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  16 

Key Points: 17 

 During the Sahelian rainy season, the intensity of the strongest wind speed is linked to 18 

the intensity of the cold pools 19 

 Most of the strongest wind speed occur just before or just after a rain event starts 20 

leading to efficient and intense dust emission 21 

 The highest dust concentration is recorded during May-June when the wind speed is 22 

the strongest and the vegetation cover is the lowest 23 
  24 
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Abstract 25 

The Sahel is a dust source region where dust emission could be drastically modified in the 26 

future due to climatic and land use changes. Based on observations of meteorological 27 

parameters and dust concentration for about 1000 rain events, we investigated the processes 28 

leading to dust emission during the rainy season when Mesoscale Convective Systems 29 

(MCSs) regularly cross the Sahel. We show that the highest wind speed is strongly linked to 30 

the MCS cold pool intensity, which is characterized by a drop in surface temperature. This is 31 

observed during the pre-monsoon period (~ May-June) when the mid-troposphere is still 32 

sufficiently dry to allow intense evaporation of raindrops. Because this coincides with the 33 

time of the year that the surface is the least protected by the vegetative residue, the pre-34 

monsoon wind speed leads to the highest observed dust concentration in our record. Most of 35 

the highest wind speed occur before or just at the beginning of a rainy event allowing a large 36 

part of the dust raised to be transported ahead the rain limiting dust removal by wet 37 

scavenging. Finally, we show that the number of 5-minute dust concentration higher than 38 

5000 µg m-3 is almost only occurring during the rainy season. These results suggest that until 39 

the dust models fail to correctly resolve MCS, it will be difficulty to obtain reliable estimates 40 

of dust emission from the Sahel for the present or future scenarios. 41 

1 Introduction 42 

Between 1000 and 4000 Tg of mineral dust are injected yearly by wind erosion into the 43 

atmosphere (e.g., Boucher et al., 2013; Huneeus et al., 2011), making dust as one of the most 44 

emitted particulate species. As a consequence, the dust cycle has significant impacts on the 45 

Earth’s environment and is now recognized as a key actor in the Earth System Science (e.g., 46 

Shao et al., 2011). In dust source regions, mainly arid and semi-arid areas, the movement of 47 

windblown sediments modulates the geomorphology of landscapes (e.g., Greeley & Iversen, 48 

1985; Livingstone & Warren, 1996) and can also lead to an impoverishment of naturally 49 

vegetated areas and cultivated soils (e.g., Li et al., 2007; 2008; Sterk, 2003; Sterk et al., 50 

1996). During their transport in the atmosphere, the finest component of dust (particles 51 

smaller than about 20 µm in diameter) can interact with solar and terrestrial radiation, 52 

affecting the Earth radiation budget (e.g., Miller et al., 2014; Sokolik et al., 2001). Mineral 53 

dust could also act in the formation of clouds, especially as ice nuclei (e.g., DeMott et al., 54 

2003a, 2003b; Sassen et al., 2003) or modifying their microphysical and optical properties 55 

(e.g., Knopf & Koop, 2006; Min et al., 2009; Weinzierl et al., 2017). In deposition areas, dust 56 

provides terrestrial and oceanic ecosystems with key nutrients or micronutrients such as 57 

phosphorus or iron (e.g., Bergametti et al., 1992; Jickells et al., 2005; 2014; Mahowald et al., 58 

2008; Okin et al., 2004).  59 

The main processes controlling the dust cycle on Earth are very sensitive to meteorological 60 

parameters such as surface wind speed and precipitation. Thus, it is suspected that climate 61 

change could significantly modify the atmospheric dust content in the future, especially by 62 

changing the intensity and location of the dust emissions. The semi-arid regions that are 63 

climatic transitional zones should be particularly affected. In these regions, the expected 64 

changes should concern not only the meteorological parameters that directly drive dust 65 

emission but also those controlling the vegetation cover such as precipitation and evapo-66 

transpiration. In addition, the fringes of the arid regions are inhabited, with a population 67 

density growing rapidly (e.g., Garenne, 2016; UNDP, 2015). Therefore, it can be expected 68 

that land use activities may intensify in the future to provide the food necessary to support 69 

this expanding population (e.g., van Vliet et al., 2013). As a consequence, surface cover and 70 
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its temporal dynamics should be strongly modified by transforming naturally vegetated 71 

surfaces into crops and/or by changing the pasture pressure exerted on the grazing lands.  72 

Among the semi-arid regions, the Sahelian belt is suspected to be one of the areas where the 73 

most significant changes in dust emission could occur in the future. Unfortunately, Global 74 

Climate Models (GCM) show very large uncertainties in the projected precipitation trend for 75 

this region and do not agree on the amplitude of the change in temperature (e.g., Douville et 76 

al., 2006; Monerie et al., 2020). Regional climate models (RCM) do not provide a much more 77 

reliable assessment, mainly because the Sahelian climate is strongly influenced by interactions 78 

between large, meso and small scales processes that even RCM cannot reproduce satisfyingly 79 

(e.g., Dosio & Panitz, 2016; Dosio et al., 2019). However, recently, the results of a large 80 

ensemble of RCMs converge to suggest that, in the future, the precipitation frequency may 81 

decrease while the precipitation intensity increases over the Sahel with possible differences 82 

between Western and Central Sahel (Dosio et al., 2020). 83 

In the Sahel, dust emission is mainly linked to two main meteorological phenomena 84 

depending on the season. During the dry season (~November to April), the Sahel is subject to 85 

the Harmattan regime, i.e., the continental northeast trade wind blowing over the North 86 

Africa. The surface wind direction up to about 3 km height is northeasterly and brings hot 87 

and dry Saharan air masses into the Sahel. At this period of the year, the strongest surface 88 

wind speed occurs between 8:00-12:00 UTC as the result of the morning breakdown of the 89 

Nocturnal Low Level Jet (NLLJ), a jet stream whose maximum speed is generally located at 90 

~400 m above ground level (agl) (e.g., Lothon et al., 2008). A wind speed maximum 91 

generally develops after sunset in a layer decoupled from the surface as the consequence of 92 

the stable stratification induced by the radiative cooling. In the morning, from sunrise to 93 

about midday, the surface heating increases the turbulence that induces a downward mixing 94 

of momentum from the NLLJ. By midday, the turbulence reaches its maximum reducing the 95 

vertical gradient of momentum and finally progressively dissipating the jet. This leads to 96 

surface wind speed generally not higher than 10 m s-1 but sufficiently strong to initiate a 97 

moderate aeolian erosion (e.g., Rajot et al., 2008).. This morning wind speed enhancement is 98 

also observed during the rainy season. However, the wind direction is opposite due to the 99 

monsoon flow that blows in the lower atmospheric layer at that time and the associated wind 100 

speed is weaker than during the dry season (Figure 1) and the transition period from dry to 101 

wet season also called the moistening period. Such phenomena affect not only the Sahel but a 102 

large part of Africa, as shown by the pioneer work performed in Sudan by Sutton (1923), 103 

further generalized by Tetzlaff (1982) and also reported latter by various authors (e.g., Fiedler 104 

et al., 2013; Knippertz, 2008; Lothon et al., 2008). Thus, during the dry season, the Sahelian 105 

climate can be viewed as stationary in the sense defined by Abu Bakr & Wieringa (1988) 106 

from observations in Sudan, i.e., the day-to-day variations of the key meteorological 107 

parameters are very small and the average diurnal cycle shows a similar behavior all across 108 

the region. In terms of dust concentration, it must be noted that the highest monthly and daily 109 

mean PM10 concentrations are recorded between February and April. They are mainly due to 110 

frequent synoptic transport events of Saharan dust in the Harmattan flow (Kaly et al. 2015; 111 

