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Abstract 25 

West African Sahel and Soudan extreme rainfall events are impactful when strong mesoscale 26 

convective systems (MCSs) produce large amounts of rainfall in short periods.  NASA IMERG rainfall 27 

estimates and the ERA5 reanalysis are examined to understand where the top 100 highest 12Z – 12Z 24-h 28 

rainfall totals and MCS storm genesis occur, and to assess the relative importance of environmental 29 

conditions in their generation including the influence of atmospheric moisture and vertical wind shear.   30 

Most of the top 100 events are located south of 14°N over the Soudan.  Events cluster over three 31 

regions, namely, Mali, Burkina Faso, and northern Nigeria.  The associated MCSs are typically not locally 32 

generated, forming instead at distances greater than 100 km upstream.  Composites reveal that a significant 33 

increase in atmospheric moisture content occurs prior to development, but there is no evidence of significant 34 

changes in the 600 – 925 hPa vertical wind shear.  This indicates that changes in vertical wind shear are 35 

less influential in extreme storm development than atmospheric moisture preconditioning.   36 

The top 10 events are further evaluated.  A change in these storms’ direction and speed near the 37 

maximum rainfall location is common, suggesting the MCSs are reorganizing around peak rainfall intensity 38 

time.  Three atmospheric conditions are associated with these events.  They are (1) moisture preconditioning 39 

of the atmosphere, (2) interaction of the storm in the wake of a region of anticyclonic flow, and (3) 40 

interaction of the storm in the wake of a region of anticyclonic flow and the Sahel/tropical dryline boundary. 41 
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1. Introduction 53 

Heavy rainfall events are a major weather hazard over the semi-arid Sahel and Soudan of West 54 

Africa.  During the boreal summer, such events frequently occur when strong organized areas of convection 55 

such as mesoscale convective systems (MCSs) and West African squall lines move across sub-Saharan 56 

Northern Africa. These systems can deliver copious rainfall in often short periods resulting in flooding that 57 

impacts the health and livelihoods of the population (Tschakert et al. 2010; Anash et al. 2020).  Given the 58 

likelihood that such heavy rainfall events may become more frequent and/or intense in the future (Han et 59 

al. 2019; Kendon et al. 2019; Fitzpatrick et al. 2020), and observations that suggest this intensification is 60 

underway (Taylor et al. 2017; Tramblay et al. 2020; Klein et al. 2021), there is a crucial need to better 61 

understand how these rainfall systems develop in order to improve our climate-scale predictive capabilities.  62 

The purpose of this study is to identify rainfall systems that produce heavy rainfall events over the 63 

West African Sahel/Soudan, understand where these events occur including where the associated MCSs 64 

originate, and assess the relative importance of environmental conditions including the preconditioning 65 

of moisture in the atmosphere and the vertical wind shear on storm development.  Doing so will 66 

enhance our fundamental understanding about how intense rainfall events form, as well as improve our 67 

current and future predictive capabilities by pointing to the environmental factors that are most relevant.    68 

Background is provided in Section 2.  Section 3 describes the datasets and analysis methods 69 

utilized.  Results are presented in Section 4, while findings are summarized and conclusions drawn in 70 

Section 5. 71 

 72 

2. Background 73 

Advancing our understanding of extreme rainfall events over the West African Sahel/Soudan 74 

requires a basic understanding of how rainfall is delivered, particularly during the boreal summer monsoon 75 

season when most of the rainfall occurs.  It is estimated that between 70 – 95% of the total rainfall over this 76 

region is associated with organized convective systems (Laurent et al. 1998; Laing et al. 1999; Mathon et 77 
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al. 2002; Mohr 2004; Liu et al. 2019) including bowing squall lines (Eldridge 1957; Desbois et al. 1988; 78 

Peters and Tetzlaff 1988; Rowell and Milford 1993; Fink and Reiner 2003) as well as other types of 79 

organized MCSs (Laing and Fritsch 1993; Laurent et al. 1998).   80 

Heavy rainfall events and associated flooding due to inundation and runoff are acute problems 81 

throughout the world.  This includes West Africa and the Sahel/Soudan where extreme rainfall events lead 82 

to storm-related damage to homes/property, economic hardships due to crop and livestock losses, 83 

displacement of the population from flood-prone areas, and flood-related fatalities (Di-Baldassarre et al. 84 

2010; Panthou et al. 2014).   85 

Storms that deliver copious amounts of rainfall often develop quickly, providing minimal lead time 86 

to warn the population and prepare for adverse consequences (Engel et al. 2017).  Flooding potential is 87 

exacerbated over urban areas where the density of buildings, roads, and pavement enhances runoff in areas 88 

where there are high population densities (Douglas et al. 2008).  Since the 1980s, the frequency of these 89 

stronger, better organized rainfall producing storm systems over the West African Sahel has changed 90 

(Taylor et al. 2017), accompanied by an observed increase in storm intensity and flood damage (Giorgi et 91 

al. 2011; Panthou et al. 2014).  Climate model projections (Kundzewicz et al. 2014; Han et al. 2019; Kendon 92 

et al. 2019; Fitzpatrick et al. 2020) indicate that these types of events are likely to become more frequent 93 

and/or intense under global warming.   These changes in rainfall will undoubtedly lead to an increase in 94 

flood-related property damage and deaths over the West African Sahel/Soudan, amplified by growing 95 

populations (Panthou et al. 2014).   96 

Environmental factors influence the development and lifespan MCSs. Most favorable for 97 

development is a moist, conditionally unstable environment with a lifting mechanism to trigger deep 98 

convection (Doswell et al. 1996).  Specific to the West African Sahel/Soudan, the low-level inflow of moist, 99 

tropical flow from the Gulf of Guinea (Cook 1997; Hagos and Zhang 2010; Thorncroft et al. 2011; Cook 100 

2015; Vizy and Cook 2018) and the development of African easterly waves (AEWs; Carlson 1969a, b; 101 

Burpee 1972; Reed et al. 1977) are conducive to development.  There are two preferred storm tracks across 102 

sub-Saharan northern Africa, namely a southerly track between 8°N - 15°N, and a northerly track north of 103 
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15°N (Diedhiou et al. 1999; Fink and Reiner 2003; Hsieh and Cook 2005, 2008; Mekonnen et al. 2006).  In 104 

the southern storm track, MCS activity tends to occur to the west of the AEW trough (Burpee 1972; Tetzlaff 105 

and Peters 1988), while in the northern storm track convection tends to occur to the to the east of the trough 106 

where there is enhanced southerly flow of moist air (Burpee 1972; Duvel 1990; Mathon et al. 2002; Fink 107 

and Reiner 2003).  AEW disturbances perturb the mid-tropospheric horizontal shear associated with the 108 

mid-tropospheric African easterly jet (AEJ) as well as the vertical wind shear, both of which can be 109 

important factors for the development squall lines and MCSs (Rowell and Milford 1993; Hodges and 110 

