N latitude (Huft-
man et al. 2001 and 2007). The positive biases in TRMM
3B-42 over Africa tropical forest occur mainly during the
dry season (Adeyewa and Nakamura 2003).

ERA-INTERIM reanalysis data

These data are global reanalysis dataset produce by
European Centre for Medium-Range Weather Forecasts
(ECMWF) covering the period from 1989 to present. Data
are gridded and available at various spatial resolutions and
37 vertical pressure levels. The reanalyses datasets used in
this study were daily mean, gridded at 0.5°x0.5° in space
and spanned across the West Africa domain.

Model description

This study employs the regional climate model version
4.4 (RegCM4.4) developed at the International Center
for Theoretical Physics (ICTP) due to its wide applica-
tions in regional climate and environmental change stud-
ies (Giorgi et al. 2012). Keeping the same basic model
dynamics as in RegCM3, RegCM4 is a hydrostatic, com-
pressible, sigma-p vertical coordinate model run on an
Arakawa B-grid, in which the wind and thermo dynami-
cal variables are horizontally staggered. 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,
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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. 2006).
Using prognostic dust bin concentrations, long-wave
refractive indices, and absorption cross sections, the dust
particles long-wave emissivity/absorptivity influences
are implemented based on Solmon et al. (2008). Accord-
ingly, the model computes the shortwave radiative influ-
ences of all the above aerosol types using these optical
properties, along with the long-wave effects of dust par-
ticles (Giorgi et al. 2012). More information on different
aspects of RegCM4-aerosol model is described in Giorgi
et al. (2012).

Dust experimental design

The initial and boundary conditions were considered
from ECMWF, Era-Interim reanalysis data. The Ilat-
eral boundary conditions are updated every 6 h. Grell
scheme closure is used in the simulation to describe
moist convection. The topographic and vegetation
datasets (GTOPO30) and default land use types were
from the Global Land Cover Characterization (GLCC)
respectively. The model horizontal resolution is 50 km.
The domain center is (10.0°N, 2.0°E) with 120 grid
cells in the W-E direction and 80 in the N-S direction.
The model domain covers West Africa (20°W-20°E,
0°-25°N), and the simulation was performed from Jan 1,
2009, to Dec 31, 2010; the first year (2009) was consid-
ered as spin up. It is worthy to note that the choice of the
year 2010 is because of the occurrence and persistent of
high dust loading over the West African region.

The first experiment was carried out (label: control)
without allowing the natural and anthropogenic dust aer-
osol to interact with the meteorological field (No dust). In
the second experiment (label: I- directl), the interaction
is allowed through the perturbation of the radiation field
by dust aerosol, so the response of the atmospheric ther-
modynamic field to the direct aerosol radiative forcing
can be examined i.e. dust without radiation feedbacks.
Lastly, the third experiment (label: I- direct2) was carried
out considering dust aerosols with radiation feedbacks.

The observational datasets described above were used
in this study for comparison and validation of simulated
results. This enables a comprehensive analyses of the
spatiotemporal distribution of dust AOD, seasonal and
inter-annual variations of AOD, and as well as the radia-
tive effect of aerosols on the climate of West Africa. The
model validation and intercomparison with the ground
and satellite-based observations were carried out using
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required statistical analysis such as the Pearson’s corre-
lation coefficient. Standard deviation, root mean square
error, mean bias error, and coefficient of efficiency. The
backward trajectories traced by the NOAA Hybrid Sin-
gle Particle Lagrangian Integrated Trajectory (HYSPLIT)
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model of days with maximum dust load based on AER-
ONET daily observations were plotted with endpoints in
Dakar, Cape Verde, and Banizoumbou, and time step was
6 h for 108 h (5 days).
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Fig. 2 Dust monthly mean emission (ug/kg) showing dust sources and their seasonal activities for 2010
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Results and discussion

Dust emission, distribution, deposition, transport
and trajectories

The distribution of dust concentration over the study area as
shown in Fig. 2 revealed the different dust sources based on
the concentration. RegCM4 captured few different sources
with high dust concentration and emissions such as Bodele
depression and some isolated sources in West Africa (Pros-
pero 2002; Ginoux et al. 2012). The seasonal scale of
dust concentration showed that the Bodele source which
extended from Niger to Chad is predominant only between
March and December with the maximum activity in March
(Fig. 2). This source activity reported by RegCM4 is con-
sistent with the maximum activity length from January to
March reported by Washington and Todd (2005). The iso-
lated sources, located over Mauritania and Mali regions of
West Africa, as observed by RegCM4 were active between
July and August with the maximum activity in July.

