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The aim of this study is to simulate the impact of mineral dust emissions from the
Sahel–Saharan zone on temperature extremes over the Sahel. To achieve this goal,
we performed two numerical simulations: one with the standard version of the regional
climate model RegCM4 (no dust run) and another one with the same version of this model
incorporating a dust module (dust run). The difference between both versions of the model
allowed to isolate the impacts of mineral dust emissions on temperature extremes. The
results show that the accumulation of mineral dust into the atmosphere leads to a decrease
of the frequency of warm days, very warm days, and warm nights over the Sahel. This
decrease is higher during the MAM (March-April-May) and JJA (June-July-August) periods
especially in the northern and western parts of the Sahel. The impact of the mineral dust
emissions is also manifested by a decrease of the frequency of tropical nights especially
during MAM in the northern Sahel. When considering the warm spells, mineral particles
tend to weaken them especially in MAM and JJA in the northern Sahel. To estimate the
potential impacts of the mineral dust accumulation on heat stress, the heat index and the
humidex are used. The analysis of the heat index shows that the dust impact is to reduce
the health risks particularly in the northern Sahel during the MAM period, in the western
Sahel during JJA, and in the southern and the northeastern parts of the Sahel during the
SON (September-October-November) period. As for the humidex, it is characterized by a
decrease especially in the northern Sahel for all seasons. This reduction of the occurrence
of thermal extremes may have a positive effect on the energy demand for cooling and on
global health. However, the accumulation of dust particles in the atmosphere may also
increase the meningitis incidence and prevalence.
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INTRODUCTION

The third of the earth’s surface is a potential source of dust. This
dust varies spatially over the year following the season.
Marticorena et al. (2011) showed that the Sahara desert is the
largest source of mineral dust in the world. According to the
Intergovernmental Panel on Climate Change (IPCC. Climate
change, 2001), dust from this area accounts for 40% of global
troposphere aerosol emissions. Li et al. (1996) showed that desert
dust is the dominant element in the diffusion of solar radiation in
the North Atlantic. Because of their absorption (direct effects)
and diffusion (indirect effects) properties, these natural aerosols
(mineral dust) have a nonnegligible impact on the solar radiation
and therefore on the earth’s radiation balance (Liao and Seinfeld
1998; Gao et al. 2000; Tanré et al. 2003; Dahutia et al. 2018).
N’Datchoh et al. (2018) showed that the mineral dust particles
emitted from the Sahara and the Sahel and the biomass burning
aerosols are frequently loaded in the atmosphere and represent an
important part of the aerosols which interact directly with the
West African monsoon system.

In addition, several studies (Zakey et al. 2006; Konaré et al.
2008; Solmon et al. 2008; Camara et al. 2010; N’Datchoh et al.
2018) have used the regional climate models to study the effect of
aerosols on the West African climate. They all concluded that a
regional climate model (typical horizontal resolutions for climate
application range from 20 to 80 km) may be a more appropriate
tool than a global climate model (coarse resolution) to study the
effects of dust on the West African monsoon system because of
their fine resolution including their advanced representation of
atmospheric physics and chemistry processes. These regional
climate models represent better the fine scale forcing and land
surface heterogeneity, and they have the advantage to simulate
with high resolution the dust emission and transport processes
(Konaré et al. 2008; N’Datchoh et al. 2018). For example, Zakey
et al. (2006) integrated a dust module in the regional climate
model RegCM3 to study the Saharan dust distribution. They
concluded that this model well reproduces the main spatial and
temporal features of dust distribution especially at the seasonal
timescale over the Saharan region. Konaré et al. (2008) used the
same regional climate model to study the effect of the Saharan
dust radiative forcing on the West African monsoon. They found
that the effect of the dust shortwave radiative forcing is to reduce
precipitation over the Sahel. Similar results were found by
Solmon et al. (2008) who studied the effect of both dust
shortwave and longwave radiative forcing on the West African
climate. Camara et al. (2010) used the regional climate model
RegCM3 to study the impacts of Saharan dust on the West
African climate during the years 2005 and 2006. They found
that dust impacts on Sahel-Saharan climate are to weaken both
the monsoon flow and the tropical easterly jet, to strengthen the
African easterly jet, and to decrease rainfall over the Sahel.

Furthermore, some studies (Schmidt et al., 2012; Jones et al.,
2013; Kravitz et al., 2013; Tilmes et al., 2013) have investigated the
response of the mean temperature, mean precipitation, and sea
level pressure to solar dimming under the Geoengineering Model
Intercomparison Project (GeoMIP). Jones et al. (2013) show that
this model agrees on a rapid increase in global-mean temperature

following termination accompanied by increases in global-mean
precipitation rate and decreases in sea-ice cover. Curry et al.
(2014) also study the changes in temperature and precipitation
extremes in models running the solar radiation dimming
experiment (G1). They found that the changes in climate
extremes under G1 are generally much smaller than under 4 ×
CO2 alone compared to the preindustrial climate. Aswathy et al.
(2015) examined extremes under stratospheric aerosol injection
simulations and marine cloud brightening by sea salt emission.
They found that the extreme temperature changes are similar to
the mean temperature changes over much of the globe. Dagon
and Schrag (2017) showed that solar geoengineering mitigates
extreme heat events from greenhouse warming. This study
emphasizes the key role of solar radiation dimming
experiment on climate model extreme indices.