Klose et al., 2010; Marticorena et al., 2010). 112 

Intense rains appear near the Gulf of Guinea in March-April while the Inter-Tropical 113 

Convergence Zone (ITCZ) is located between 5° and 10° N. Then, the ITCZ moves to ~ 114 

20°N in August when the monsoon is fully developed (e.g., N’Tchayi Mbourou et al., 1997). 115 

It starts its retreat southward, generally after mid-September. Obviously, intense air masses 116 

conflicts can occur along the Inter-Tropical Front as the result of the contrast between the 117 

low-level moist southwesterly monsoon flow and the mid-tropospheric dry northeasterly 118 

Harmattan air mass. Indeed, during the moistening and monsoon periods, the surface heating 119 
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during daytime can be sufficient to promote the growth of the boundary layer leading to an 120 

inversion of the flow in the lower layers. This favors the wind convergence in the humid 121 

lower layers, reinforcing the vertical wind shear and the atmospheric instability and finally 122 

allowing the formation of convective cells. When such individual convective cells joint 123 

together in a more or less organized structure, they form a Mesoscale Convective System 124 

(MCS). Such an organization is favored when the vertical mixing extends across the free 125 

troposphere and is accompanied by a disturbance of the mid-tropospheric African Easterly 126 

waves (e.g., Diedhiou et al., 1999; Mekonen and Rossow, 2018; Semunegus et al., 2017; 127 

Vizy & Cook, 2017).  128 

Up to 95% of the rainfall over the Sahel is associated with MCSs (e.g., d’Amato & Lebel, 129 

1998; Dhonneur, 1981; Laing et al., 1999; Laurent et al., 1998; Mohr, 2004). However, in the 130 

region of Niamey (Niger), Mathon et al. (2002) distinguished the so-called Organized 131 

Convective Systems among the MCSs they have studied. These are large, well-organized and 132 

fast-moving MCSs such as squall lines. This type of MCSs accounts for only 12% of the total 133 

number of MCSs, but they contribute to about 90 % of the rainfall.  134 

The cooling caused by phase changes in precipitation falling through the unsaturated Sahelian 135 

dry troposphere enhances the formation of a downdraft that is colder and denser than the 136 

surrounding air. At the surface, a cold pool is thus formed and propagates in the form of a 137 

density current. The winds associated with this cold pool are often gusty (e.g., Roberts & 138 

Knippertz, 2012; Tetzlaff & Peters, 1988a, 1988b; Vizy & Cook, 2017). MCSs are most of 139 

the time mature and more or less well organized in the evening and during early night (e.g., 140 

Mathon et al., 2002; Vizy & Cook, 2017). Their lifetime ranges from a few hours to about 141 

two days, allowing travel paths ranging from 200 to 2000 km (e.g., Devynck, 1981; Roca et 142 

al., 2014).  143 

In areas where soils are easily erodible, the strong vertical wind shear associated with gust 144 

fronts of MCSs promotes the uplift of huge amounts of dust ahead these fronts leading to the 145 

famous and impressive walls of dust called "haboobs" that can extend vertically up to 5000 m 146 

agl (e.g., Williams, 2008; Williams et al., 2009). As a consequence, during the Sahelian wet 147 

season, there is a strong interconnection between precipitation, high wind speed and dust 148 

emission.  149 

The respective contributions of the breakdown of the NLLJ and MCSs to dust emission have 150 

been examined quantitatively using the Dust Uplift Potential (DUP), a proxy used to quantify 151 

the capability of wind to produce wind erosion and dust emission (Fryberger et al., 1979; 152 

Marsham et al., 2011). Bergametti et al. (2017) showed that the passing of MCSs is 153 

responsible for most of the DUP in the Central Sahel. Similar conclusions were drawn for the 154 

Central Sahara for which at least half of dust emission in summer has been estimated to be 155 

due to MCSs (Allen et al., 2015; Marsham et al., 2013). 156 

The spatial resolution of large-scale meteorological models is generally suitable to simulate 157 

synoptic events but they cannot resolve correctly mesoscale updrafts and downdrafts that are 158 

responsible for most of the highest dust emissions in many areas (e.g., Bukowski & van den 159 

Heever, 2020; Pantillon et al., 2016). In particular, these models are unable to simulate the 160 

dust events associated with MCSs, mainly because their parameterization of the convection 161 

does not represent correctly the density currents and their propagation (e.g., Garcia-Carreras 162 

et al., 2013; Largeron et al., 2015; Marsham et al., 2011). 163 

Few observational studies of these events for the Sahel are available even if the intensive 164 

observation periods of the AMMA (African Monsoon Multidisciplinary Analyses) program 165 

have allowed thorough investigation of selected convective events using radar data, airborne 166 
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measurements and/or surface observations, satellite tracking, etc. (Bou Karam et al., 2009; 167 

Chong, 2010; Dione et al., 2014; Flamand et al., 2009; Lothon et al., 2011; McGraw-Herdeg, 168 

2010; Provod et al., 2016; Rickenbach et al., 2009; Tetzlaff and Peters, 1988a, 1988b; Vizy & 169 

Cook, 2017). Most of these detailed observations concern MCSs passing in the region of 170 

Niamey during summer 2006 and the number of documented cases remains relatively small, 171 

not exceeding a few dozens. Moreover, very few of these studies (e.g., Bou Karam et al., 172 

2008; Crumeyrolle et al., 2008) examined the impact of such events on the atmospheric dust 173 

content, most of them being dedicated to the study of the genesis and meteorological 174 

characteristics of the convective systems. 175 

In the present paper, we investigate specifically the links between wind speed, precipitation 176 

and dust concentration during the Sahelian wet season by using measurements of surface 177 

meteorological parameters and dust concentration for more than 1000 rainy events over a 10-178 

year period from two Sahelian stations. 179 

 180 

 181 

Figure 1. The diurnal cycle of (a, b) wind speed, (c, d) temperature, (e, f) water vapor mixing 182 

ratio at Banizoumbou (Niger) in (a, c, e) January (dry season) and (b, d, f) July (rainy season). 183 

Data are averaged over the period 2006-2015. Bars indicate the standard deviation over the 184 

ten years. 185 
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2 Data and Methods 186 

2.1 Data 187 

Continuous measurements of PM10 (Particulate Matter having an aerodynamic diameter <10 188 

µm) and meteorological parameters were recorded from 2006 to 2015 in two monitoring 189 

stations located in Banizoumbou (Niger, 13.54°N, 2.66°E) and Cinzana (Mali, 13.28°N, 190 

5.93°W). These stations are components of the so-called Sahelian Dust Transect (SDT; 191 

Marticorena et al., 2010) that is now included in the INDAAF network (International 192 

Network to study Deposition and Atmospheric chemistry in AFrica).  193 

The Banizoumbou station is in a field that has been fallow for more than 25 years, set among 194 

traditional fallow/fields. It is located about 2.5 km from the village of Banizoumbou (60 km 195 

east of Niamey). The Cinzana station, located about 40 km east-southeast of Segou, is inside 196 

the Institut d’Economie Rurale (IER), 1.5 km away from the main buildings of the Station de 197 

Recherche Agronomique de Cinzana (SRAC). In this area, the vegetation cover is mainly 198 

composed of shrubs and trees. 199 

Meteorological measurements are performed at 6.5 m agl in Banizoumbou and at 2.3 m agl in 200 