Thorncroft 1997; Mohr and Thorncroft 2006). In particular, shear plays a crucial role in organizing 111 

convection into MCSs (Barnes and Sieckman 1984; Rotunno et al. 1988; Weisman and Rotunno 2004). 112 

Topography is also influential in storm development and organization over the West African 113 

Sahel/Soudan.  Elevated terrain promotes vertical lifting of the low-level flow, and differential surface 114 

heating generates near surface convergence boundaries that can help convective systems develop and 115 

organize during the daytime (Tetzlaff and Peters 1988; Mohr and Thorncroft 2006; Laing et al. 2008; 116 

Vondou 2012).  MCSs are observed to propagate away from elevated terrain during the evening/night, 117 

bringing heavy rainfall to areas downstream away from the topographic feature (Mohr 2004; Zhang et al. 118 

2016a, b; Vizy and Cook 2018, 2019a).  This suggests that the diurnal cycle plays a pivotal role in storm 119 

formation and development over West Africa (Parker et al. 2005). 120 

Smaller scale processes, such as surface moisture gradients, and cold pool outflow/air mass 121 

boundaries also influence MCS development over West Africa.  Variations in land surface moisture due to 122 

rainfall, and/or the proximity of wetlands or lakes can influence the development of convection, with 123 

afternoon convection more likely to occur over a drier surface (Taylor 2010, Taylor et al. 2012, 2013; 124 

Taylor et al. 2018).  Mechanistically, sensible heating is enhanced over the drier surface which can help 125 

form strong low-level temperature gradients that can perturb the low-level circulation and generate 126 

convergence boundaries with strong vertical ascent favorable for the development of convection, especially 127 

when in relatively close proximity to a wetter surface.  Cold pool outflow boundaries are formed when 128 

evaporative cooling of falling precipitation within an MCS results in a downdraft of relatively cool air that 129 



5 
 

expands radially near the surface. A mesohigh is formed, with strong gust fronts that become convergence 130 

boundaries, along which additional convective cells can develop (Zipser 1977; Redelsperger and Lafore 131 

1988; Marsham et al. 2013; Dione et al. 2014; Provod et al. 2016).  Airmass boundaries form between the 132 

moist, tropical West African monsoon air and dry, Sahel/Saharan air across West African Sahel during the 133 

boreal summer.  The moist air is shallow near the frontal boundary, deepens equatorward, and varies over 134 

the diurnal cycle (Parker et al. 2005).  These frontal zones provide a capping inversion for low-level 135 

turbulence that delays the release of convective instability (Carlson et al. 1983; Trier et al. 2004, 2015).   136 

This allows for the build-up of stronger instability and the development of stronger MCSs over the Sahel 137 

(Vizy and Cook 2018, 2019a), operating in a manner similar to that of a dryline frontal boundary (Eldridge 138 

1957).  In the existing literature (e.g., Hamilton and Archbold 1945; Hastenrath and Lamb 1977; Lélé and 139 

Lamb 2010) this frontal boundary over West Africa is often referred to as the Intertropical front (ITF) or 140 

Intertropical discontinuity (ITD), but these names are not accurate since an intertropical front is technically 141 

defined as a front within the equatorial trough that separates the air of the Northern and Southern 142 

Hemisphere (American Meteorological Society 2021), and the West African Sahel/Soudan lies well north 143 

(12° - 20° of latitude) of the equator.  To avoid confusion, we refer to this airmass boundary as the 144 

Sahel/tropical Africa dryline boundary. 145 

While these factors play an important role in the development of convection over the region, it is 146 

less clear why some storms are more extreme than others.  Progress on this issue has been limited over 147 

West Africa as most studies focus on individual events and/or particular regions (Tarhule 2005; Samimi et 148 

al. 2012; Magami et al. 2014; Panthou et al. 2014; Zahiri et al. 2016; Anash et al. 2020).  For example, 149 

Knippertz and Martin (2005) evaluated 3 cold season extreme rainfall events over West Africa and found 150 

that tropical-extratropical interactions led to a plume of moisture over West Africa that plays an important 151 

role in development.  Engel et al. (2017) examined two high-impact heavy rainfall events over urban areas, 152 

namely, Ouagadougou on 1 September 2009 and Dakar on 26 August 2012.  Unusual synoptic-convective 153 

dynamic developments led to the exceptional rainfall totals for both events.  The Ouagadougou event was 154 
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associated with AEW breaking (Galvin 2010; Cornforth et al. 2017) that resulted in two strong MCSs 155 

passing over the city within 6 hours.   156 

Schlueter et al. (2019a, b) develop a broader understanding of storm systems over the region by 157 

evaluating the relationship between rainfall and six wave types over sub-Saharan northern Africa.  The six 158 

types are eastward intertial-gravity waves, AEWs/tropical disturbances, Kelvin waves, mixed Rossby-159 

gravity waves, equatorial Rossby waves, and Madden-Julian oscillation (MJO) waves, and they operate on 160 

timescales ranging from sub-diurnal to intraseasonal timescales.  The constructive and destructive 161 

interactions among the waves offer some promise in explaining the development of extreme convective 162 

events over West Africa.  Slower moving waves such as the MJO and equatorial Rossby waves primarily 163 

impact summer monsoon dynamics, while faster AEWs, Kelvin waves, and mixed-Rossby gravity waves 164 

primarily modulate moisture convergence and have a more direct effect on precipitable water over West 165 

Africa and the Sahel.  This is consistent with prior studies (Matthews 2004; Janicot et al. 2009, 2011; Leroux 166 

and Hall 2009; Alaka Jr and Maloney 2012, 2014) that indicate the MJO can have a significant remote 167 

influence on convection over West Africa during boreal summer. 168 

There is a need to further improve our fundamental understanding of the development of extreme 169 

rainfall events over the West African Sahel/Soudan.  In this study we contribute by examining the 170 

development of the systems that deliver the heaviest 24-h rainfall total over a broad region of the West 171 

African Sahel. 172 

  173 

3. Datasets and Methodology 174 

3.1 Datasets 175 

High spatial resolution datasets at timescales most relevant for storm development (e.g., 1 hour or 176 

less) are needed to identify heavy rainfall events and understand the environmental conditions associated 177 

with their development.  For rainfall, we utilize the NASA Long-term Integrated Multi-satellitE Retrievals 178 

for global precipitation measurement Version 06B final run (IMERG; Hou et al. 2014; Huffman et al. 2020).  179 