According to IPCC. Climate Change (2001), extreme weather
events (rainfall and temperature extremes) should become more
frequent under the global warming. Karimou and Ambouta
(2015) showed that these events have a negative impact on
agriculture, livestock, and natural resources which are key
sectors on which most of the West African national economies
are based. This is the case of the Sahel whose economic
development is based on rain-fed agriculture, therefore
dependent on climatic hazards. Moreover, Ringard et al.
(2016) predict an intensification of temperature extremes over
the Sahel and Guinea region during the future; this thermal
extreme rise may impact negatively the human health (Sarr
et al. 2019).

This work proposes a sensitivity study of the effect of mineral
dust emissions from the Sahel–Saharan zone on the seasonal
variability of temperature extremes over the Sahel. A brief
description of the RegCM4 model, the simulations performed,
and the data and methods is presented in Model Description,
Data and Methods. The third section analyzes and discusses the
results relating to the impacts of the accumulation of mineral dust
into the atmosphere on the temperature extremes during the
December-January-February (DJF), March-April-May (MAM),
June-July-August (JJA) and September-October-November
(SON) periods. The conclusion is presented in the last section.

MODEL DESCRIPTION AND DATA AND
METHODS

Model Description
This work uses the fourth version of the regional climate model
RegCM. It is a limited-area mesoscale model (i.e., covering only
one part of the earth surface) using the primitive equations based
on the hydrostatic approximation for the simulation of the
climate of a particular region over periods varying from a few
months to several years. The RegCM was developed at the first
time at the National Center for Atmospheric Research (NCAR)
and the Pennsylvania State University (PSU). Since 1990, it has
been adapted and updated by scientists from the Earth System
Physics section of the International Center for Theoretical
Physics Abdu Salam (ICTP, Trieste, Italy). RegCM4 is a
hydrostatic model using the continuity equation
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(i.e., conservation of mass) (Giorgi et al. 2012). The interactions
between the land surface and the atmosphere are described using the
Biosphere Atmosphere Transfer Scheme version 1 (BATS 1E) of
Dickinson et al. (1993), and this interface offers most of the
parameters used to couple the dust emission, while the Scheme
of Zeng et al. (1998) is used to represent the ocean fluxes. Holtslag
et al.’s (1990) model is used for the parameterization of the planetary
boundary layer. The large-scale rain is parameterized with the
subgrid explicit moisture and cloud scheme (SUBEX) developed
by Pal et al. (2000). The convection schemes used are those of Grell
(1993) with the closure of Fritsch and Chappell (1980) for the main
land and Emanuel (1991) for the ocean as in Diba et al. (2016).
Horizontal and vertical resolutions are, respectively, 50 km and 18
vertical levels. All the integrations start on 1 November 2000 and
runs for 10 years and 2month until 1 January 2011. The first two
months (November-December 2000) are excluded from the analysis
to allow for the model spin-up time. The description of the
improvements of RegCM4 compared to the previous versions
(RegCM1, RegCM2, and RegCM3) is detailed in Giorgi et al.
(2012). The model has already been used in various studies over
different domains ofWest Africa (Abiodun et al. 2008; Camara et al.
2010; Sylla et al. 2010; Mariotti et al. 2011; Diba et al. 2016).

Data and Methods
The control simulation and the “dust version”’ of the model are
initialized and forced to their lateral boundaries by the ERA-
Interim reanalyzes (with a spatial resolution of 1.5° x 1.5°, Simmons
et al. 2007; Uppala et al. 2008). These reanalyzes are global data sets
produced by the European Center for Medium-Range Weather
Forecasts (ECMWF, Dee et al. 2011) and covering the period
from 1 January 1979 to 31 August 2019. These reanalyzes are
mesh data available at different spatial resolutions and on 37
pressure levels. They are currently the best way to describe the
state of the atmosphere over West Africa. The dust module of
RegCM used in this study is extensively described in Zakey et al.
(2006), and a brief description is given in Konaré et al. (2008) and
Camara et al. (2010). The dust scheme of RegCM includes dust
transport by wind, turbulent diffusion, dust advection, deep
convection, and removal wet and dry processes. These dust
processes are extensively described in previous papers (Qian
et al., 2001; Solmon et al., 2006). The dust emission process is
also controlled by wind intensity and surface characteristics. Its
calculation is based on parameterizations of soil aggregate saltation
and sandblasting processes. Zakey et al. (2006) and Konaré et al.
(2008) provide examples of the performance of the dust module of
RegCM over the Sahara region for episodic dust events and for long-
term simulations. They show that the model is capable of
reproducing the evolution and dynamics of dust-generating
events over the Sahara. The aerosol optical depth simulated by
the “dust version” of the model (RegCM4_DUST) is analyzed and
compared to observations from the AERONET network (Aerosol
Robotic NETwork) in order to characterize the performance and
robustness of the model. The AERONET network is a global aerosol
observation and measurement tools based on remote sensing. It is
created by the National Aeronautics and Space Administration
(NASA) in collaboration with the Optical Laboratory (LOA) of
the National Center for Scientific Research (CNRS, France). This

network allows archiving and access of public to data on the optical,
microphysical, and radiative properties of aerosols in near real-time,
continuous, and long term (Holben et al. 1998). AERONET aims to
characterize the aerosols properties by constituting a permanently
available database for aerosol climatology and validation of satellite
data (Diarra and Ba, 2014). In this study, the aerosol optical depth
from four stations over the Sahel is used for comparison with the
results of the “dust version” of the RegCM4 model. These stations
shown in Figure 1 are Banizoumbou (Niger: 2.66°E–13.54°N),
Ouagadougou (Burkina Faso: 1.48°W–12.42°N) located at the
eastern Sahel, Dakar (Senegal: 16.95°W–14.39°N), and Cape
Verde (Cape Verde: 22.93°W–16.73°N) located in the western Sahel.