The spatial distribution of seasonal mean dry deposition
fluxes of mineral dust for 2010 across the study region is
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shown in Fig. 3. During the dry season between Novem-
ber and March, it was observed that dust deposition source
like Bodele depression extends to other areas like Niger
and Chad in the Sahara region of West Africa. However,
during the monsoon period between June and Septem-
ber, dry dust deposition was more defined and covers a
larger area of the region. There was a shift in the position
of maximum dry deposition to Mauritania and Mali dur-
ing June—July—August (Chiapello et al. 1995). In RegCM4,
no dry deposition was found in the Gulf of Guinea even
though four types of dust particles size were considered in
the experiment configuration of this study. The wet deposi-
tion processes over West Africa were also parameterized in
RegCM4 as shown in Fig. 4. The seasonal pattern of the
dust wet deposition was analyzed for this region. Results
showed that dust wet deposition pattern varies with season,
highest deposition during the wet season and its driven by
the ITD dynamics. It was observed that no wet deposition
fluxes occur over the whole region during the dry months
(DJF). However, in the months of March-April-May,
there was an increasing wet deposition flux over Guin-
ean coast as a result of increasing rainfall in the coastal

T
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Fig. 3 Seasonal distribution of dry deposition flux (mg/m>day) for a DJF b MAM ¢ JJA d SON for 2010
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Fig. 4 Seasonal distribution of wet deposition flux (mg/m?day) for a DJF b MAM c JJA d SON for 2010
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regions. Maximum depositions of dust over West Africa
were predominant in JJA. Measurements of dust deposi-
tion have been conducted with traps over land and Ocean
but are generally few and incomplete, particularly for dry
deposition. For example, McTainsh et al. (1999) measured
deposition rates of about 200 g/m’year (~547 mg/m>day)
in Niger which is found to be lower than that simulated by
RegCM4. Figure 5 shows the daily averages of AOD at
wavelength of 440 nm from January to December, 2010
over some selected AERONET stations in West Africa. It
was observed that there were large variations in the distri-
bution of aerosol particles in these areas. Over Banizoum-
bou, the maximum AOD was observed on 26th March and
5th April, Cape Verde showed the maximum AOD in 11th
June while, that over Dakar was observed on the 9th March
and 2nd May. These dates observed as the maximum AOD
over the selected stations formed the basis by which the
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Fig. 6 5-day backward trajectories traced by the NOAA Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model over Dakar,

Cape Verde, Banizoumbou, and Ilorin

back trajectories by HYSPLIT model were plotted in order
to trace the origins of the aerosol loads.

The backward trajectories traced by the NOAA
Hybrid Single Particle Lagrangian Integrated Trajectory
(HYSPLIT) model with endpoints in Dakar, Cape Verde,
and Banizoumbou and Ilorin for 09:00 UTC are shown in
Fig. (6). The trajectories of days with maximum aerosols
concentration (Fig. 5) based on AERONET AOD daily
observations were plotted for each station, and time step
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was 6 for 108 h (5 days). At the bottom of each map, back
trajectories are represented for the following atmospheric
heights: 500 m (red), 1500 m (blue) and 3000 m (green).
These curves represent the height of the air mass during
particle transport. Trajectories corresponding to other dates
with rich dust aerosols were found to be similar. The trajec-
tories show that the air masses reaching Dakar and Cape
Verde from the lowest level at 500 m up to 2000 m origi-
nated from the Senegal, Mauritania, and Mali areas. The
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high altitude (from 3000 m and beyond) long-range aero-
sol particles ending at these stations originated from the
Mediterranean Sea. The air masses carrying atmospheric
aerosols reaching the coastal and Island stations are gener-
ally from the maritime environment and other contributions
from the continental sources like burning of biomass and
fossils, and dust particles from the Sahara deserts which
has also been reported by Prospero (2002) and Ogunjobi
and Kim (2008).

The trajectories arriving Banizoumbou and Ilorin from
the surface at 500 m to about 2000 m originated mainly
from the Sahara desert of Northern Africa which has been
identified as the major source area of dust loads (Pros-
pero 2002). At higher altitude from 3000 m and beyond,
the air masses reaching these areas which are majorly
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characterized by heavy biomass burning originated from
the continental sources of the Savannah region.