This 0.10° resolution product yields rainfall estimates globally by fusing measurements from the Global 180 
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Precipitation Measurement (GPM) satellites (2014 – present) with estimates from the Tropical Rainfall 181 

Measuring Mission (TRMM) satellites (2000 – 2014).  IMERG provides 30-minute rainfall estimates over 182 

the past 20 years which is sufficient for identifying extreme rainfall events.  While IMERG provides a 183 

variety of rainfall estimates, we use the calibrated final-run rainfall product for this study because it is 184 

thought to provide a reasonable estimate (Dezfuli et al. 2017; Maranan et al. 2020; Tapiador et al. 2020), 185 

and is generally found to be more accurate than IMERG early-run and late-run products (Wang et al. 2017; 186 

Omranian and Sharif 2018; Mahmoud et al. 2018; Li et al. 2021). 187 

Additional data sources are examined to ground-truth heavy rainfall events identified from IMERG.  188 

This is necessary because there is uncertainty in estimating rainfall from satellite measurements as 189 

processing algorithms make assumptions regarding a variety of issues such as temperature profiles and 190 

droplet sizes, and filling in for limited spatio-temporal coverage can affect the final rainfall estimate (Kidd 191 

and Levizzani 2011; Pfeifroth et al. 2013, 2016).  For regions with reliable and comprehensive rain-gauge 192 

networks, the most effective method of validation is to cross-reference satellite precipitation estimates with 193 

available ground truth gauge measurements (Nair et al. 2009; Gaona et al. 2016; Watters et al. 2018).  This 194 

is a less viable option over the West African Sahel, where ground-based measurement networks are more 195 

limited (Nicholson et al. 2003; Roca et al. 2010; Dezfuli et al. 2017; Maranan et al. 2020).  To provide some 196 

level of ground-truth confirmation and validation of IMERG, events identified in IMERG are cross-197 

referenced with impact-driven information from the Centre for Research on Epidemiology of Disasters 198 

(CRED) Emergency Events database (EM-DAT; EM-DAT 2020), the Famine Early Warning Systems 199 

Network (FEWS NET) weekly weather hazards for Africa summaries (FEWS NET 2020), the United 200 

Nations Office for the Coordination of Humanitarian Affairs (OCHA) Reliefweb reports, International 201 

Federation of Red Cross and Red Crescent Societies Disaster Relief Emergency Fund (DREF) bulletins, 202 

and independent published articles. 203 

The ECMWF ERA5 reanalysis (ERA5, C3S 2017) is analyzed to relate the heavy rainfall events 204 

to the larger-scale environmental conditions.  ERA5 is a 5th generation product that provides global 0.25° 205 

resolution hourly gridded output of atmospheric and surface fields from 1979 – present.  The finer spatial 206 
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and temporal resolutions of ERA5 make it a reasonable data source to understand environmental conditions 207 

at sub-diurnal timescales (Danso et al. 2019; Vizy and Cook 2019b; Li et al. 2020).   208 

 209 

3.2 Methodology 210 

IMERG rainfall estimates are used to identify the wettest 24-h rainfall events over the West African 211 

Sahel between 2000 – 2019.  Here, the West African Sahel is defined as the area from 8.05°W – 12.95°E 212 

and 12.05°N – 17.95°N, as shown in Fig. 1.  These bounds are set to avoid prominent terrain features 213 

including the Jos Plateau of Nigeria to the south (9°N; 9°E), the Guinean Highlands (8°N; 10°W) to the 214 

southwest, the Aïr Mountains of Niger to the north (18°N; 9°E), and Lake Chad to the east (13°N; 14°E).   215 

 While some heavy rainfall events last for multiple days and are associated with several rounds of 216 

convective activity, our focus is on shorter, sub-diurnal rainfall events associated with the development of 217 

MCSs.  This includes African squall lines which are known to frequently occur during the boreal summer.  218 

This means that the temporal and spatial continuity of the rainfall area is important to the event definition 219 

to distinguish it from extreme rainfall that may be produced by a series of events.  We apply a 12Z – 12Z 220 

24-h window and use it to identify the dates and location of the largest 24-h rainfall events in the region.  221 

The 12Z – 12Z time window aligns with our the typical MCS lifecycle over the Sahel.  In many, but 222 

certainly not all, instances over the West African Sahel/Soudan, MCSs are more likely to develop in the 223 

afternoon shortly after peak daytime heating, often persisting and in some instances intensifying during the 224 

evening/night hours before weakening the following morning (Fink et al. 2006; Laing et al. 2008; Zhang et 225 

al. 2016a; Vizy and Cook 2019a).  Our results may have some dependence on this time window. 226 

To determine the events that produce the top 100 wettest 24-h rainfall totals, we calculate the 12Z 227 

– 12Z accumulated total rainfall for every day from 2000 – 2019 for each IMERG grid point in the defined 228 

analysis region.  The grid point totals are then ranked from highest to lowest to find the top 100 wettest 229 

independent events.  To identify independent events, a grid point under consideration cannot be associated 230 

with a rainfall event that has already been identified as having a higher 24-h rainfall total on the same day 231 

within 500 km distance of this location.  This criterion is necessary because heavy rainfall events are likely 232 
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to impact a spatial area greater than the size of a single grid point.  Thus, the top 100 events are identified 233 

by their location and date, and as it turns out each event occurs on a different date from the other top 100 234 

events. 235 

The top 100 events are analyzed to evaluate where the extreme rainfall events occur based on the 236 

maximum 12Z – 12Z 24-h total precipitation location and where the MCS primarily responsible for the 237 

extreme event originated.  The top 100 cases are examined out of convenience, as it is a manageable number 238 

of events to work with, yet it provides a large enough sample to understand differences among the extreme 239 

events.  The monthly occurrence distribution and the area of the daily total accumulated precipitation 240 

associated with each event for various rainfall thresholds is quantified.  Compositing is used to evaluate 241 

changes in important environmental conditions for storm development including precipitable water and 242 

vertical wind shear.  Composites are formed by averaging the desired field over the 100 events at the same 243 

time of day in the diurnal cycle, and composite anomalies are calculated by subtracting the top 100 244 

composite from a weighted climatological mean value determined by the months for which the events 245 

occur.  Weighting is necessary because the top 100 events occur with different frequency over the boreal 246 

warm season of May – October.  Event frequency closely follows the seasonal evolution of the West African 247 

summer monsoon system rainfall over the Sahel with peak rainfall activity in August, and rainfall tailing 248 

off in the months adjacent to August (Cook 1997, 2015).  Here, climatological monthly mean values are 249 

assigned a weight of 1/100 May, 3/100 June, 24/100 July, 59/100 August, 9/100 September, and 4/100 250 