Five (5) indices of temperature extremes recommended by the
World Meteorological Organization (WMO) Expert Team on
Climate Change Detection and Indices are also used to
characterize the spatiotemporal distribution of thermal indices
(Peterson et al. 2001). These indices are summarized in Table 1
and are also known for their great impact on human health. In
addition to these indices presented in Table 1, we also assessed
the impact of dust on heat stresses related to human health by
considering the heat index (HI) from Steadman (1979) developed
and most used by the US National Weather Service as well as the
humidity-index commonly called humidex (HUM) developed by
the Canadian Meteorological Service. The HI measures the
combined effect of heat and humidity on human organism
(see Table 2) while the HUM is used to describe the impacts
of humidity on human comfort (see Table 3).

The heat index (HI) and the humidex (HUM) are, respectively,
defined by

HI � c1 + c2T + c3R + c4TR + c5T
2 + c6R

2 + c7T
2R + c8TR

2

+ c9T
2R2, (1)

where c1�−42.37; c2�2.04901523; c3�10.14333127;
c4�−0.22475541; c5�−6.83783p10–3; c6�−5.481717p10–2;
c7�1.22874p10–3; c8�8.5282p10–4; and c9�−1.99p10–6.

AndHI is the heat index (in °F), T is the air temperature (in °F),
and R is the relative humidity (in %). In this study, the HI values
were afterwards converted into °C:

HUM � T + 5
9
(e − 10), (2)

where e � 6.112 x107.5T/(237.7+T).R/100. T and HUM are,
respectively, the air temperature (°C) and the humidex (°C).

The simulation domain is presented in Figure 1. The
interested area (the Sahel) is highlighted in the rectangle of
Figure 1. Two runs were performed from 2001 to 2010 at a
horizontal resolution of 50 km. These simulations use the same
experimental setup as those performed in Diba et al. (2016). The
first experiment which is the control simulation uses the
standard version (reference) of the RegCM4 model. The
second simulation (dust version also named RegCM4_DUST)
uses this same version of the model taking into account its dust
module.

The impacts of the accumulation of mineral dust particles into
the atmosphere on temperature extremes is assessed at the
seasonal timescale by analyzing the difference between both runs.
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RESULTS

Validation of the Simulations
The simulation of the control version of the model
(RegCM4_CTL) analyzed in this study has already been
validated in Diba et al. (2016). The results showed that the
RegCM4 model has low biases of rainfall and surface
temperature, reflecting its good ability to simulate the West
African climate and in particular that of the Sahel. In this

part, we validated the aerosol optical depth (dust loading)
simulated by the “dust version” of the model
(RegCM4_DUST) by comparing it with that of the AERONET
observations.

Figure 2 presents the seasonal cycle of the aerosol optical
depth for the AERONET observations and the RegCM4_DUST
model averaged from 2001 to 2010 for two (2) stations located at
the western Sahel (Dakar and Cape Verde) and two (2) others
located at the eastern Sahel (Banizoumbou and Ouagadougou).

FIGURE 1 | Topography (m) of the simulation domain (West Africa) and the four AERONET observation sites. The interested area (the Sahel) in rectangle.

TABLE 1 | Definition of climate indices (Peterson et al. 2001).

Indices Definition Unit

TG90P Percentage of days with daily Tmean (mean temperature) > 90th percentile on running 5-day windows (� warm days) %
TX90P Percentage of days with daily TX (maximum temperature) > 90th percentile on running 5-day windows (�very warm days) %
TN90P Percentage of days with daily TN (minimum temperature) > 90th percentile on running 5-day windows (� warm nights) %
TrN Tropical nights (� nights with TN > 20°C) Count in day
ECA_HWFI Warm spell duration index: annual count of days with at least 6 consecutive days when TX > 90th percentile Length in day

TABLE 2 | Heat index threshold and potential health impact.