Cinzana. A Windsonic 2-D anemometer (Gill® Instruments Ltd.) provides the wind speed and 201 

direction averaged over a 5-minute time step. Within each 5-minute period, the 1-second 202 

windspeed (sampled every 10 seconds) and hereafter called the "wind gust", was also 203 

recorded in 2007, 2008, 2009, 2010, 2011 and 2013 in Banizoumbou and from 2007 to 2012 204 

(included) in Cinzana. Both in Banizoumbou and Cinzana, the wind gusts are well linearly 205 

correlated (r2>0.9) with the 5-minute averaged wind speed with a slope of 1.51 and 1.76, 206 

respectively (Figure S1). This suggests that the wind speed averaged over 5 minutes can be 207 

considered as a good proxy for wind gust. It can also be noted that wind gust can reach values 208 

as high as 35 m s-1 and 22 m s-1 in Banizoumbou and Cinzana, respectively.  209 

Rainfall is monitored using an ARG100 aerodynamic tipping bucket rain gauge (Campbell® 210 

Scientific Instruments). It provides a contact closure at each tipping (i.e., for each 0.2 mm of 211 

rainfall) and the number of tips is cumulated over a 5-minute time step. Temperature and 212 

relative humidity are measured using a 50Y or HMP50 sensor (Vaisala®). Data acquisition is 213 

performed using a CR200X Campbell® Scientific Instruments data logger. The energy is 214 

provided by solar panels.  215 

In this paper, we used the 5-minute data for the period 2006-2015. The annual recovery rates 216 

for meteorological measurements are given in Table S1. They were always greater than 90%. 217 

However, data are lacking for more or less long periods during the rainy season of certain 218 

years and thus, these years (2008, 2012, 2014 for Banizoumbou and 2007, 2011, 2013 for 219 

Cinzana) have been used when discussing the general characteristics of the rainy events but 220 

were excluded to study seasonal or interannual patterns.  221 

Atmospheric concentration of PM10 is measured at 6.5 m agl at both stations using a Tapered 222 

Element Oscillating Microbalance (TEOM 1400A from Thermo Scientific®) equipped with a 223 

PM10 inlet. This instrument allows measurement of particulate concentration ranging from a 224 

few micrograms to a few grams per cubic meter. The main element in the instrument is an 225 

oscillating element on top of which is located a filter. The particles collected on the filter 226 

increase the mass of the oscillating element and thus decrease its oscillation frequency. To 227 

maintain a constant confidence level in the particulate concentration measurements, the filters 228 

are changed two or three times a month. More details on the PM10 measurements can be 229 

found in Marticorena et al., 2010 and Kaly et al., 2015. The annual recovery rates for PM10 230 

measurements (>67% excepted in 2013 in Banizoumbou) are given in Table S1.  231 
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2.2 Data Selection 232 

The aim of this paper being to investigate the link between rainy events, wind speed and PM10 233 

concentration, we selected all the measurements performed within the time period ranging 234 

from 90 minutes before and 90 minutes after the onset of a rainy event. 235 

The onset and the end of a rainy event are defined as the 5-minute intervals during which 236 

occur the first and last bucket tippings of a rainy event, respectively. We also define a rainy 237 

event as a precipitation event having a cumulative rainfall strictly greater than 0.2 mm. 238 

Records of precipitation not exceeding 0.2 mm are, for the most part, due to dew, especially 239 

those occurring in the morning during the rainy season. Two consecutive rainy events must be 240 

separated by a period of time longer than 3 hours. This means that periods of less than 3 hours 241 

without recording precipitation can occur inside a rainy event and that a precipitation 242 

occurring more than 3 hours after the end of a rainy event is considered as a new rainy event. 243 

We define the duration of a rainy event as the delay between the first tipping of the 244 

precipitation sensor and the last one, i.e., the tipping not followed by another tipping during 245 

the following 3 hours.  246 

Using these criteria, 589 rainy events were identified in Cinzana over the 10 years (449 when 247 

2007, 2011 and 2013 were excluded). In Banizoumbou, 431 rainy events were recorded over 248 

the same period (304 when 2008, 2012 and 2014 were excluded). Moreover, PM10 249 

concentration was available for 343 (in Banizoumbou) and 277 (in Cinzana) of these rainy 250 

events. In the following, the onset of the rainy event will be used as a reference time, because 251 

it is the most easily determined and also because dust concentration can be significantly 252 

different before and after the rain starts. 253 

 2.3 DUP 254 

We use the DUP as an indicator the efficiency of wind to generate dust. As mentioned before, 255 

DUP is derived from a quantitative expression of the horizontal flux of windblown sediment 256 

initially proposed by Kawamura (1964), tested by White (1979) and adapted by Marsham et 257 

al. (2011): 258 

 𝐷𝑈𝑃 = 𝑢ଷ൫1 +
𝑢௧

𝑢ൗ ൯ ൬1 −
𝑢௧

ଶ

𝑢ଶൗ ൰       for 𝑢 >  𝑢௧   259 

and 0 otherwise;  260 

where 𝑢 the wind speed at a given height and 𝑢௧ the threshold wind velocity (TWV), i.e. the 261 

minimum wind speed required to initiate wind erosion and dust emission. In its original 262 

formulation, Kawamura (1964)’ formula was expressed in wind friction velocity, 𝑢∗, instead 263 

of wind velocity. As mentioned by Marsham et al. (2011), the use of 𝑢 instead of 𝑢∗ neglects 264 

the effects of atmospheric stability on dust lifting. In this paper, we used constant TWVs 265 

similar to those used for the same sites by Bergametti et al. (2017) (i.e., 7 m s-1 for 266 

Banizoumbou and 5.5 m s-1 for Cinzana). Using constant TWVs over time and space (and 267 

thus a constant roughness length) allows to isolate the role of the meteorology from that of 268 

the land surface in dust emission. 269 

3 Results 270 

3.1 General Characteristics of the Rainy Events in the Central Sahel 271 
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Figure 2 illustrates the general characteristics of the rainy events recorded in Banizoumbou 272 

and Cinzana. The mean rainfall is 581(+/-51) mm in Cinzana and 440(+/-100) mm in 273 

Banizoumbou. The average annual number of rainy events is 64 and 43 in Cinzana and 274 

Banizoumbou, respectively. The seasonality of precipitation is well-marked with most of the 275 

rainy events (69.7% and 71.8% in Cinzana and Banizoumbou, respectively) and the largest 276 

part of the rainfall (73.1% and 84,6% in Cinzana and Banizoumbou, respectively) occurring 277 

in July, August and September. However, the period corresponding to the pre-monsoon is not 278 

negligible, especially in Cinzana for which April, May and June contribute for more than 279 

20% to both the rainfall and the annual number of rainy events. The seasonal pattern of the 280 

rainfall is only slightly different between the two stations: the rainy period is a little longer in 281 

Cinzana than in Banizoumbou, especially because the first rains occur a little sooner. 282 

Moreover, there is a continuous decrease in the amount of precipitation per rainy event from 283 

June to November in Cinzana and from July to October in Banizoumbou. The patterns of the 284 

monthly rainfall are consistent with those determined by Nicholson (2005) for the 285 

corresponding Sahelian latitude bands and those reported by Frappart et al. (2009) for various 286 

Sahelian stations.  287 

The average time interval separating two consecutive rainy events progressively decreases 288 

from the onset of the monsoon (5 to 8 days in May) to the core of the monsoon period, where 289 

it reaches its minimum of 1 to 3 days (Table 1). When the monsoon begins its retreat, this 290 

interval increases again up to 6 to 10 days in October. The highest standard deviations 291 

observed for the average time interval separating two consecutive rainy events in May and to 292 

a less degree in June are, for the main part, due to some dry spells that can reach up to 20 293 

consecutive days certain years.  294 
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 295 