October, and added together to obtain the weighted climatological value. 251 

To evaluate storm trajectories and the sizes of the rainfall shield and the convective core for the top 252 

10 events, we have adapted the approach of Vizy and Cook (2018, 2019a) to track MCSs. A threshold 253 

rainfall rate of 100 mm day-1 is used to defined the storm’s rain shield at any given time.  This rainfall rate 254 

threshold is selected to provide an estimate for the more intense convective core of the system where the 255 

largest percentage of the rainfall is likely to fall from for the event.  Following Vizy and Cook (2018, 256 

2019a), we assume that the convective core rain shield is at least 2000 km2 in size, in this case 16 or more 257 

contiguous grid points meeting the threshold rainfall rate value.  The centroid of the above-defined rain 258 
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shield is determined to define the storm’s location at a given time.  Then starting at the time of the peak 259 

rainfall intensity, the storm is objectively tracked forward and backward in time until either the 100 mm 260 

day-1 rainfall shield no longer meets the 2000 km2 size criterion, or the storm can no longer be tracked due 261 

to merging or splitting of the storm’s convective core rain shield.  Additionally, the size of the storm areal 262 

extent is also evaluated for the identified storm throughout its development.  This involves evaluating the 263 

size of the 5 mm day-1 and the 500 mm day-1 rainfall shields with the former threshold selected to represent 264 

the entire system including areas associated with stratiform rainfall, while the latter threshold selected to 265 

represent the most intense convective core of the system.  Finally, relevant atmospheric conditions from 266 

ERA5 are examined for select cases. 267 

 268 

4. Results 269 

4.1 Events with the highest rainfall totals: The top 100 270 

Figure 1a shows the location of the top 100 12Z – 12Z 24-h maximum rainfall rate events for the 271 

analysis region, while Table 1 provides information for each event.  Top 100 events occur infrequently over 272 

the northern Sahel within the analysis region, with the vast majority occurring south of 14°N over the 273 

Soudan.  There are 3 regions where events cluster over the southern Sahel/Soudan.  They are over 274 

southwestern Mali (~ 11°N, 8°W; 24 events), central Burkina Faso (~ 13°N, 2°W; 10 events), and north-275 

central Nigeria (~12°N, 8°E; 17 events).  Each of these regions has a strong connection with topography.  276 

Most events over Mali occur on the eastern slopes of the Mandingue Plateau (~13°N, 9°W), over Burkina 277 

Faso in close proximity to the North Mossi Plateau (~13°N, 2.5°W), and over north-central Nigeria to the 278 

northern slopes of the Jos Plateau (~12°N, 9°E).  Elevation changes associated with these topographic 279 

features are modest, usually only 200 – 400 meters, compared to other regional features such as the Aïr 280 

Mountains of northern Niger (18°N, 9°E) and the Cameroon Highlands (6°N, 11°E). However, they are 281 

apparently large enough to provide the necessary dynamical forcing of moisture eddies that can help the 282 

development of heavy rainfall amounts when the synoptic environment is favorable.  For the 9 most intense 283 

events, with rainfall totals greater than 200 mm, 8 occur south of 14°N.  The one event north of 14°N 284 
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occurred southeast of the Aïr Mountains of north-central Niger in the Damergou Gap, and it is the highest 285 

maximum total 24-h event identified in this study. 286 

The MCSs associated with the top 100 rainfall events are back-tracked to find their genesis 287 

locations, shown in Fig. 1b.  94% originate between 10°N and 20°N. The longitudinal distribution is more 288 

uniform, with 29 generated west of 0°E, 35 between 0°E - 10°E, 17 between 10°E - 15°E, and 19 east of 289 

15°E primarily over central and southern Chad and the Darfur Mountains of the Sudan.  Thus, the distance 290 

between the genesis region and the location of maximum rainfall (Fig. 1a) can be large.   Only 25 of the 291 

100 events form locally, defined here as when storm genesis occurs within 100 km of the maximum 24-h 292 

rainfall location.  Of the other 75 events, 44 form between 100 – 1000 km away from the maximum rainfall 293 

location, 24 form 1000 – 2000 km away, and 7 form over 2000 km away.  294 

While topography is known to be associated with MCS generation, less than half of the 100 selected 295 

storms originate over larger orographic features, including the Ahaggar Mountains of southern Algeria (3 296 

storms), the Aïr Mountains of Niger (7 storms), and the Marra Mountains in the Darfur region of Sudan (8 297 

storms).  For the other cases, many of these MCSs originate with help from elevated terrain relative to the 298 

surroundings, and/or in proximity to areas with wetter surfaces and/or a moisture gradient exists.  The most 299 

active storm genesis location is in the Lake Chad depression where 15 of the top 100 events originate (Fig. 300 

1b).  Whether and how Lake Chad contributes to storm development is under investigation in a separate 301 

study (Zhao et al. 2022). 302 

In regards to the three event cluster regions mentioned earlier, for the 24 Mali event genesis 303 

locations, 5 form locally within 100 km of the maximum location, 10 form to the east over Burkina Faso, 304 

while the remaining 9 form more remotely at distances greater than 900 km from the Mandingue Plateau 305 

of Mali.  For the Burkina Faso events over the North Mossi Plateau, 1 event forms locally while 3 originate 306 

to the north and east over the Ahaggar (~23°N, 6°E) and Aïr (~18°N, 9°E) Mountains.  The remaining 6 307 

events have origins east of Burkina Faso, primarily over the Jos Plateau region of Nigeria.  For the north-308 

central Nigeria events, 3 form locally, while 3 form east of 20°E.  Most of the MCSs associated with extreme 309 

rainfall events over this region (11 events) originate in the vicinity of Lake Chad (~13°N, 12°E). 310 
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Table 1 also provides information on the duration and maximum rainfall intensity of each event.  311 

Seven of the longer events, that is, events that exceed 1 standard deviation over the mean, are among the 312 

25 events with highest rainfall, with 4 in the top 10.  In contrast, only 2 of the shorter duration events are 313 

among the top 25, and none are among the top 10.  For peak rainfall intensity, 6 of the highest maximum 314 

intensity events are in the top 25, including 3 among the top 10.  Conversely, only 2 of the lower peak 315 

intensity are in the top 25, and both are long duration events. 316 

Figure 2a shows how rainfall totals are distributed for the top 100 events listed in Table 1.  The 317 

wettest has a maximum of 291 mm with totals decreasing exponentially, falling below 200 mm by event 318 

10, 175 mm by event 26, and 150 mm by event 78.  It is 7.5 times more likely to have a maximum rainfall 319 

total between 150 – 200 mm than greater than 200 mm. 320 

Figure 2b displays the seasonality of the top 100 events along with the area-averaged climatological 321 

monthly IMERG precipitation for the analysis region box.  83 of the 100 events occur during the peak of 322 

the summer monsoon season, with 24 in July and 59 in August.  There are only a few events in May, June, 323 