Symptom
band (SB)

US NWS
Classification

Heat
index (°C)

Possible adverse effect

SBI Caution 27–32 Fatigue possible with prolonged exposure and/or physical activity
SBII Extreme 32–39 Heat stroke, heat cramps, or heat exhaustion possible with caution prolonged exposure and/or physical

activity
SBIII Danger 39–51 Heat cramps or heat exhaustion likely, and heat stroke possible with prolonged exposure and/or physical

activity
SBIV Extreme >51 Heat stroke highly likely danger

Source: OHSCO (2008); http://ggweather.com/101/hi.html.
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The AERONET data exhibit the maxima of the aerosol optical
depth from May to July over the Cape Verde and Dakar stations
and the minima from November to April (Figures 2A,C). These
results are in agreement with the findings of Fouquart et al.
(1987), Dubovik et al. (2001), and Jones et al. (2003), who showed
that during the wet season (June-July-August), intense convective
systems and African easterly waves are responsible for important
emissions of mineral dust over the southern Sahara and the Sahel.
At Banizoumbou and Ouagadougou stations, the maxima are
obtained during from February to April and the minima in
November and December (Figures 2B,D) in agreement with
Prospero (2002) and Ginoux et al. (2012). In fact, Prospero (2002)
showed that during the months of March, April, and May,
mineral dust arriving at Banizoumbou from the surface to
about 2000 m originated mainly from the Sahara desert which
has been identified as the major source area of dust loads. The
RegCM4_DUST model and the AERONET data present similar
mean values of the aerosol optical depth at Dakar and Cape Verde
stations during the DJF, MAM, and SON seasons (Table 4). The
model fairly reproduces the peaks of March and October
observed in the AERONET data from Banizoumbou and
Ouagadougou (Figures 2B,D) but does not reproduce the
peaks of May and July at Dakar and Cape Verde stations

(Figures 2A,C).The mean value of the aerosol optical depth
over the study period is around 0.34 for the AERONET data
at Dakar and 0.35 at Cape Verde station (Table 4). Generally, the
results show that the model well reproduces the seasonal cycle of
the aerosol optical depth in all considered stations with a strong
positive correlation at Banizoumbou (r � 0.77) and Ouagadougou
(r � 0.60) (Figures 2B,D) but underestimates the aerosol optical

TABLE 3 | Humidex threshold and potential health impact.

Categories corresponding to
the rising thermal
discomfort conditions

Humidex (°C) Impacts

A 30 Little or no discomfort
B 30–34 Noticeable discomfort
C 35–39 Evident discomfort
D 40–45 Intense discomfort; avoid exertion
E >45 Real dangerous; heat stroke probable

Source: NIOSH (1992); http://www.hpc.ncep.noaa.gov/html/heatindex.shtml.

FIGURE 2 | Annual cycle of the aerosol optical depth (AOD) averaged from 2001 to 2010: (A) Dakar (Senegal), (B) Banizoumbou (Niger), (C) Cape Verde (Cape
Verde), and (D) Ouagadougou (Burkina Faso) for the AERONET data and the RegCM4_DUST model.

TABLE 4 |Mean values of the aerosol optical depth averaged from 2001 to 2010
for AERONET observations (Obs) and the difference between the
RegCM4_DUST model and the AERONET observations at Dakar, Banizoumbou,
Cape Verde, and Ouagadougou stations.

Stations/
Periods

Dakar Banizoumbou Cape Verde Ouagadougou

Obs Model-
Obs

Obs Model-
Obs

Obs Model-
Obs

Obs Model-
Obs

DJF 0.29 −0.05 0.43 −0.23 0.25 −0.04 0.62 −0.41
MAM 0.37 −0.07 0.69 −0.42 0.32 −0.09 0.52 −0.30
JJA 0.44 −0.19 0.45 −0.25 0.49 −0.28 0.38 −0.18
SON 0.28 −0.07 0.40 −0.16 0.32 −0.12 0.38 −0.16
ANNUAL 0.34 −0.09 0.49 −0.26 0.35 −0.14 0.45 −0.24
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depth (Table 4) in agreement with Camara et al. (2010) and
N’Datchoh et al. (2018).

In this study, only natural sources of mineral aerosols (desert
dust) are taken into account. The low values simulated by the
model could be due partly to the fact that other types of aerosols
such as biomass burning and anthropogenic sources are not taken
into account in the current simulations.

The next step of this study is to isolate the impacts of mineral
dust emissions on the seasonal distribution of temperature
extremes over the Sahel.

Impacts of Dust Emissions on Radiative
Forcings
The seasonal distribution of dust surface shortwave and longwave
radiative forcing averaged from 2001 to 2010 over the Sahel is

presented in Figure 3. The model (RegCM4_DUST) simulates a
strong intra-annual variability of dust surface shortwave radiative
forcing (SSWRF) over the Sahel (Figures 3A–D). Results also
show that dust induced shortwave radiative forcing is negative at
the surface with high values > � −20W/m2 over dust emission
sources (Niger, Mauritania, and Mali) traducing a cooling at the
surface over the Sahel domain. High values of this radiation are
simulated over the western and eastern Sahel during the warm
season March-April-May (MAM) and the summer season June-
July-August (JJA) in agreement with the strong values of the
aerosol optical depth obtained during these two seasons (Figures
3B,C). Generally, the analysis shows that the effect of mineral
dust is to reduce the surface shortwave radiative throughout the
Sahel for all seasons (DJF, MAM, JJA, and SON). The model
simulates lower surface shortwave radiative during the
December-February (DJF) (Figure 3A) and September-November

FIGURE 3 | Seasonal variability of dust surface shortwave (SSWRF) and longwave (SLWRF) radiative forcing (unit W/m2) averaged from 2001 to 2010 over the
Sahel for the RegCM4_DUST model (dust version).
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(SON) (Figure 3D) periods over the western Sahel domain in
consistence with the lower values of the aerosol optical depth
obtained during these two seasons (Table 4). Moderate values of
this parameter are simulated by the RegCM4_DUST model in the
eastern Sahel during DJF and SON seasons in consistence with the
maximum values of the aerosol optical depth observed from the
AERONET data during November to April in the eastern stations
(Banizoumbou and Ouagadougou). During the summer season
(June-August; JJA), the model simulates a north–south gradient
with higher values of surface shortwave radiative (up to 20W/m2)
over the western and eastern parts of the Sahel (Figure 3C). These
results are in agreement with those of Zhao et al. (2011) and Raji et al.
(2017).