The seasonal mean spatial distributions of dust aerosol
Short-Wave Surface Radiative Forcing (SWSRF) are shown
in Fig. 7. The simulation results show that the dust aerosol
SWSREF varied during the entire year over West Africa. It
was observed that dust- induced radiative forcing is nega-
tive at the surface with minimum values >40 W/m? over the
source region during the summer monsoon season. Moreo-
ver, the seasonal mean spatial distributions of dust aerosol
Long-Wave Surface Radiative Forcing (LWSRF) is shown
in Fig. 8. The dust aerosols interactions with LW radiation
(especially aerosols with large sizes) as well as their emis-
sion of thermal radiation jointly induce an enhancement in
the net surface LW radiative flux at the surface which is
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Fig. 7 Dust induced Shortwave Surface Radiative Forcing (W/m?) at the top surface for a DJF b MAM ¢ JJA d SON for 2010
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Fig. 8 Dust induced Longwave Surface Radiative Forcing (W/m?) at the top surface for a DJE b MAM ¢ JJA d SON for 2010

observed to be opposite to SWSRF. It was found that the
LWSRF was positive throughout the year which indicates
the warming effect of dust over West Africa. Maximum
LWSRF coincides with the transition period between the
dry and wet season with values reaching 20 W/m? over the
source region during MAM. Furthermore, the Net Surface
Radiative Forcing (NSRF) (i.e. difference between SWSRF
and LWSRF) exhibits similar spatial and seasonal pattern
with observations of SWSRF but a considerable rise with
minimum value reaching —36W/m? over the source region
during JJA (Fig. 9). The negative values of SWSRF and
NSRF indicate that dust exerts essentially a cooling effect
independently of the season with the maximum during JJA
over West Africa. The seasonal radiative forcing obtained
for both SWSRF and NSRF during JJA are in agreement
with Solmon et al. (2008, 2012), Malavelle et al. (2011)
Konare et al. (2008).

The seasonal mean spatial distributions of dust
induced Shortwave and Longwave radiative forcing at the
top of the atmosphere are presented in Figs. 10 and 11
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respectively. The dust -induced SW top of the atmosphere
radiative forcing showed both warming and cooling effect
during the year. Significantly, the dust induced radiative
forcing at the TOA decreased to negative values towards
south of 15°N in MAM, JJA, and SON. This is due to the
changes in surface albedo, from the desert in the North to
the Sudanian savannas in the South and reduction in dust
loading quantity. The SW radiative forcing at the TOA is
minimum during JJA over land (-9 to —15 Wm~2), with
maximum values (varying between 1 and 9 Wm™ dur-
ing MAM as shown in Fig. 10. The induced SW radiative
forcing at the TOA gives a heating effect in the study area
during DJF. In contrast, the LW radiative effects exhibit
atmospheric radiative cooling. The spatial-seasonal dis-
tribution of LW radiative forcing decreased from zero to
negative —0.8 Wm~2 at the TOA during DJF as shown in
Fig. 11. However, the LW radiative forcing at the TOA
is maximum during JJA with the maximum value of
4.3 Wm™2 over the source region. The simulation further
shows that the magnitude of SW radiative forcing at the



Model. Earth Syst. Environ. (2017) 3:34

Page 11 of 24 34

LATITUDE
LATITUDE

!
10°wW 0° 10°€
LONGITUDE

DJF
(c) (d)

22°N

18°N

14eN |

LATITUDE
LATITUDE

10°N

BN —

10°W o° 10°E
LONGITUCE

JJA

LONGITUDE
MAM

10°w 0° 10°E
LONGITUDE

SON

Fig. 9 Dust induced Net Surface Radiative Forcing (W/m?) at the top surface for a DJF b MAM ¢ JJA d SON for 2010

TOA is ~1 to 2 times higher, for warming and ~10 times
higher for cooling, than that of the LW radiative forcing
values (Tesfaye et al. 2015). Figure (12) further shows
the dust induced net radiative forcing at the Top of the
Atmosphere (TOA). It was observed that the Net radia-
tive forcing at the TOA due to dust presence are gener-
ally negative over vegetated areas and positive over the
desert regions of West Africa. The positive value of Net
radiative forcing over the desert might be due to the high
albedo values of desert and dust SW absorption. The
change of sign of dust net radiative forcing along 16°N
is due to a sharp decrease in surface albedo between the
Sahara desert in the north and the Sudanian savannah
in the south. It may also be attributed to the decrease of
dust loading away from the source regions. These find-
ings suggest that dust direct radiative effect at the TOA is
essentially cooling especially over vegetation areas, and
warming effect over desert regions which is in agreement
with previous research of Solmon et al. (2008, 2012).