September, and October, and none from November to April.  The occurrence frequency is consistent with 324 

the seasonal cycle of rainfall over the analysis region, as both peak in August.  Furthermore, the vast 325 

majority of these events occur south of 14°N, which is just south of the climatological summertime locations 326 

of the surface baroclinic zone and the mid-tropospheric AEJ. 327 

Figure 3 shows the 24-h areal size of the top 100 events for various rainfall total thresholds.  The 328 

bars are color coded to indicate event rainfall totals at 25 mm intervals from 100 mm – 200 mm.  The 329 

majority of the top 100 events deliver 24-h rainfall totals exceeding 100 mm over an area of around 4000 330 

km2 or less.  The heavy-rain (>100 mm) areas of 12 of the top 100 events are greater than 20,000 km2, with 331 

6 of these events ranked in the top 10 (Table 1).  This indicates that the highest 24-h precipitation totals, 332 

that is, the events that lie on the steepest part of the distribution curve shown in Fig. 2a, are more likely to 333 

have a larger areal coverage. 334 

Composites formed from the top 100 events are compared with climatological conditions to better 335 

understand the environmental conditions associated with these extreme cases.  Fig. 4a shows the 336 
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climatological precipitable water and low-level 925 hPa winds at 12Z, while Fig.4b shows the composite 337 

anomalies.  Climatologically, precipitable water is greater than 45 mm south of 14°N, indicative of the deep 338 

moist tropical air that is typically transported into West Africa via the low-level southwesterly monsoon 339 

flow during the boreal summer.  North of 14°N precipitable water decreases to about 30 mm by 20°N, 340 

reflective of the increasingly shallow depth of the monsoon.  Most of the extreme events (Fig. 1a) occur 341 

where the climatological precipitable water is greater than 40 mm.  Note, from a climatological perspective, 342 

most of the moisture in the atmospheric column is found at low-levels, typically below 800 hPa. 343 

Extreme events are associated with a significant and widespread increase in precipitable water over 344 

the entire Sahel/Soudan (Fig. 4b).  In the analysis region, precipitable water is greater by 1 – 3 mm (4 – 9% 345 

increase) during these events, and even more so over the northern Chad Bodélé (> 4 mm or a 10 – 14% 346 

increase) upstream of the analysis region.  The increase over Chad is associated with a significant increase 347 

in the low-level southwesterly flow into the Bodélé.  There is also a significant change in the low-level flow 348 

in the analysis region over Burkina Faso.  Here the anomalous low-level flow is primarily zonal, indicating 349 

a more westerly low-level monsoon flow over Burkina Faso and from Ghana to Nigeria. 350 

Fig. 4c shows the climatological 12Z wind difference between 600 – 925 hPa.  There is strong 351 

zonal vertical wind shear over the West African Sahel with magnitudes greater than 14 m s-1 extending 352 

from the Senegal coast eastward to Chad.  The anomalies at 12Z (Fig. 4d) indicate that, outside of a few 353 

isolated areas including the Bodélé of Chad and Côte d’Ivoire, pronounced differences in vertical wind 354 

shear are not associated with extreme rainfall totals in the composite.  This result is independent of the 355 

compositing hour selected, as the 12Z anomaly pattern in Fig. 4d is consistent with those at other hours (not 356 

shown).  Examination of the individual events comprising the composite indicates that the wind shear 357 

strength is anomalously weak compared to the climatology in 46 events and anomalously strong in 54 358 

events in the 3 hours prior to the peak rainfall rate at the maximum site. (see last column of Table 1).  If 359 

composites are formed individually using only events from one cluster area, namely, the Mali, Burkina 360 

Faso, and Nigeria region clusters, the conclusion is the same.  It should be noted that the analysis region 361 
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has relatively strong climatological vertical shear to start (Fig. 4c), so vertical shear may still be strong 362 

enough to make mesoscale organization possible even when vertical shear is anomalously weaker.  363 

  We conclude that extreme rainfall events in the analysis region are associated with a robust and 364 

significant increase in the atmospheric moisture content, not only over the region but over the entire Sahel.  365 

We do not find a connection to vertical wind shear. 366 

 367 

4.2 Events with the most extreme rainfall totals: The top 10 368 

Fig. 2a indicates a clear inflection point in the rainfall distribution curve at event 10.  In this section 369 

we examine these top 10 events that deliver the highest rainfall totals (see Table 1) to gain a better 370 

understanding about the development of these storms, and extreme storms in general over the West African 371 

Sahel/Soudan.  Figure 5 shows the distribution of 24-h accumulated precipitation greater than 50 mm for 372 

each of these events.  The red circles denote the location of the maximum rainfall for each case. There is 373 

no obvious similarity among the events, and they range from localized events (CASE01 and CASE08) to 374 

widespread events (CASE02 and CASE06).   375 

Figure 5 also speaks to the potential impact of each event, especially in terms of flooding potential 376 

due to the total amount of accumulated precipitation over the 24-h period.  For example, CASE01 which is 377 

associated with the highest maximum 24-h rainfall total (Table 1), has a limited area of heavy rain over 378 

central Niger with a more widespread area of 50 – 100 mm of rainfall extending from central Niger into 379 

northern Nigeria.  Thus, it could be inferred from Fig. 5a that flash flooding for this case would be more 380 

likely localized over central Niger.  In contrast, CASE02 and CASE07 are associated with widespread 24-381 

h rainfall totals exceeding 150 mm over the Niger River basin in southern Mali that likely not only impact 382 

communities and cities including Bamako immediately after the event, but also the downstream Niger River 383 

communities in the days that follow.  384 

FEWSNET reports, CRED EM-DAT disaster reports, OCHA Reliefweb, and DREF bulletin 385 

reports along with any available extreme rainfall studies are examined to attempt to confirm via ground-386 

truth the impacts of the top 10 events.  Results are summarized in Table 2, and indicate that 5 of the events 387 
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(CASE01, CASE03, CASE04, CASE06, and CASE08) are directly associated with impactful flooding.    388 

For CASE02, CASE05, CASE07, and CASE09, available reports are vague on the exact timing of the 389 

flooding, and/or reports suggest that multiple events over many days led to the flooding.   For CASE10, no 390 

ground-truth evidence is found, so it is unclear how impactful it is.  Overall, the ground-truth results are 391 

encouraging, and give us confidence that we have identified impactful rainfall events.   392 

Fig. 6 shows the diurnal time series of rainfall for the maximum 24-h total precipitation location 393 