Figure 2. (a, b) Average monthly number of rainy events, (c, d) average monthly rainfall and 296 

(e, f) average monthly rainfall per rainy event for (left) Banizoumbou and (right) Cinzana. 297 

Data recorded over the period 2006-2015 from which are excluded the years 2008, 2012 and 298 

2014 for Banizoumbou and the years 2007, 2011 and 2013 for Cinzana (see text for 299 

explanation). The vertical bars correspond to the interannual standard deviations. 300 

 301 

Table 1 302 
Average Time Interval Between Two Rainy Events in Banizoumbou and Cinzana. Period 303 

2006-2015 (Only Periods Without Sampling Gaps Between Two Rainy Events are 304 

Considered) 305 
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 306 

 307 

3.2 The Phenomenology of MCS 308 

As mentioned above, most of the rainy events in the Sahel are associated with MCSs. We 309 

first describe the phenomenology of such systems through a typical event that occurred in 310 

Cinzana on 18 May 2006 17:00 UTC and will then discuss the general characteristics of such 311 

events based on the whole data set. 312 

3.2.1 A Typical Squall Line: the 18/05/2006 Event in Cinzana 313 

Infrared observations from satellites allow detection of convective clouds assuming that low 314 

brightness temperatures are related to convection. The 253 K threshold is generally selected 315 

as the highest cloud temperature associated with convection while the 213 K threshold is 316 

generally associated with very deep convection (e.g., Mapes & Houze, 1993; Mathon & 317 

Laurent, 2001).  318 

As shown by the brightness temperatures derived from the observations performed by the 319 

Meteosat Second Generation satellite (Figure 3), the convective system that crossed Cinzana 320 

on 18 May 2006 was a squall line, i.e., a narrow band of active convective cells extending 321 

over more than 500 kilometers in the northeast/southwest direction. The temperature at some 322 

cloud tops was as low as 213 K suggesting that very deep convection has developped.  323 

Figure 4 reports the meteorological data and PM10 concentration recorded at the surface 324 

during this convective event. About 15 minutes before the rain started, a sharp drop in 325 

temperature corresponding to the onset of the cold air outflow was recorded. It was 326 

accompanied by an increase of the Water Vapor Mixing Ratio (WVMR). This increase in 327 

WVMR is characteristics of the pre-monsoon period (May-June) because during the rest of 328 

the rainy season, WVMR decreases when the temperature drops as reported by Provod et al. 329 

(2016). Almost simultaneously with the drop in temperature, a sharp increase of the wind 330 

speed (from 1.3 m s-1 to 9.9 m s-1) occurred in less than 10 minutes. This was the 331 

consequence of the gust front associated with the propagation of the leading edge of the 332 

outflow. This increase in wind speed was more or less concomittant with a change in wind 333 

direction. From 07:00 until 12:00 (not shown) the wind direction was stable and clearly 334 

south/southwest (i.e., the direction of the monsoon flow). Then the wind direction oscillated 335 

between southwest and northeast to finally settle east a little before than the drop in 336 

temperature occurred. For this event, the duration of precipitation was relatively short (~15 337 

minutes) and the rainfall was low (a total of 1.6 mm with a maximum intensity of 12 mm h-1 338 

during the first five minutes).  339 

An increase of more than 2 orders of magnitude of the PM10 concentration was observed as 340 

soon as the wind speed increased to reach concentration as high as 13500 µg m-3. However, 341 

the concentration of PM10 declined quite rapidly once the rain started although high wind 342 

speed persisted. 343 

Banizoumbou Cinzana Banizoumbou Cinzana Banizoumbou Cinzana
May 5.5 8.0 5.2 4.3 5.3 10.1
June 4.9 3.9 4.1 3.2 4.4 3.2
July 3.3 2.4 2.9 1.9 2.4 1.9
August 2.1 1.7 1.8 1.4 1.8 1.3
September 2.5 2.6 2.5 1.9 2.7 3.2
October 10.6 6.3 9.0 5.2 7.8 5.6

Mean Median Std
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 344 

Figure 3. 3-km MSG SEVIRI 10.8 μm channel brightness temperature imagery from 18 May 345 

2006 17:00 UTC over the region surrounding Cinzana (Mali). The convective system is a 346 

squall line extending over about 500 kilometers in the northeast/southwest direction. The 347 

temperature of some cloud tops was close to -213 K suggesting regions of very deep 348 

convection.  349 

 350 

 351 

 352 
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Figure 4. The 18 May 2006 convective event as recorded at the surface in Cinzana (Mali). (a) 353 

wind direction (purple), PM10 concentration (orange) and wind speed (black); (b) temperature 354 

(red), rainfall (blue) and water vapor mixing ratio (green). 355 

 356 

3.2.2 General Characteristics of MCSs in the Central Sahel 357 

The following results, based on the surface observations performed for more than 1000 rainy 358 

events, allow statistical characterization of such events. When examining the data, we 359 

observed that the time at which the onset of the cold air and that at which the gust front 360 

occurs are not always coincident as also reported by Engerer et al. (2008), Goff (1976) or 361 

Provod et al. (2016) among others. For that reason, we defined the changes in temperature, 362 

wind speed and direction during the same time period surrounding a rainy event (+/- 90 363 

minutes) but not necessarily exactly at the same time inside this period. 364 

3.2.2.1 Surface Wind Direction 365 

A change in wind direction is almost systematically oberved during the 90 minutes preceding 366 

a rainy event (Figure 5) but most frequently during the last 15-30 minutes before the rain 367 

starts. The rotation of the main surface flow is from southwest to east shifting mostly through 368 

the south. This rotation of the wind direction results from downbursts when the cumulo-369 

nimbus approaches. This leads to an inversion of the direction of the flow at the surface and 370 

in the lowest layers of the troposphere (e.g., Iwashita & Kobayashi, 2019). This change in the 371 

surface wind direction is short lived, rarely persisting more than 90 minutes after the rain has 372 

started.  373 
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 374 

 Figure 5. Wind direction 90 minutes before and after and at the onset of a rainy event (t), in 375 

Banizoumbou (428 rainy events; no data on wind direction were available for three rainy 376 

events) and Cinzana (589 rainy events). 377 

3.2.2.2 Wind Speed and DUP 378 

Wind erosion and dust emission both depend on excess wind speed, raised by some power 379 

(excess wind speed is the wind speed minus the threshold wind speed). Thus, the factors 380 

controling the temporal dynamics of wind speed from minute to season also control the 381 

temporal variability of the dust emissions. 382 

The time separating the maximum wind speed from the onset of the rain is a crucial 383 

parameter for dust emission. Indeed, once the rain has started, the soil moisture progressively 384 

increases and finally inhibits almost totally the wind erosion making high wind speed 385 

inefficient for dust emission (e.g., Bergametti et al., 2016). Furthermore, wet removal of dust 386 

particles by precipitation will limit their lifetime, and consequently their long range transport.  387 