RegCM4 simulated West Africa Monsoon (WAM)
features

The spatial distribution the December-January-February
(DJF) pattern of rainfall is shown in Fig. 13(a—d). The
rainfall distribution was observed only south of 10°N in
this period, with the peak of rainfall (between 9 mm and
10 mm) along the Guinea coast (12°E-12°W). Similar dis-
tribution was observed in the summer monsoon months of
June—September, but a wider coverage of maximum rain-
fall majorly along the Guinea coast was observed (Fig. 14).
The core of the maximum rainfall was observed over Fouta
Djallon and Cameroun Mountain. The modeled rainfall
maximums were consistent with the TRMM observation in
all the periods, although RegCM4 exhibited noticeable bias
especially over the western parts of the study area.

In addition, the rainfall distribution exhibits a meridi-
onal gradient, with rainfall decreasing in amount from the
southern part of West Africa to northern parts (Sahel) in

@ Springer



34 Page 12 of 24

Model. Earth Syst. Environ. (2017) 3:34

(a) | | |

22°N — -

18°N — F

14°N | L

LATITUDE
|
T
LATITUDE

10°N + -

6N — L

2°N -

| [ I [ I I |
10°W o 10°E
LONGITUDE

DJF

(c)

22°N

18°N

14°N <

LATITUDE

10°N

6°N —

2°N

I | | | | |
10°W ¥ 10°E

LONGITUDE
JJA

LATITUDE

LONGITUDE

10°w 0°
LONGITUDE

SON

Fig. 10 Dust induced Shortwave Radiative Forcing (W/m2) at the TOA for a DJF b MAM ¢ JJA d SON for 2010

association with the latitudinal migration of the ITD. Gen-
erally, the dust aerosol induced RegCM4 run tends to over-
estimate orography associated rainfall along the Guinea
highlands and Jos plateau.

Figure 15 shows the Taylor diagram of simulated 2010
rainfall correlation coefficient, root mean square deviation
and standard deviation calculated with regards to TRMM
observations. Statistics are calculated over the Guinea,
Savannah and Sahel, and represent simulations performed
in the different experiments, including dust (DUST-RAD),
(DUST+RAD) or not (—CTRL). It was observed that,
the simulated results of all the experiments were consist-
ent with the TRMM observations with the correlation
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coefficient >0.95 in all stations (15a—c). Furthermore,
over the Guinea, the dust aerosol induced run rainfall
slightly deviated away with the standard deviation higher
than the observed data. However, RegCM4 experiments
showed good performance over Guinea with low RMSE
(Fig. 15a). A significant difference between RegCM4 con-
trol output and TRMM was found over Savannah zone
with the highest standard deviation than other experiments
(Fig. 15b). Figure 15b also showed a low performance
of RegCM4 due to high RMSE especially in the control
case when compared with the observed over the Savannah
zone. In the case of Sahel (Fig. 15¢), a large difference was
found between TRMM and RegCM4 dust with radiative
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feedbacks (dust+rad). Other experiments were close to the
observed in terms of standard deviation and RMSE which
implies that, the experiments were significant in explaining
the variations of rainfall over the Sahel. Generally, it is sug-
gested that most of the experiments on RegCM4 performed
very well thus, they can be used in explaining the spatial
variability of rainfall over West Africa.

Intraseasonal variability of West African climate

The Ilatitude-time cross-section of both modeled and
observed mean rainfall over West Africa is shown in Figure
(16). The monsoon flow migrates northward from 4°N to
about 12°N from January to December. Figure 16(a—d) also
revealed the onset of raining season in March. The period
of the first raining season corresponds with the north-
ward advancement of monsoon flow associated with ITD

between March and July with the peak in June, and the sec-
ond raining season corresponds with the southward retreat
of the flow between September and December with the core
in October. A significant break (little dry season) experi-
enced along the Guinea coast (south of 8°N) between July
and September is associated with the further northward
advancement of monsoon rainfall to about 12°N which
brings high and one rainfall season over the Sahel (Diallo
et al. 2012). However, the intensity and extent of dryness,
and second wet season captured by TRMM observations
(Fig. 17a) were not as profound as the modeled monsoon
rainfall (Fig. 17b—c) over the Guinea coast. The south-
ward shift of the rain band from September brings about a
decrease in the rainfall intensity over the Sahel. Compara-
tively, RegCM4 tends to overestimate rainfall especially
during the southward retreat of the monsoon, which is char-
acterized as second wet season around September. In the