(the red circles in Fig. 5) for the top 10 events.  The gray lines in each panel denote the time of the maximum 394 

rainfall rate intensity for each event.  Event types range from relatively shorter duration/higher peak rainfall 395 

intensity cases such as CASE01, CASE04, CASE08, and CASE10, to longer duration/weaker peak rainfall 396 

intensity cases such as CASE02, CASE03, CASE06, and CASE09.  Longer duration/weaker peak intensity 397 

events occur primarily after 00Z, while the shorter duration/higher peak intensity events tend to occur in 398 

the late afternoon and evening. 399 

To put into context how representative the above findings are for the larger population, all 100 400 

events are also categorized by diurnal cycle.  We calculate the mean and standard deviation for event 401 

duration and event peak intensity (Table 1), then select cases in which both the duration and peak intensity 402 

fall outside the ± 0.5 standard deviation level.  This yields a list of events for the two diurnal types as well 403 

as the opposite categories, namely the longer duration/higher peak intensity and shorter duration/ weaker 404 

peak intensity events (Table 3).  We find that there are 14 longer duration/weaker peak intensity and 14 405 

shorter duration/ higher peak intensity events out of the top 100 cases.  These types are approximately 3 406 

times more likely to occur than the longer duration/higher peak intensity and shorter duration/weaker peak 407 

intensity types.  Furthermore, the selected longer duration/weaker peak intensity events yield a larger 100 408 

mm rain shield area (Fig. 3) and 7 are associated with an area greater than 10,000 km2 compared to 1 event 409 

at this size for the shorter duration/higher peak intensity type.     410 

Fig. 7a shows the diurnal cycles of rainfall for the 14 longer duration/weaker peak intensity events 411 

(gray lines) listed in Table 3 along with the composite means (red line), while Fig. 7b shows their locations.  412 

While rainfall occurs prior to 00Z in some events, there is a clear preference for peak rainfall rates between 413 
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00Z to 03Z.  11 events (78%) occur over Burkina Faso and Mali and the remaining 3 events occur north of 414 

the Jos Plateau of Nigeria. 415 

Fig. 7c shows the diurnal cycle of rainfall for the 14 shorter duration/higher peak intensity cases.  416 

The time of peak rainfall intensity is more variable for this type, so the composite mean is relatively constant 417 

over the diurnal cycle.  Event locations (Fig. 7d) are evenly distributed longitudinally, with 6 cases east of 418 

2°E and 8 cases west of 2°E.  There is no clear association between the timing of peak rainfall intensity and 419 

the location for these events. 420 

In summary, this analysis confirms that the top 10 events are representative of the larger, top 100 421 

population.  That is to say the top 10 population does not consist of just one type of event.  Instead, it 422 

includes storms across a spectrum ranging from longer duration/weaker peak intensity to shorter 423 

duration/higher peak intensity events that are also shown to occur in the larger population (Fig. 7).  This 424 

gives us confidence that the results focused on the top 10 events are applicable not only to the individual 425 

storms being analyzed, but also to a more robust population of storms. 426 

  Figure 8 shows the trajectories of the convective cores for the 10 events prior to (green) and 427 

following (blue) the time of peak rainfall intensity.  As mentioned in section 3 the convective core is defined 428 

using a relatively high rainfall rate threshold (100 mm day-1). Rain shields of this magnitude vary in duration 429 

among the cases, so some trajectories in Fig. 8 have more points than other events.  For example, CASE03 430 

(Fig. 8c), CASE06 (Fig. 8f), and CASE09 (Fig. 8i) have relatively few tracking points and they tend to be 431 

spaced closer together indicating a shorter lived and slower moving convective core for these longer 432 

duration/ weaker peak intensity events.  For CASE01 (Fig. 8a), CASE04 (Fig. 8d), and CASE10 (Fig. 8j) 433 

there are more tracking points covering a larger area, indicating the strong convective core is longer lasting 434 

and, in most cases, faster moving for the shorter duration/ higher peak intensity events.  However, not all 435 

events conform to this characterization.  For example, CASE02 is a long duration/weak peak intensity type, 436 

but the convective core is relatively long lasting and covers a large area.  Likewise, CASE08 is a short 437 

duration/high peak intensity type, but the convective core is shorter lived as the storm is more limited in 438 

size compared to other top 10 events (Fig. 3). 439 
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Fig. 8 indicates that some storms change direction when the storm is in close proximity to the 440 

location of maximum rainfall rate (red circle).  Examples include CASE01 (southwesterly to a south-441 

southwesterly track shift), CASE05 (west-southwesterly to a southwesterly track shift), and CASE10 (west-442 

southwesterly to a south-southwesterly track shift).  The physical processes responsible for directional 443 

change could be influential in producing heavy rainfall totals for some events, for example, through a 444 

reorganization in the convection in response to environmental condition changes. Future work can explore 445 

this possibility and the implications for storm intensification. 446 

One way to understand how a storm reorganizes over time is to examine how the physical size of 447 

the storm and the size of the convective core change.  Fig. 9 shows the timing of the storm rain shield area 448 

development for each case.  Two areas are shown.  One, denoted by the black line, is the size of the rain 449 

shield defined by the 5 mm day-1 rainfall rate threshold for the MCS that passes directly over the maximum 450 

site location. This represents an estimate of the area of the entire MCS that includes the convective and 451 

stratiform components of the system.   The other area, indicated by the blue line, is an estimate of the intense 452 

convective core that passes over the maximum site location. It is defined by the 500 mm day-1 rainfall rate 453 

threshold.  Thus, if a passing MCS consists of multiple intense convective cores that are not continuous at 454 

the defined threshold level, only the core(s) that directly pass over the maximum site location are accounted 455 

for in the areal estimate.  The gray line denotes the time of peak rainfall rate at the storm’s most intense 456 

location. 457 

Fig. 9 indicates that events range in size from generally less than 200,000 km2 (CASE03, CASE08, 458 

and CASE09), to mid-size between 200,000 – 400,000 km2 (CASE01, CASE04, CASE05, and CASE10), 459 

to greater than 400,000 km2 (CASE02, CASE06, and CASE07).  No apparent relationship is found between 460 

the areal size of the MCS rain shield and the longer duration/weaker peak intensity events as two cases are 461 

relatively large in size (CASE02 and CASE06), and two events are small in size (CASE03 and CASE09).  462 

In contrast, 3 of the 4 shorter duration/higher peak intensity events are mid-sized (CASE01, CASE04, and 463 

CASE10), while the fourth case, CASE07, eventually exceeds 400,000 km2.   464 
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The convective cores range in size from less than 10,000 km2 for CASE01, CASE03, CASE08, 465 