When considering the Ocean front, results show that the dust
surface shortwave radiative forcing has seasonal variations with
maximum values (up to −24W/m2) during MAM and JJA
periods in the northwestern part of the Sahel along the coasts
and minimum values in the southern Sahel during the DJF period
(Figures 3B–D).

The seasonal distribution of dust surface longwave radiative
forcing (SLWRF) shows that the effect of the mineral dust is to
enhance (positive values) the longwave radiative flux at the
surface over the entire Sahel domain for all seasons (Figures
3E–H), with strong values over Niger during the DJF and MAM
periods (Figures 3E,F). The maxima of dust surface longwave
radiative are found over the dust emission sources (Niger,
Mauritania, and Mali) during the DJF, MAM, and JJA seasons
(Figures 3E–G), in agreement with the findings of Perlwitz et al.
(2001); Zhao et al. (2011); Solmon et al. (2012); and Raji et al.
(2017). In fact, Raji et al. (2017) showed that the maximum dust
surface longwave radiative forcing coincides with the transition
period between the dry (MAM) and wet seasons (JJA). During the
December-February (DJF) period, the RegCM4_DUST model
simulates the maxima of the surface longwave radiation in the
northeastern and northwestern parts of the Sahel and the minima
in the southern Sahel (Figure 3H). Values up to 3W/m2 are
simulated by the RegCM4_DUST model in the northeastern and
northwestern parts of the Sahel during the MAM period
(Figure 3F). During the June-August (JJA) period, the model
simulates a north–south gradient with values reaching 3W/m2 in
the northwestern part of the Sahel (Figure 3G). The
RegCM4_DUST model simulates lower longwave radiation
over the southern Sahel from September to November
(Figure 3H).

The analysis of dust net surface radiative forcing (figure not
shown) shows similar spatial distribution to that of dust surface
shortwave radiative forcing (SSWRF) with the strongest values
simulated over the dust sources (Niger, Mauritania, and Mali) for
all seasons. The analysis indicates that the accumulation of
mineral dust into the atmosphere exerts essentially a cooling
effect at the surface over the Sahel for all seasons, with the
maximum cooling obtained during the periods of high dust
concentrations: the warm period (MAM) and the summer
season (JJA) in coherence with Malavelle et al. (2011); Solmon
et al. (2012); and Nébon et al. (2019).

At the top of the atmosphere, the seasonal distribution of dust
shortwave radiative forcing (TOA SWRF) (Supplementary

Figure S2) shows a strong intra-annual variability. Dust
induced shortwave radiative forcing is negative at the top of
the atmosphere with maximum values >� −10W/m2 over the
southern Sahel suggesting that the mineral dust exerts essentially
a cooling effect at the top of the atmosphere for all seasons in
agreement with Nébon et al. (2019). Moreover, this negative effect
is lower than at the surface (Figure 3). The maximum shortwave
radiative forcing is more located south of 15°N during the warm
season (MAM) and the summer period (JJA). When considering
the seasonal distribution of dust longwave radiative forcing at the
top of the atmosphere (TOA LWRF) (Supplementary Figure
S2), results show that dust particles induce an enhancement
(positive values) of the longwave radiative flux at the TOA in
the whole Sahelian domain for all seasons. The maximum
longwave radiation at the TOA values is found over dust
emission sources (Niger, Chad, Mauritania, and Mali) during
the warm season (MAM) and the wet season (JJA).

We also analyze the dust single-scattering albedo for a better
interpretation of changes in mean temperature thermal extremes.
The dust single-scattering albedo, the ratio of scattering
coefficient to total extinction coefficient, is an essential
parameter used to estimate the direct radiative forcing of dust.
The analysis of this parameter (Supplementary Figure S1) shows
higher values over the northern Sahel for all seasons. This could
indicate that, over the northern Sahel (less humid area),
preferential diffusion of radiation by aerosol could be
occurring. Over the western Sahel, the highest single-scattering
albedo values are simulated at around 20°N during the summer
season (JJA) and the warm period (MAM) and around 17°N and
20°N during DJF. The albedo increases from the southern Sahel to
the northern Sahel indicating that the dust activity extends
northward during JJA traducing the propagation of the
Saharan Air Layer (SAL) mainly located at the midlevels. This
result is also in agreement with previous studies of Jones et al.
(2003) who showed that during this period (summer season: JJA),
intense convective systems and African Easterly waves are
responsible for significant emissions of mineral dust particles
in the south of the Sahara and in the Sahel. Weak values of this
parameter are simulated south of 15°N for all seasons indicating
that over the southern Sahel (most humid area), preferential
absorption of radiation by aerosol could be occurring.