@ Springer



34 Page 14 of 24

Model. Earth Syst. Environ. (2017) 3:34

(a) (b)
w [F1)
= S
£ E
k1 3
10°W o 10°€
LONGITUDE
DJF
(c) (d)
22°N
18°N
W w
o 14° =]
3 4°N 3
= =
S qoen )
6°N
2°N

10°W o 10°E
LONGITUDE

JJA

I
10w o° 10°E
LONGITUDE

MAM

10°W 0° 10°E
LONGITUDE

SON

Fig. 12 Dust induced Net Radiative Forcing (W/m2) at the TOA for a DJF b MAM c JJA d SON for 2010

dust experiment, the simulated amount of rainfall (Fig. 17b,
c) is generally lower in most of the regions south of 8°N,
compared to the control run (Fig. 17b). This implies that
the larger rainfall amount simulated in the control experi-
ment is in line with improved performance on the part of
the regional climate model. Therefore, the removal of dust
in the regional climate model simulation reduces the dry
bias found in the control simulation, leading to a more real-
istic rainfall distribution in West Africa. Over the Guinea
coast, the TRMM shows two peaks of rainfall, a primary
maximum in June, and a secondary maximum in October.
A relative mid-summer break characterized as low rainfall
was also observed in August as the rain band shifts north-
ward in the Guinea coast. Due to the improved perfor-
mance of RegCM4, no difference was found between the
TRMM and model outputs except during the mid-summer
break where the RegCM4 output showed underestimation
of mean monthly rainfall in this zone. However, one sig-
nificant fact observed in the Guinea coast is that RegCM4
captures the timing of the primary and secondary peaks,
and mid-summer break perfectly well, as shown in Fig.
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(17). This significant variation in the secondary maximum
of mean monthly rainfall simulated by RegCMs might be
related to their different sensitivities of radiative response
based on the influx of moisture from the Atlantic (Thorn-
croft et al. 2011).

The period of raining season extends from June to
September in all the datasets in the Savannah. Unlike the
Guinea coast, rainfall pattern over Savannah zone showed
unimodal with the peak occurring in August for the TRMM
while that of RegCM outputs shift to the month of Septem-
ber (Fig. 17b). The RegCMs also showed overestimation in
rainfall amount during the summer months in this zone.

Similarly, the rainfall pattern is also unimodal over the
Sahelian zone with the peak well captured in the month
of August for all the datasets (Fig. 17c). The period of the
wet season is also less than four months from July to Sep-
tember in this zone. The RegCM4 control and dust with-
out radiation feedbacks runs showed a slight overestima-
tion of rainfall maximum when compared with TRMM
observations. However, the rainfall output from RegCM4
dust with radiation feedbacks underestimated rainfall in
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the summer months between June and September over the
Sahel (Fig. 17¢).

The study further examined the main mechanisms
driving the large scale features associated with WAM
dynamics and convective activity in the summer season
over West Africa (Fig. 18). The output exhibit a strati-
fied structure of atmospheric circulation locating the
monsoon flow (3-18°N) and harmattan fluxes (above
18°N) at low level between the surface and 850 hpa, the

African Easterly Jet (AEJ) is located in the mid-level
at about (600-700 hpa) centered at between 12-16°N
and the Tropical Easterly Jet (TEJ) in the upper tropo-
sphere at 200 hpa with the core of maximum wind at
10°N. The AEJ appears over West Africa during the
boreal summer as a result of the strong meridional sur-
face moisture and temperature gradients between the hot
Sahara and the Atlantic Ocean which is characterized
by moist convection to the south and dry convection to
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the north (Thorncroft and Blackburn 1999; Cook 1999).
The RegCMs also captured the structure of the features
(Fig. 19¢—d), the monsoon flow and the associated west-
erlies are well simulated both in depth and northward
extent. The AEJ also showed a similar pattern in terms
of the speed but a slight shift of the core northward. For
the Upper- level jet, the RegCMs significantly reproduced
the strength, location, and depth of the TEJ. The result of
this work has shown that the contribution of dust to drier
conditions over Sahel is related to the southward shift
of AEJ which coincides with both weaker than normal
TEJ and monsoon flux (Grist and Nicholson 2001). The
findings showed the capability of RegCM4 in reproduc-
ing regional climatic features associated with WAM over
West Africa.
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Comparative analysis between of model and satellite
observations