CASE09, and CASE10, to over 20,000 km2 for CASE02, CASE04, CASE05, and CASE06.  When peak 466 

rainfall intensity occurs, there is a relative peak in the size of the convective core for most cases.  This 467 

indicates that the convective core grows in size around the time of peak intensity.  In most instances, when 468 

the intense convective core size is growing, the MCS temporarily contracts in size.  In some cases, such as 469 

CASE01 (Fig. 10a), CASE02 (Fig. 10b), and CASE06 (Fig. 10f), this happens multiple times over the 470 

storm’s lifespan, signifying a potential cycle of convective core growth and decay that is generally opposite 471 

that of the larger MCS system.  Furthermore, the most intense rainfall rate does not necessarily correspond 472 

to when the convective core size is largest.  It is unclear if this is a physical change in the storm development, 473 

or an artifact of the blending of different types of satellite data in IMERG (Rajagopal et al. 2021). 474 

  475 

4.3 Environmental conditions associated with the top 10 heavy rainfall events 476 

While a variety of environmental factors may be associated with extreme rainfall development, 477 

three conditions are identified here as being particularly important.  Each is discussed below. 478 

 479 

4.3.1 Moisture preconditioning of the atmosphere 480 

 Figure 10a shows ERA5 700 hPa geopotential height, 700 hPa wind, and precipitable water 481 

anomalies, while Fig. 10b shows the anomalous vertical wind shear for CASE01 for a representative time 482 

prior to the peak rainfall intensity.  A strong mid-level disturbance was positioned east of the maximum 483 

rainfall location along the Niger/Chad border prior to the rainfall maximum for this short duration/ high 484 

peak intensity event.  Anomalous cyclonic flow enhances atmospheric moisture loading over the central 485 

Sahel in support of the high rainfall totals over eastern Niger.  There is a concentrated core of anomalously 486 

high meridional vertical shear in the vicinity of the site exceeding 12 m s-1 associated with the flow around 487 

the disturbance.  South of 15°N there is a broad region of anomalously weak zonal shear associated with a 488 

weakening of the mid-level easterly flow. 489 
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CASE03 (Fig. 10c & d) and CASE06 (Fig. 10e & f) are also associated with strong moisture loading 490 

over much of the Sahel.  Both are long duration/weak peak intensity events.  Comparable to CASE01, the 491 

precipitable water values are 15 – 25 mm higher than average between 15°N - 22°N for CASE06 (Fig. 10e), 492 

and 5 – 10 mm higher for CASE03 (Fig 10c).  Both of these cases have strong disturbances in the southern 493 

AEW storm track that are associated with anomalous westerly/west-southwesterly flow.  The Sahel/tropical 494 

Africa dryline boundary is positioned north of 20°N for both cases, consistent with CASE01, indicative of 495 

a relatively deep layer of moisture across the Sahel for all three cases.  CASE03 (Fig. 10d) is associated 496 

with a strong negative anomaly in the vertical zonal wind shear, while CASE06 (Fig. 10f) is located at the 497 

boundary between anomalously strong meridional vertical shear to the west and anomalously weak zonal 498 

vertical shear to the east. 499 

Hovmöller plots of the 700 hPa relative vorticity and precipitable water anomalies averaged 500 

between 10°N - 15°N for the 3 cases are shown in Fig. 11.  The circles in each panel denote the longitudinal 501 

position and time of the peak rainfall intensity at the maximum rainfall site.  Propagation speeds estimated 502 

from the 700 hPa relative vorticity plots for relevant disturbances are noted.  503 

CASE01 (Fig. 11a) is associated with a relatively slow-moving disturbance (5.5 m s-1) that is 504 

trailing a faster moving disturbance (9.5 m s-1).  While the anomalous precipitable water (Fig. 11b) is 505 

primarily high in the 10-day window shown, the first disturbance is influential in further enhancing the 506 

atmospheric moisture.  CASE03 (Fig. 11c) occurs in a particularly active period with multiple disturbances 507 

propagating across the Sahel.  Like CASE01, the environment for CASE03 is anomalously moist west of 508 

10°E over the 10-day period shown (Fig. 11d).  The disturbance most closely associated with the event 509 

originates around 15°E and propagates at a speed of 7.4 m s-1 to about 4°W, then it slows to 4.6 m s-1.  The 510 

peak intensity of rainfall coincides with this slowdown.  CASE06 (Fig. 11e) is associated with two relatively 511 

strong disturbances with the first moving faster than the second, helping to further enhance the atmospheric 512 

moisture over West Africa prior to the second system (Fig. 11f).  The event is closely associated with the 513 

second disturbance which is relatively slow moving (5.5 m s-1). 514 
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Overall, the three events are associated with an unusually large build-up in the atmospheric 515 

moisture content over the Sahel over the days prior to the event.  Accompanying this moisture build-up is 516 

a poleward retreat north of 20°N of the Sahel/tropical Africa dryline boundary.  This moisture-laden 517 

environment is conducive for heavy rainfall, which occurs when approaching disturbances along the 518 

southern AEW storm track move over the region.   519 

 520 

4.3.2 Interaction of the storm in the wake of a region of anticyclonic flow 521 

Fig. 12 shows ERA5 700 hPa geopotential height, wind, precipitable water, and vertical wind shear 522 

anomalies for select times of the CASE02 (Fig. 12a & b), CASE07 (Fig. 12c & d), and CASE10 (Fig. 12e 523 

& f) events.  CASE02 (Fig. 12a) and CASE07 (Fig. 12c) are associated with strong disturbances in the 524 

southern AEW storm track.  Flow is anticyclonic ahead of the approaching disturbance, associated with 525 

anomalously drier conditions over Senegal, Guinea, southwestern Mali, Sierra Leone, Liberia, and Côte 526 

d’Ivoire.  Vertical wind shear is enhanced for both cases (Figs. 12b & d) with anomalies greater than 10 m 527 

s-1 ahead of the disturbance.  The Sahel/tropical Africa dryline boundary is located around 19°N, well north 528 

to directly influence conditions over the maximum site.  Over time, precipitable water increases in the site 529 

region as there is a build-up of low-level moisture wrapping around the approaching disturbance. 530 

  CASE10 (Fig. 12e) is associated with two mid-level disturbances near southwestern Mali.  The 531 

first is centered at 4°W and 11°N.  It lies in the southern African wave storm track, with cyclonic flow that 532 

enhances the atmospheric moisture transport over southern and western Burkina Faso.  The second 533 

disturbance is stronger and located west of the first disturbance at 6°W and 20°N in the northern African 534 

wave storm track.  Cyclonic flow associated with the lead disturbance promotes increased equatorward 535 

flow of dry western Sahel air ahead of the trailing disturbance, shifting the dryline frontal boundary 536 

southward closer to 17°N, while enhancing the vertical zonal wind shear westward to the coast by up to 10 537 

m s-1 (Fig. 12f).  Combined, these two disturbances enhance the low to mid-level convergence over 538 

southwestern Mali.   539 
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  Figure 13 shows Hovmöller plots of the 700 hPa relative vorticity and precipitable water 540 

anomalies for CASE02 (Figs. 13a & b), CASE07 (Figs. 13c & d), and CASE10 (Figs. 13e & f).  CASE02 541 