Effects of Dust Emissions on Temperature
Extremes Over the Sahel
In this part of the work, we first isolated the impacts of the
accumulation of mineral dust into the atmosphere on the mean,
minimum, and maximum temperatures over the Sahel before
studying their impacts on the temperature indices presented in
Table 1. The seasonal distribution of the mean surface
temperature is presented in Figure 4. The control version of
the model simulates the lowest temperatures (between 16 and
24°C) during the DJF period especially in the northern and central
Sahel. During the MAM period, the mean temperature strongly
increases and the model simulates higher values in the latitudinal
band 12–17°N (up to 34°C). During the wet season (JJA), the
model simulates a north–south gradient with the lowest
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temperatures located over the southern Sahel. This is due to the
fact that during this season, rainfall over the Sahel is characterized
by a latitudinal gradient with stronger intensities in the south
causing a considerable decrease of surface temperature in this
part of the Sahel. Themodel simulates relatively low temperatures
over the northern and southern Sahel during the SON period. The
analysis of the difference between the “dust version” of the model
and the control one shows that the accumulation of mineral dust
in the atmosphere leads globally to a decrease of the mean surface
temperature over the Sahel, whatever the considered season with
maxima depicted in the northern and central Sahel.

When considering the minimum and maximum surface
temperatures (figure not shown), mineral particles tend to
decrease the maximum temperature over the whole Sahel
domain during DJF and in the northern, southern, and
western Sahel during MAM, JJA, and SON. The minimum

temperature seems to be less impacted by dust particles
(especially over the southern Sahel). This little impact of dust
emissions on the daily minimum temperature over the southern
Sahel could be due to the little impact of dust on the surface
longwave radiative forcing over this region.

Figure 5 shows the percentage of days with a daily mean
surface temperature above the 90th percentile of the daily mean
surface temperatures (percentage of warm days, TG90P) for the
control version of the RegCM4 model (top) and the difference
between the two simulations (down). The model simulates high
frequencies (up to 20%) of the TG90P indice over the entire
central part of the Sahel during the March-April-May (MAM)
period (Figure 5B) in agreement with Diba et al. (2019). During
the summer season (June-August: JJA), the frequency of warm
days varies between 2 and 18% over the southern Sahel and
increases fairly (>20%) over the northern part of the region

FIGURE 4 | Seasonal variability of the mean surface temperature (Tmean) (°C) averaged from 2001 to 2010 over the Sahel: (top) RegCM4_CTL, (down) difference
between RegCM4_DUST and RegCM4_CTL.
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(Figure 5C). The percentage of warm days varies between 8 and
16% in the central and northeastern parts of the Sahel during the
September-October-November (SON) period (Figure 5D). The
minima of the TG90P indice (<8%) are simulated over the
northern and southern Sahel during the December-January-
February (DJF) period (Figure 5A). The difference between
the two simulations of the model shows that the effect of
mineral dust emissions is to attenuate the frequency of warm
days over the northern and central Sahel during the DJF and
MAM periods and almost over the whole Sahel domain during
the summer season (JJA). An increase of this indice is noted over
the southern and central Sahel during the SON period.

A high occurrence of very warm days poses a serious threat to
human health and well-being of populations and the natural
environment. Figure 6 shows the percentage of the very warm
days (TX90P) over the Sahel. The control version exhibits lower
frequencies (<8%) of the very warm days over the central Sahel
during the DJF and SON seasons (Figures 6A,D) and over the
southeastern part of the Sahel during the JJA season (Figure 6C).
Overall, the high frequencies of this indice (>16%) are simulated
over the western Sahel during the summer period (JJA)
(Figure 6C) and over the southeastern part of the Sahel
during the SON season (Figure 6D). Between 16% and 20% of
the very warm days occurred throughout the northwestern and

FIGURE 5 | Seasonal variability of the percentage of warm days (TG90P) averaged from 2001 to 2010 over the Sahel: (top) RegCM4_CTL, (down) difference
between RegCM4_DUST and RegCM4_CTL. The differences are significant at 95% level using the Student test.
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central parts of the Sahel during the warm season (MAM) partly
linked to the maximum shortwave radiation received by the Sahel
during this period. This result is in agreement with the previous
works of Moron et al. (2016) and Odoulami et al. (2017).

The difference between the two simulations shows that the
accumulation of mineral dust in the atmosphere leads to a decrease
of the frequency of very warm days almost over the entire Sahel
domain during the summer period (JJA) and over the northern and
central Sahel during the warm season (MAM). This indice
increases over the western and southern Sahel during the SON
period probably due to the strengthening of the surface longwave
radiative forcing (SLWRF) due to dust emission (Figure 3H).

The decreases of the frequency of warm days and very warm
days during MAM and JJA periods is partly due to the cooling of
the entire Sahel domain caused by the accumulation of mineral
dust in the atmosphere (Figure 3). This is consistent with the fact
that the aerosol optical depth is stronger during these two seasons
(Table 4).