In Cinzana, in 58% of cases, the maximum wind speed was recorded in the hour preceding the 388 

onset of the rainy event. In 33% of cases, the maximum wind speed was recorded in the 15 389 

minutes prior to the start of the rain (Figure 6a). For Banizoumbou, in 63% of cases the 390 

maximum wind speed was observed in the hour preceding the onset of rain, 51% in the 30 391 

minutes and 37% in the 15 minutes preceding the onset of rain. These results are consistent 392 

with the earlier observations performed by Byers (1949) who reported that, in convective 393 

systems, the first gust is the strongest or those by Goff (1976) who indicated that gust fronts 394 

might be observed up to 45 minutes before the rain starts. In our data set, the maximum wind 395 
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speed never occurs in the 60-90 minute intervals before or after the onset of rain, underlining 396 

the short period of time during which dust emission occurs at a location where a MCS is passing 397 

by. 398 

 399 
Figure 6. (a) Time of occurrence of the maximum wind speed and (b) of wind speed greater 400 

than the TWV in the period ranging from -90 minutes to +90 minutes from the onset of a rainy 401 

event for Banizoumbou (black), 431 rainy events and Cinzana (red), 589 rainy events. 402 
 403 
Dust emission does not only depend on the magnitude of the highest wind speed but also on 404 

the duration of above-threshold wind speed. The frequency of wind speed that exceeds TWV 405 

is nearly equal before and after the rain even (Figure 6b). However, when looking at their 406 

distribution during the rainy season, we observe that wind speed exceeds the TWV during the 407 

3-hour time period surrounding the onset of rain 25% of the time during the pre-monsoon 408 

period. In contrast TWV is exceeded only 10% of the same time interval during the core of 409 

the monsoon.  410 

We investigated the changes of the distribution of wind speed over a time period of 3-hour 411 

distributed evenly around the onset of the rainy event (i.e., -90 minutes/+90 minutes 412 

encadring the onset of the rain) during the rainy season. The wind speed distribution is 413 

computed for consecutive fractions of the annual rainfall (0-20%, 20-40%, 40-60%, etc…) 414 

for both Banizoumbou and Cinzana. We favored this approach rather using fixed dates since 415 

the date of the monsoon onset varies from year to year (e.g., Sultan & Janicot, 2003). The 416 

first 20% of the annual rainfall generally corresponds to rainy events occurring in the pre-417 
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monsoon period while the 80% of the annual rainfall is reached most of the time at the end of 418 

the core season, i.e., at the end of August.  419 

Figure 7 shows that the distribution of wind speed during rainy events gradually changes 420 

throughout the rainy season. A higher frequency of the highest wind speed classes is 421 

observed during the pre-monsoon phase than during the core of the rainy season. The period 422 

corresponding to the first 20% of the rainfall represents 63.8% of the number of wind speed ≥ 423 

12 m s-1 and 69% of the number of wind speed ≥ 10 m s-1 observed during the whole rainy 424 

season in Banizoumbou and in Cinzana, respectively.  This prevalence during the pre-425 

monsoon period of the highest wind speed associated with the rainy events is reinforced when 426 

considering that only 39% and 30% of rainy events are recorded before July 21 in 427 

Banizoumbou and Cinzana respectively (Figure 2).  428 

Our results clearly show that the intensity of the gust fronts and their efficiency in terms of 429 

dust emission potential decrease from the onset to the core of the monsoon. Following 430 

Provod et al. (2016), we hypothezise that during the pre-monsoon phase (and to a lesser 431 

degree during its retreat), the mid-tropospheric level is drier than during the core of the 432 

monsoon which favors the evaporation of hydrometeors and thus reinforces the intensity of 433 

the cold pools and associated gusty winds. 434 

 435 

Figure 7. Distribution of surface wind speed for precipitation classes of 20% of the 436 

accumulated rainfall since the first rain of the season. The wind speed distribution is 437 

calculated from the average of the wind speed distribution during each rainy event of each 438 

precipitation class taking into account all the wind speed values preceding the onset of a rain 439 

by 90 minutes and following the onset of the same rain by 90 minutes. Only years with no 440 

notable data gaps during the period April-October are considered. There are 7 years for each 441 

series. 302 rainy events for Banizoumbou (2008, 2012 and 2014 excluded) and 449 for 442 

Cinzana (2007, 2011, 2013 excluded).  443 

 444 

Figure 8, which reports the DUP summed over 20-day period, confirms that the contribution 445 

of the pre-monsoon period to the wind erosion and dust emission potential is dominant. 446 

Indeed, most of the DUP occurring before the 10 minutes after the commencement of rain 447 

(rain + 10 minutes) is recorded before July 19 both in Banizoumbou (71%) and Cinzana 448 

(83%) despite only 38% and 35% of rainy events occurred before this date in Banizoumbou 449 
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and Cinzana, respectively (Figures 8c and 8d). Moreover, most of the DUP (67% and 74% in 450 

Banizoumbou and Cinzana, respectively) whatever the date, is produced before or in the 10 451 

minutes following the start of the rain, i.e., a period during which the potential of wind speed 452 

for wind erosion and dust emission is not yet fully inhibited by rain (Figures 8a and 8b). 453 

We conclude that the maximum wind speed intensity and frequency are associated with rainy 454 

events during the pre-monsoon period. This high wind speed mainly occurs during the dry 455 

phase of the convective event, i.e., before the rain starts. This clearly suggests that most of 456 

the high wind speed associated with such rainy events are the most efficient dust producers 457 

since they generally occur before the rain inhibits the erodability of the surface. Moreover, 458 

the prevalence of the highest wind speed in May/June has large consequences in terms of dust 459 

emission since this period of the year is that during which the soil surface is the less protected 460 

by the vegetative residues from the previous year (e.g., Abdourhamane Touré et al., 2011; 461 

Bergametti et al., 2020; Pierre et al., 2015). Thus, it can be concluded that meteorological 462 

conditions and surface characteristics converge to favor the genesis of intense wind erosion 463 

and dust emission events during the pre-monsoon period and the beginning of the monsoon. 464 

 465 

 466 

 467 

Figure 8. 20 days cumulated DUP computed as the sum of the DUP during the 90 minutes 468 

preceding the rainy event and of the DUP during the first 10 minutes of a rainy event (red):  469 
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(a, b) mean DUP during all the whole rainy event (i.e., +/- 90 minutes from the start of the 470 

rain, green); (c, d) mean number of rainy event (black). Means are computed over 2006-2015 471 

excepted years 2008, 2012 and 2014 for Banizoumbou and years 2007, 2011 and 2013 for 472 

Cinzana. 473 

 474 

3.3 Cold Pools and Wind Speed 475 

Cold pools are one of the main components of the convective systems: as cooler air 476 

accumulates near the surface, the surface pressure increases hydrostatically leading to gusty 477 

winds in response to the changing surface pressure field (e.g., Provod et al., 2016; Purdom, 478 

1976; Wilson & Schreiber, 1986). Thus, we investigated the links between the cold pool 479 

intensity and the surface wind speed.  480 

We use the decrease in surface air temperature as an indicator of the intensity of a cold pool. 481 

Figure 9 provides an example of surface temperature change with the passing of a squall line. 482 

When comparing with the previous day (17/05/2006) during which no rainy event occurred, 483 

the temperature on 18 May in Cinzana was identical to that on 17 May from 12:00 to about 484 

16:30. However, on 18 May, when the rain started, the temperature dropped dramatically. 485 

About 30 minutes after the onset of the rain, the temperature was 11°C lower than the 486 

previous day at the same hour and the temperature anomaly was still 3.7°C two hours after 487 

the rain stopped.  488 

 489 

Figure 9. Decrease in temperature due to a squall line that crossed Cinzana on 18/05/2006 490 

compared to the previous day (17/05/2006) during which no precipitation occurred; (red) 491 

temperature on 18 May 2006 ; (green) temperature on 17 May 2006; (blue) rainfall on 18 492 