The relationship between RegCM4 simulated columnar
AOD with observed AERONET AOD, MODIS-TERRA,
MISR, and OMI at selected stations under study was
assessed based on the results obtained from the correlation
analysis. Figure (19) shows that, the correlation coefficients
(r) between AOD simulated by RegCM4 and AERONET,
MODIS-TERRA, MISR, and OMI for Dakar were 0.64,
0.76, 0.86, and 0.58 respectively. Banizoumbou showed
good correlation (r=0.59, 0.52, and 0.78) between RegCM
AOD, AERONET, MISR and OMI respectively. However,
a poor correlation (r<0.5) was found over Banizoumbou
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Fig. 15 Taylor’s diagram for TRMM and RegCMs over a Guinea and b Savannah ¢ Sahel

when RegCM4 simulation was compared with MODIS-
TERRA. Cape Verde showed the highest correlation
(r>0.7) for the ground and all the satellite observations
(Fig. 19). This implies that the model performs very well
in reproducing dust outflow over tropical Atlantic Ocean
than the continental locations of the region. The RegCM4
simulated AOD showed poor relationship with satellite

observations in other stations used in this study (Figs. 20,
21), which might be as a result of sparse data distribution
over these stations. These findings are consistent with stud-
ies which suggested that models were able to better repro-
duce trans-atlantic dust transport and perform better during
boreal summer than winter (Kim et al. 2014; Huneeus et al.
2011). In general, it was found that, the RegCM4 simulated
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results conformed with ground AERONET, MISR and
OMI (between 40 and 90%) observations than MODIS-
TERRA observations at most locations over West Africa.

Conclusion
The study aimed at investigating the radiative effects of

dust aerosol on West African climate using a regional
climate model (RegCM4.4) developed by the ICTP. The
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simulations was performed with the non-aerosol version
of the model (control) and a dust module for the year
2010. The model outputs were compared with observa-
tion, satellite and reanalysis data. The main findings can
be summarized as follows:

1. The RegCM4 exhibited a remarkable performance in
capturing the major aerosol source regions over the
study area. The Bodele depression which extend from
Niger to Chad had the highest dust concentration and
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emissions over the study area with maximum activity
in the month of March.

The dust wet deposition occur only during the rainy
months and it’s driven by the dynamics of the ITD.
During the study period of 2010, large variations in
the distribution of dust aerosol particles was observed
majorly in three locations. Banizoumbou with maxi-
mum AOD loading on the 26th March and 5th April;
Cape Verde showed the maximum AOD in 11th June
while, that over Dakar was observed on the 9th March
and 2nd May.

During the observed days of maximum AOD, result
from the hysplit backward trajectories model showed
that the air masses reaching Dakar and Cape Verde
from the lowest level (i.e. 500 m up to 2000 m) origi-
nated from the Senegal, Mauritania, and Mali areas.

While at high altitude (from 3000 m and beyond),
long-range aerosol particles ending at these stations
originated from the Mediterranean Sea. In contrast,
the lower level air masses reaching Banizoumbou and
Ilorin originated mainly from the Sahara desert of
northern Africa which has been identified as the major
source region of dust loads.

The negative values observed in SWSRF and NSRF
indicated that dust aerosol exerts essentially a cooling
effect in all seasons over West Africa, with maximum
impacts during the JJA.

In the atmosphere, the shortwave (longwave) dust aero-
sol radiative effect exerted a warming (cooling) effect
over the study area while a reversal was evident at the
surface. The overall net radiative effects (i.e. long-
wave—shortwave) of dust aerosol over West Africa is
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therefore; an atmospheric warming, surface cooling
and a relatively small anomalous effect at the top of the
atmosphere.

The model skillfully reproduced the rainfall distri-
bution and amounts over the study area, although
with differing level of accuracy. In addition, the dust
induced runs overestimated orography related rainfall
over the Guinea highands and Jos plateau.

The dust aerosol runs simulated a weakened monsoon
flow over the Sahel in coherence with the magnitude,
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position and intensity of the African Easterly Jet and
Tropical Easterly Jet and thus, resulting to an obvious
decline in Sahel rainfall.

The RegCM4 simulated aerosol optical depth exhibited
a good positive realtionship with both the observation
and satellite products in majority of the stations con-
sidered.
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