The frequency of warm nights (TN90P) averaged from 2001 to
2010 for the standard version of the model (top) and the
difference between the two versions (down) is shown in
Figure 7. The model exhibits high frequencies (>21%) of
warm nights over the central Sahel during the warm season
(MAM) (Figure 7B) and over the northern Sahel during the

FIGURE 6 | Seasonal variability of the percentage of very warm days (TX90P) averaged from 2001 to 2010 over the Sahel: (top) RegCM4_CTL, (down) difference
between RegCM4_DUST and RegCM4_CTL. The differences are significant at 95% level using the Student test.
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summer season (JJA) (Figure 7C). The low frequencies (<9%) of
warm nights are recorded over the entire Sahel during the DJF
season (Figure 7A) and over the central Sahel during the SON
period (Figure 7D). This DJF season is the period of low mineral
dust emissions into the atmosphere in coherence with Drame
et al. (2015). The effect of the mineral dust emissions is to reduce
the frequency of warm nights over the whole Sahel during the
DJF, MAM, and JJA periods, as well as in the northeastern and
central parts of the Sahel during the SON period. The
accumulation of mineral dust in the atmosphere also tends to
strengthen the frequency of warm nights in the southwestern part
of the Sahel in SON.

We also computed the tropical nights (TrN: nights with
minimum temperatures above 20°C) as considered in Moron
et al. (2016). The tropical nights are more frequent (>60 days)
over the southern Sahel during the MAM and SON seasons
(Figures 8B,D) and over the whole Sahel domain during the JJA
period (Figure 8C). The weak values (<20 days) of this indice are
recorded over the northern Sahel during DJF (Figure 8A) and the
values between 30 and 70 days over the northern Sahel during
MAM and SON periods (Figures 8B,D). The difference between
the two versions of the model shows that the impact of the
accumulation of mineral dust in the atmosphere results in a
decrease of the number of tropical nights over the southern Sahel

FIGURE 7 | Seasonal variability of the percentage of warm nights (TN90P) averaged from 2001 to 2010 over the Sahel: (top) RegCM4_CTL, (down) difference
between RegCM4_DUST and RegCM4_CTL. The differences are significant at 95% level using the Student test.
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during DJF and over the northern Sahel during MAM and SON
periods.

Likewise, the human health is sensitive to high values of warm
spell days (Luber et al. 2014). Figure 9 shows the frequency of
warm spell days averaged from 2001 to 2010 for the standard
version of the RegCM4 model (top) and the difference between
the two versions of the model (down). The control version of the
model simulates longer warm spell days (>17 days) over the
northwestern and central parts of the Sahel during the MAM
period (Figure 9B). The model also simulates shorter values
(<7 days) of this indice over the entire Sahel during the DJF
period (Figure 9A). Between 15 and 21 warm spell days are
simulated by the model over the northeastern and northwestern

parts of the Sahel during JJA (Figure 9C) and over the
northeastern part during the SON period (Figure 9D). The
impact of mineral dust emissions is to reduce the frequency of
warm spell days over the northern and central parts of the Sahel
during the MAM period and over the northern Sahel during the
JJA and SON periods.

To go deeper in the characterization of dust impacts on heat
indices related to human health, we analyzed the heat index (HI)
and the humidex (HUM) which are the main standard indices
used in numerous studies (Willett and Sherwood, 2012; Anderson
et al. 2013; Garland et al. 2015; Sarr et al. 2019). These health-
related indices are generally based on meteorological variables
which condition the temperature felt by humans. The heat index

FIGURE 8 | Seasonal variability of tropical nights (nights with a minimum daily temperature above 20°C, TrN) averaged from 2001 to 2010 over the Sahel: (top)
RegCM4_CTL, (down) difference between RegCM4_DUST and RegCM4_CTL. The differences are significant at 95% level using the Student test.
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and the humidex combine air temperature and relative humidity
and provide levels of thermal discomfort or even danger to
humans. Table 2 and 3 show the different levels of discomfort
and health risks for the humanity. The control version of the
model simulates the lowest heat index (<28°C) during the DJF
period over the entire Sahel (Figure 10A) reflecting a low health
risk. During the MAM period, the heat index increases and the
model simulates higher values (up to 30°C) in the southern Sahel
(Figure 10B) reflecting a higher risk level which could result in
shots fatigue and cramps after long exposures. This increase is in
line with that of the surface temperature during the warm season
(MAM) (Figure 4). During the wet season (JJA) and the SON
period, the model simulates the stronger values (up to 34°C) over

the northern Sahel (Figure 10C,D) reflecting a high health risk
levels which may lead to possible heat cramps and heat stroke
with prolonged exposure. The strong HI values recorded during
the wet season (JJA) could be due partly to the increase of the
relative humidity during this period. The HI values obtained
during the DJF period correspond to the symptom band I and
that of the MAM, JJA, and SON seasons to the symptom band II
(Table 2). These results are in agreement with the findings of
Meehl and Tebaldi (2004) and Sarr et al. (2019). The difference
between the two versions of the model shows that the
accumulation of mineral dust in the atmosphere results in a
decrease of the heat index especially in the northern Sahel during
the MAM period, over the western Sahel during JJA, and over the

FIGURE 9 | Seasonal variability of warm spell days (ECA_HWFI) averaged from 2001 to 2010 over the Sahel: (top) RegCM4_CTL, (down) difference between
RegCM4_DUST and RegCM4_CTL. The differences are significant at 95% level using the Student test.
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central, the southern, and the northeastern parts of the Sahel during
the SON period traducing a decrease of health risks. Moreover, the
heat index shows an increase of more than 0.5°C over the northern,
central, and southern Sahel during JJA (Figure 10G). This increase
may be due to the strengthening of the surface humidity in those areas
(figure not shown) which in turn may be related to the cloud-aerosol-
precipitation interaction. In fact, dust particles may serve as cloud
condensation nuclei around which cloud droplets form. This may
increase rainfall which in turn may strengthen the relative humidity
and therefore the heat index.