May 2006. 493 

Thus, for each rainy event we computed the associated decrease in temperature (hereafter T) 494 

as the difference between the maximum temperature observed during the 30 minutes 495 

preceding the onset of the rain and the minimum temperature observed during the 30 minutes 496 

following the onset of the rain. Indeed, depending on the event, the  maximum and minimum 497 
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temperature can occur at different times with regards to the start of the rain (Provod et al., 498 

2016). We also computed the change in wind speed (hereafter U) as the difference between 499 

the maximum and the minimum wind speed observed in t + 60 minutes and t - 60 minutes, t 500 

being the time of the onset of the rain. We selected a slightly longer time window than for 501 

temperature to account for the 10 to 15% of high wind speed occuring between 30-60 502 

minutes before or after the rain starts (Figure 6). Lastly, we also retained the maximum wind 503 

speed averaged over a time period of 5 minutes for each rainy event and occuring inside this 504 

time interval as an other useful parameter.  505 

The range of T measured at both stations is very large. The highest observed decreases in 506 

surface temperature are 19.4°C and 19.8°C in Banizoumbou and Cinzana, respectively. 507 

Temperature decreases higher than 5°C are recorded for 48% (207 rainy events) and 47% 508 

(275 rainy events) of the rainy events in Banizoumbou and Cinzana, respectively. On the 509 

other hand, a significant number of rainy events appears not to be associated with intense 510 

cold pools since 26% (112 rainy events) and 25% (147 rainy events) in Banizoumbou and 511 

Cinzana respectively, have a T < 2°C (Figure 10).  512 

 513 

Figure 10. Frequency distribution of the decrease in surface temperature associated with the 514 

rainy events observed in Banizombou and Cinzana. 515 

There is a strong linear relationship (<0.01) between T and U, as well as between T and 516 

the maximum wind speed (Figure 11). This is consistent with the assumption that gust fronts 517 

have the dynamic characteristics of a density current (e.g., Knippertz et al., 2009; Wakimoto, 518 

1982) and should move faster when the temperature drop is larger. 519 

 520 

Figure 11. Relationships between T, the maximum wind speed (red) and U (green) for 521 

Banizoumbou (432 rainy events) and Cinzana (586 rainy events).  522 
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The relation between U (or the maximum wind speed) with T looks like a mixing line that 523 

may reflect the spectrum of structures between the convective and stratiform extremes 524 

(Mapes & Houze, 1993; Houze, 1997). This relation is consistent with the observations 525 

performed by Taylor et al. (2017) that underlined that colder MCSs are associated with 526 

increases in propagation speed. Thus, we tried to characterize the properties of the two “end-527 

members” defined as: 1- the rainy events having a T ≥ 10°C (49 events in Banizoumbou and 528 

67 in Cinzana) and 2- those having a T≤ 1°C (73 events in Banizoumbou and 90 in 529 

Cinzana). 530 

These two groups exhibit very different characteristics (Figure 12). Both in Banizoumbou 531 

and Cinzana, the rainy events corresponding to T ≥ 10°C are associated with high wind 532 

speed and dominant wind directions from E-NE. Most of them have high rainfall, and occur 533 

during the pre-monsoon period. They are more frequent in the late afternoon and early night 534 

in Banizoumbou but occur a little earlier in Cinzana. This diurnal cycle is quite similar to that 535 

observed for the occurrence of haboobs in Khartoum (Sudan) by Sutton (1931) with a peak 536 

from 18:00-20:00 local time and a quiet period from 04:00-12:00 local time. Zhang et al. 537 

(2016) and Vizy & Cook (2017) also reported that MCS activity and rainfall frequencies peak 538 

in the evening (18:00–02:00) over most of the Sahel.  539 

The rainy events having a T ≤  1°C have almost opposite characteristics (low wind speed, 540 

low rainfall and occur mainly at night during the core of the monsoon). Regarding the wind 541 

directions, there is also a strong distinction between the two groups: for example, in 542 

Banizoumbou, the wind directions associated with T≥ 10°C are for 91.8% between 22°5 and 543 

180° (and mainly between 67.5° and 157.5°) while for T≤ 1°C 69.9% of wind directions are 544 

between 180° and 360° with most of them between 180° and 247.5°. Table 2 summarizes the 545 

differences highlighted for the two groups in Cinzana and Banizoumbou. 546 

We also observe for both stations that the percentage of cases for which at least one 5-minute 547 

wind speed exceeds the TWV is almost 100% for the events having T ≥ 10°C while it is less 548 

than 20% for those having T ≤ 1°C. The greater the decrease in temperature is, the greater 549 

the probability to have wind speed exceeding the TWV (Figure 13). 550 

Houze (1997; 2004) suggests that, in the tropics, the cumulonimbus contain an evolving 551 

pattern of newer and older precipitation, the younger part of the cumulonimbus being 552 

associated with violent updrafts while in the older part the vertical air motions are generally 553 

weaker, leading to precipitation viewed as stratiform. The very different characteristics of the 554 

two groups suggest that events with large T correspond to the convective phase of the rainy 555 

events while those having T ≤ 1°C could correspond to the final stratiform stage of the 556 

MCSs. Thus, we suspect that for the cases of rainy events exhibiting a T ≤1°C only the 557 

region of the stratiform precipitation was recorded suggesting that the active part of some 558 

MCSs does not always cross exactly the location of the station. 559 

 560 
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 561 

 562 

Figure 12. Frequency of maximum wind speed, wind direction, rainfall, hour and month of 563 

occurrence for the rainy events corresponding to (dark grey) T ≤ 1°C and (red) T ≥ 10°C 564 

for (left) Banizoumbou and (right) Cinzana. Wind direction and hour are those observed at 565 

the onset of the rainy event. 566 

Table 2 567 

Mean Characteristics of Rainy Events Exhibiting a T ≥ 10°C and ≤ 1°C in Banizoumbou 568 

and Cinzana  569 

    Banizoumbou   Cinzana 
    T ≥ 10°C T ≤ 1°C   T ≥ 10°C T ≤ 1°C 

Max Wind speed (m s-1)  14-15    3-4    6-7  2-3 
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U (m s-1)    9-10  1-2     5-6  1-2 
Wind direction (°)  67.5-135    180-270   67.5-135   none 
Month   June August   June August 
Hour   16:00-22:00 04:00-07:00   15:00-18:00 03:00-07:00 
Rainfall (mm) >10 <2   >10 <2 

 570 

 571 

 572 

 573 

Figure 13. Percentages of rainy events for which at least one 5-minute wind speed (during 574 

the period +/- 90 minutes surrounding the onset of the rain event) exceeds the TWV 575 

depending on the T class. 576 

 3.4 High Wind Speed Events of Rainy Season Occurring Without Rainfall  577 

We observed that strong wind speed not linked to NLLJ occurs during the rainy season despite the 578 
absence of recorded precipitation at the stations. However, accounting for the local character of our 579 
stations and for the limited size of the MCSs, such high wind speed events could nevertheless be 580 
related to the passing of MCSs in the area surrounding the stations. To check if precipitation has 581 
occurred in the Banizoumbou area during the selected “dry” high wind speed events, we used rainfall 582 
data collected in 2006 and 2007 by the AMMA-Catch/LOP rain gauge network. In an area called the 583 
“Niamey square degree” (Figure S2), thirty rain gauge stations of this network recorded the rainfall 584 

with a 5-minute time step inside a circle of radius ~ 80 km around Banizoumbou (e.g., Lebel et al., 585 
2009). 586 

The method we used consists in selecting the episodes having a wind speed > 7 m s-1 and T  1° C, 587 

U > 1 m s-1. It should be noted that the method to determine T and U was not exactly the same 588 

that the one we used previously (i.e., the start of the rain as reference time): for these “dry” episodes, 589 

T and U are determined using the time at which the maximum wind speed is recorded as a 590 

reference time. There were a total of 70 episodes in Banizoumbou in 2006 and 2007 corresponding to 591 
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the above criteria, a number slightly lower than that of the rainy episodes during the same period (86). 592 
Using this method discarded the high wind speed linked to the breakdown of the NLLJ, since only a 593 
few selected events (10%) occurred during the time interval 07:00-13:00 during which high wind 594 
speed linked to NLLJ occur (see Table S2).  595 

Among the 70 "dry" episodes, 45 (i.e., 64%) are associated with rainy events recorded in at least one 596 
station of the network.  Nineteen of the 24 (79%) dry episodes exhibiting the highest wind speed (> 597 
10 m s-1) are associated with rainfall in the Banizoumbou area (Table S2). These 70 “dry” episodes 598 

have very similar characteristics to the rainy events with a strong link between wind speed and T 599 

(see Figure S3), suggesting that they are for most of them due to the passing of MCS in the 600 
Banizoumbou area. It should also be noted that among the 10% (7) of selected events occurring 601 
between the 07:00-13:00 time period, only one was not associated with rain in the vicinity of 602 
Banizoumbou. This confirms that even for these morning events these high wind speed events were 603 
not directly linked to the NLLJ but rather to MCSs. 604 

These results clearly suggest that almost all high wind speed events measured at Banizoumbou during 605 
the rainy season were the consequence of the passing of convective events even if precipitation was 606 
not recorded at the station.  607 

4 Wind Speed and PM10 During Rainy Events 608 

The PM10 concentration is an integrative parameter that results from the interaction of wind speed, 609 
surface properties (such as roughness, soil type, vegetation cover, soil moisture, etc.) and deposition 610 
processes such as wet deposition linked to precipitation. In the Sahelian rainy season, some of the 611 
surface parameters evolve with times. Indeed, the soil moisture changes rapidly when it rains, 612 
reinforcing the cohesive forces linking the soil grains together and thus increasing the TWV and 613 
reducing the frequency and intensity of dust emission (e.g., Bergametti et al., 2016; Pierre et al., 614 
2012). Rain also scavenges suspended particles as shown on Figure 4. Thus, to rule out the effect of 615 
the rain scavenging, we eliminated the episodes for which the highest wind speed occurred after the 616 
beginning of the rain events and those that occurred less than 24 hours after the previous rain event. 617 
Precipitation also allows the growth of seasonal vegetation that increases both the surface cover and 618 
the roughness, decreasing the ability of the wind to cause wind erosion and dust emission (e.g., 619 
Bergametti et al., 2020).   620 

Figures 14a and 14e show that maximum PM10 concentration and maximum wind speed are correlated 621 
in both Banizoumbou and Cinzana. This clearly demonstrates that the measured dust concentration 622 
results from local emissions due to the high wind speed associated with MCS. However, the dust 623 
concentration is higher during the pre-monsoon period by almost one order of magnitude, consistently 624 
with the higher frequency of high wind speed at that time compared to the core of the monsoon season 625 

(Figure 6). Similar pattern is observed between PM10 and T (Figures 14c and 14d). These figures 626 

show that for similar wind speed, the PM10 concentration is higher in May and June and at the 627 
beginning of July compared to end of July, August, September and October. Bergametti et al. (2020), 628 
using NDVI to monitor the growth of the vegetation, suggested that the efficiency of wind for dust 629 
emission is strongly affected by the growth of the vegetation which reduces PM10 concentration up to 630 
80% in the core and end of the rainy season. The relation between Umax and  dust concentration 631 
(Figures 14b and 14f) shows an increase of TWV due to vegetation growth. Indeed, the TWV is close 632 
to 5-6 m s-1 in both Banizoumbou and Cinzana from May to early July while it exceeds 8-10 m s-1 in 633 

August, September and October. Because of the strong link between wind speed and T (Figure 11), 634 

we observe in Banizoumbou (Figure 14d) that a minimum  able to initiate wind erosion can be 635 

defined (around 5°C) in May, June and early July while even events having T as high 8°C are not 636 

associated with dust emission during the August-October timeframe. However, such a pattern is not 637 
observed in Cinzana (Figure 14h) 638 
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 639 

 640 
 641 

Figure 14. Links between the maximum 5-minute PM10 concentration and Umax and T in 642 

(left) semi-log and (right) linear ; for (a-d) Banizoumbou and (e-h) Cinzana for rainy events 643 

not preceded by another rainy event in the previous 24 hours and for which Umax is observed 644 

before the onset of the rain.  645 

5 Dust concentration in dry and wet season 646 

The contribution of convective events to dust emissions that occur in the wet season 647 

compared to the contribution of the NLLJ in the dry season can be evaluated by looking at 648 
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the dust concentration measured during the two seasons. Figure 15a reports for both 649 

Banizoumbou and Cinzana, over the period 2006-2015, the number of 5-minute time steps 650 

during which various thresholds in PM10 concentration (>1000, >3000; >5000; >10000; > 651 

30000 µg m-3) are exceeded for both the dry and the rainy seasons while Figure 15b indicates 652 

the contribution of each season for each of these PM10 thresholds. 653 

The highest number of 5-minute PM10 concentration exceeding the lower concentration 654 

thresholds is recorded for the dry season. However, Rajot et al. (2008), Marticorena et al. 655 

(2010) and Kaly et al. (2015) have shown that a large proportion of the highest PM10 656 

concentration recorded during the dry season in Banizoumbou or Cinzana results from non-657 

local dust advected in the Harmattan flow from the Sahara desert. This is also supported by 658 

the climatological analysis of dust pattern in North Africa based on weather reports 659 

performed by Klose et al. (2010) who concluded that most of the highest dust concentration 660 

observed in the Sahel during the dry season are due to dust transported from the Sahara. PM10 661 

concentration exceeding 5000 µg m-3 is predominantly recorded during the rainy season. 662 

PM10 concentration exceeding 30000 µg m-3 only occurs during the rainy season and can 663 

reach 600000 µg m-3 as observed on 17 June 2006 in Banizoumbou..  664 

These results suggest that the frequency of dust emission is higher during the dry season, due 665 

to the regular breakdown of the NLLJ in the morning but that the PM10 concentration at that 666 

time remains low. On the contrary, dust emissions during the wet season are less frequent but 667 

much more intense underlining the major role played by the MCS in controlling dust 668 

emission in the Sahel, especially those observed in the pre-monsoon period. 669 

 670 

 671 

Figure 15. (a) Number of 5-minute dust concentration higher than different thresholds for the 672 

dry and rainy seasons in Banizoumbou and Cinzana and (b) relative contributions of the dry 673 

and rainy seasons to each class of 5-minute dust concentration. 674 

6 Conclusion 675 

The most intense dust emissions occur in the Sahel during the wet season and are related to 676 

the strong wind gusts that are generated ahead of the MCSs. Our results clearly show that the 677 

intensity of these strong winds (and dust emissions) is directly related to the intensity of 678 

convection which was traced by the decrease in surface temperature observed during the 679 

passage of a MCS. We have also shown that the cold pools are significantly colder at the 680 

beginning of the monsoon period when the mid-troposphere is not yet fully humidified, 681 

allowing efficient evaporation of falling droplets leading to colder downdraft. When 682 

combined with the fact that most of the highest dust concentration observed in the Sahel 683 

during the dry season are not emitted in the Sahel but are mainly dust transported from the 684 