Figure 11 shows the seasonal variability of the humidex
(HUM) over the Sahel. The control version of the model

simulates the lowest humidex values (<30°C) during the DJF
and the MAM periods over the northern Sahel (Figures 11A,B)
traducing a little or no discomfort in this zone (comfortable area)
during these two seasons (Table 3). During the wet season (JJA)
and the SON period, the model simulates a north–south gradient
with the lowest humidex located over the southern Sahel (Figures
11C,D). The strongest values (>32°C) of this indice are recorded
over the southern Sahel during the MAM period (Figure 11B)
and over the northern Sahel during the JJA and SON periods
(Figures 11C,D) in agreement with Sarr et al. (2019) traducing
evident discomfort (Category B and C in Table 3). The difference
between both versions of the model shows that the dust impact is

FIGURE 10 | Seasonal variability of the heat index (°C) averaged from 2001 to 2010 over the Sahel: (top) RegCM4_CTL, (down) difference between
RegCM4_DUST and RegCM4_CTL. The differences are significant at 95% level using the Student test.

Frontiers in Earth Science | www.frontiersin.org January 2021 | Volume 8 | Article 59115014

Diba et al. Dust Impacts on Temperature Extremes

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles


to decrease the humidex especially in the northwestern part of the
Sahel during the DJF and MAM periods and over the central and
the northeastern parts of the Sahel during the JJA and SON
periods. Indeed, the combination of temperature and relative
humidity decreases could have positive impacts on human health.

CONCLUSION

The aim of this study was to assess the potential impact of mineral
dust emissions from the Sahel–Saharan zone on the seasonal
variability of temperature extremes over the Sahel. We performed

two simulations: one with the reference version (standard) of the
RegCM4 model and another one using the same model, in which
the dust module is activated (“dust version”). The results show
that the “dust version” of the model well reproduces the annual
cycle of the aerosol optical depth (dust loading) in the considered
stations (Dakar, Cape Verde, Banizoumbou, and Ouagadougou)
with a strong positive correlation at Banizoumbou (r � 0.77) and
Ouagadougou (r � 0.60) despite the underestimation of the
intensity.

Furthermore, this work also highlights the fact that the
accumulation of mineral dust in the atmosphere essentially
causes a cooling at the surface of the Sahel domain. This

FIGURE 11 | Seasonal variability of the humidex (°C) averaged from 2001 to 2010 over the Sahel: (top)RegCM4_CTL, (down) difference between RegCM4_DUST
and RegCM4_CTL. The differences are significant at 95% level using the Student test.
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cooling is stronger in MAM and JJA which coincide with periods
of high dust emissions.

The analysis of dust impacts on temperature extremes shows
that these mineral particles have considerable impacts on thermal
extremes over the Sahel region. A decrease of temperature
extremes is observed especially in the frequency of warm days
over the northern and central parts of the Sahel during the DJF
and MAM periods and in almost all Sahel domains during the
summer season (JJA). This decrease is stronger during the warm
period (MAM) and the summer season (JJA) especially in the
northern and western parts of the Sahel. This is consistent with
the fact that the aerosol optical depth is stronger during these two
seasons. This global cooling due to dust particles leads to a
decrease of the frequency of warm nights over the entire Sahel
during the DJF, MAM, and JJA periods, as well as over the
northeastern and central parts of the Sahel during SON. We also
observe a decrease of the number of tropical nights over the
southern Sahel during DJF and over the northern Sahel during
MAM and SON. The effect of the mineral dust emissions is also
manifested by a reduction of the warm spell days especially in
MAM and JJA particularly over the northwestern and central
parts of the Sahel domain. The analysis of the heat index shows
that the accumulation of mineral dust into the atmosphere is to
reduce the health risks particularly over the central and the
northeastern parts of the Sahel during the JJA and SON
periods. As for the humidex, it is characterized by a decrease
especially in the northern Sahel for all seasons traducing an
increase of human comfort.

Finally, the results show that the accumulation of mineral dust
particles in the atmosphere decreases the warm extreme indice
values over some Sahelian regions especially during the warm
(MAM) and the summer seasons (JJA) suggesting that this dust
loading could have a positive impact on human health
particularly over the northern Sahel. Moreover, a decrease in
the frequency of thermal extremes may induce a lower demand
on domestic energy consumption for cooling. However, the dust
accumulation in the atmosphere may favor meningitis incidence
and prevalence in the region (Moreira et al., 2020).

This study could be extended to the analysis of extreme rainfall
in the region. This will allow to assess the impact of the
accumulation of mineral dust in the atmosphere on important
climatic parameters for the agriculture and water resource
management in the region such as wet and dry sequences as

well as the rainfall intensity which remain a major concern for the
populations and the policymakers.
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