Sahara desert (Kaly et al., 2015; Klose et al., 2010; Marticorena et al., 2010; Rajot et al. 685 
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2008), this clearly demonstrates the importance of considering MCSs to properly assess wind 686 

erosion and dust emission in the Sahel.These results also suggest that, from a meteorological 687 

point of view, the future evolution of dust emissions in the Sahel will strongly depend on the 688 

frequency and intensity of MCSs.  689 

The analysis of long-term precipitation records allowed the identification of long-term trends 690 

as well as the the reasons for these changes. Indeed, the analysis over the period 1950-2015 691 

of high temporal resolution of rain gauge data for the Sahelian band by Panthou et al. (2018) 692 

highlights a trend towards more intense rainfall in the Sahel concomitant with a persisting 693 

low occurrence of rainfall events. Similarly, Taylor et al. (2017), using 35 years of Infra-Red 694 

satellite observations over the West African Sahel report a persistent increase in the 695 

frequency of the most intense (colder) MCSs and various authors argue that it is the warming 696 

of the Sahara that intensifies convection within Sahelian MCSs (e.g., Taylor et al., 2017; 697 

Shekhar & Boos 2017; Biasutti, 2019). Although, as mentioned in the introduction, GCMs 698 

and RCMs have difficulties in simulating the future Sahelian climate, the trend towards an 699 

increasing temperature gradient between the Sahara and the Sahel is a fairly robust behaviour 700 

for the CMIP5 GCM ensemble simulations. Moreover, the models predict that this meridional 701 

gradient will strengthen throughout the 21st century. This predicted increase in the meridional 702 

gradient and the resulting intensification of the MCSs support the idea that dust emissions 703 

occurring during the rainy season could be more intense in the future. Unfortunately, most 704 

models are unable to resolve properly MCS and therefore fail to simulate these intense 705 

Sahelian dust events, and underestimate their impacts on the Earth's climate systems. 706 
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 1078 

 1079 

 1080 

Figure Captions 1081 

Figure 1. The diurnal cycle of (a, b) wind speed, (c, d) temperature, (e, f) water vapor mixing 1082 

ratio at Banizoumbou (Niger) in (a, c, e) January and (b, d, f) July. Data are averaged over the 1083 

period 2006-2015. Bars indicate the standard deviation over the ten years. 1084 
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Figure 2. (a, b) Average monthly number of rainy events, (c, d) average monthly rainfall and 1085 

(e, f) average monthly rainfall per rainy event for (left) Banizoumbou and (right) Cinzana. 1086 

Averages of data recorded over the period 2006-2015 from which are excluded the years 1087 

2008, 2012 and 2014 for Banizoumbou and years 2007, 2011 and 2013 for Cinzana (see text 1088 

for explanation). The vertical bars correspond to the interannual standard deviations. 1089 

Figure 3. 3-km MSG SEVIRI 10.8 μm channel brightness temperature imagery from 18 May 1090 

2006 17:00 UTC over the region surrounding Cinzana (Mali). The convective system is a 1091 

squall line extending over about 500 kilometers in the northeast/southwest direction. The 1092 

temperature of some cloud tops was close to -213 K suggesting regions of very deep 1093 

convection. 1094 

Figure 4. The 18 May 2006 convective event as recorded at the surface in Cinzana (Mali). (a) 1095 

wind direction (purple), PM10 concentration (orange) and wind speed (black); (b) temperature 1096 

(red), rainfall (blue) and water vapor mixing ratio (green). 1097 

Figure 5. Wind direction 90 minutes before and after and at the onset of a rainy event (t), in 1098 

Banizoumbou (428 rainy events; no data on wind direction were available for three rainy 1099 

events) and Cinzana (589 rainy events). 1100 

Figure 6. (a) Time of occurrence of the maximum wind speed and (b) of wind speed greater 1101 

than the TWV in the period ranging from -90 minutes to +90 minutes from the onset of a 1102 

rainy event for Banizoumbou (black), 431 rainy events and Cinzana (red), 589 rainy events. 1103 

Figure 7. Distribution of surface wind speed for precipitation classes of 20% of the 1104 

accumulated rainfall since the first rain of the season. The wind speed distribution is 1105 

calculated from the average of the wind speed distribution during each rainy event of each 1106 

precipitation class taking into account all the wind speed values preceding the onset of a rain 1107 

by 90 minutes and following the onset of the same rain by 90 minutes. Only years with no 1108 

notable data gaps during the period April-October are considered. There are 7 years for each 1109 

series. 302 rainy events for Banizoumbou (2008, 2012 and 2014 excluded) and 449 for 1110 

Cinzana (2007, 2011, 2013 excluded). 1111 

Figure 8. 20 days cumulated DUP computed as the sum of the DUP during the 90 minutes 1112 

preceding the rainy event and of the DUP during the first 10 minutes of a rainy event (red):  1113 

(a, b) mean DUP during all the whole rainy event (i.e., +/- 90 minutes from the start of the 1114 

rain; green); (c, d) mean number of rainy event (black). Means are computed over 2006-2015 1115 

excepted years 2008, 2012 and 2014 for Banizoumbou and years 2007, 2011 and 2013 for 1116 

Cinzana. 1117 

 1118 

Figure 9. Decrease in temperature due to a squall line that crossed Cinzana on 18/05/2006 1119 

compared to the previous day (17/05/2006) during which no precipitation occurred; (red) 1120 

temperature on 18 May 2006 ; (green) temperature on 17 May 2006; (blue) rainfall on 18 1121 

May 2006. 1122 

Figure 10. Frequency distribution of the decrease in surface temperature associated with the 1123 

rainy events observed in Banizombou and Cinzana. 1124 

Figure 11. Relationships between T, the maximum wind speed (red) and U (green) for 1125 

Banizoumbou (432 rainy events) and Cinzana (586 rainy events).  1126 
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Figure 12. Frequency of maximum wind speed, wind direction, rainfall, hour and month of 1127 

occurrence for the rainy events corresponding to (dark grey) T ≤ 1°C and (red) T ≥ 10°C 1128 

for (left) Banizoumbou and (right) Cinzana. Wind direction and hour are those observed at 1129 

the onset of the rainy event. 1130 

Figure 13. Percentages of rainy events for which at least one 5-minute wind speed (during 1131 

the period +/- 90 minutes surrounding the onset of the rain event) exceeds the TWV 1132 

depending on the T class. 1133 

Figure 14. Links between the maximum 5-minute PM10 concentration and Umax and T in 1134 

(left) semi-log and (right) linear; for (a-d) Banizoumbou and (e-h) Cinzana for rainy 1135 

events.not preceded by another rainy event in the previous 24 hours and for which Umax is 1136 

observed before the onset of the rain.  1137 

Figure 15. (a) Number of 5-minute dust concentration higher than different thresholds for the 1138 

dry and rainy seasons in Banizoumbou and Cinzana and (b) relative contributions of the dry 1139 

and rainy seasons to each class of 5-minute dust concentration. 1140 

1141 
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 1142 

Table Captions 1143 

 1144 

Table 1 Average Time Interval Between Two Rainy Events in Banizoumbou and Cinzana. 1145 

Period 2006-2015 (Only Periods Without Sampling Gaps Between Two Rainy Events are 1146 

Considered) 1147 

 1148 

Table 2 Mean Characteristics of Rainy Events Exhibiting a T ≥ 10°C and ≤ 1°C in 1149 

Banizoumbou and Cinzana  1150 

 1151 