(Fig. 13a) is associated with a disturbance that slows over western West Africa, followed by a stronger 542 

disturbance propagating at 9 m s-1 a couple of days later.  The anticyclonic flow is relatively dry (Fig. 13b) 543 

until the second system approaches and wrap around moisture builds over the region.  CASE07 (Fig. 13c) 544 

is associated with a fairly strong disturbance propagating westward into an anomalously dry environment 545 

(Fig. 13d).  CASE10 (Fig. 13e) is associated with a weak disturbance that originates on 17 July 2004 around 546 

15°E, and propagates at 9.8 m s-1.  Around the time of maximum rainfall intensity, the propagation speed 547 

slows to 3.7 m s-1.  This slowdown occurs when the system encounters drier (Fig. 13f) anticyclonic flow 548 

over far western West Africa.  It is not until the stronger, second disturbance reaches the area that the storm 549 

sheds the West African coast into the eastern North Atlantic. 550 

These cases indicate the importance of the interaction of anticyclonic ridging along the West 551 

African Coast with an approaching disturbance from the east to help build-up the atmospheric moisture 552 

over the maximum site location.  Persistent coastal anticyclonic ridging can also help slow down the 553 

propagating disturbances as they move west of 7°W, as was the case for CASE02 (Fig. 13a) and CASE10 554 

(Fig. 13e).  Finally, this scenario is found equally likely to be associated with short duration/ high peak 555 

intensity (CASE10) and long duration/weaker peak intensity (CASE02) events.   556 

 557 

4.3.3 Interaction of the storm in the wake of a region of anticyclonic flow and the Sahel/tropical Africa 558 

dryline boundary 559 

Fig. 14 shows ERA5 700 hPa geopotential height, wind, precipitable water, and vertical wind shear 560 

anomalies for select times of the CASE04 (Fig. 14a & b), CASE05 (Fig. 14c & d), CASE08 (Fig. 14e & f), 561 

and CASE09 (Fig. 14g & h) events.  CASE04 and CASE08 are short duration/ high peak intensity events, 562 

while CASE09 is a long duration/ weaker peak intensity event, and CASE05 is neither.   563 

 CASE04 (Fig. 14a) occurs over north-central Nigeria with a disturbance to the east near 15°N and 564 

20°E.  The environment is anomalously wet in the vicinity and upstream of the disturbance, with 565 
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precipitable water anomalies 5 – 10 mm greater than normal.  Vertical wind shear (Fig. 14b) is only 566 

modestly stronger, generally less than 3 m s-1, and confined to a narrow region along the Niger/Nigeria 567 

border.  Unlike prior scenarios, the Sahel/tropical Africa dryline boundary is now in close proximity to the 568 

maximum site and is more directly influential.   Mid-level flow is anticyclonic over Niger and relatively 569 

drier Sahelian air extends equatorward into southern Niger north of the dryline, setting up a scenario with 570 

enhanced low-level convergence south of the dryline frontal boundary over northern Nigeria.  The 571 

importance of the dryline for the development of convection in this region is consistent with results from 572 

other studies (Vizy and Cook 2018, 2019a). 573 

 CASE05 (Fig. 14c) is associated with a strong disturbance moving westward along the southern 574 

AEW storm track.  Ahead of this disturbance, the environment is much drier than normal due in part to 575 

anticyclonic ridging along the West African Coast, as well as the southward entrainment of dry Saharan air 576 

by the northerly low- to mid-level flow ahead of the disturbance, the latter of which is associated with the 577 

southward shift of the dryline boundary closer to the maximum site.  Vertical wind shear (Fig. 14d) is 9 - 578 

15 m s-1 stronger over and ahead of the maximum site location. 579 

 CASE08 (Fig. 14e) also occurs over north-central Nigeria, and is associated with an approaching 580 

disturbance from the east that is not particularly strong.  The environment is anomalously wet by 5 – 10 581 

mm in the vicinity and upstream, while the vertical wind shear (Fig. 14f) is only modestly stronger along 582 

the Niger/Nigeria border.  The dryline boundary is within 1° of latitude of the maximum site.   583 

  CASE09 (Fig. 14g) is similar to CASE05, as it is associated with a westward moving disturbance 584 

with anomalous northwesterly flow ahead of the disturbance that entrains drier air southward in close 585 

proximity to the maximum site.  Vertical wind shear (Fig. 14h) is anomalously stronger ahead of the 586 

disturbance by 6 – 15 m s-1.  587 

Fig. 15 shows hovmöller plots of the 700 hPa relative vorticity and precipitable water anomalies 588 

averaged between 10°N - 15°N for the cases.  CASE04 (Fig. 15a) is associated with two disturbances, with 589 

the first one propagating faster than the second one.  The maximum rainfall site occurs west of the second 590 

disturbance when the anticyclonic flow is transitioning to cyclonic flow and the atmospheric moisture 591 
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content begins to increase (Fig. 15b).  CASE05 (Fig. 15c) is associated with a fairly strong disturbance 592 

propagating westward at 8.3 m s-1 into an anomalously dry environment, with strong anticyclonic flow and 593 

drier atmospheric conditions (Fig. 15d) preceding it.  CASE08 (Fig. 15e) is associated with a disturbance 594 

propagating at 7.1 m s-1.  While the peak rainfall intensity occurs when the circulation is only starting to 595 

become cyclonic, the environment is relatively moist even when the flow is slightly anticyclonic between 596 

18 – 21 July 2001 (Fig. 15f).  The CASE09 disturbance (Fig. 15g) is slower moving (6.2 m s-1) and shorter 597 

lived compared to the other three events.  This disturbance is associated with an anomalous build-up of 598 

atmospheric moisture following an anomalously dry period (Fig. 15h), consistent with the other events. 599 

Overall, these extreme events vary from the previous scenario in that the Sahel/tropical Africa 600 

dryline is now influential.  The dryline enhances the atmospheric environment making it more likely for 601 

convection to organize and develop into a MCS in the vicinity of the maximum sites.  602 

 603 

5. Summary and Conclusions 604 

Extreme rainfall events associated with organized convective activity over the West African 605 

Sahel/Soudan often resulting in flooding and adverse consequences for the population.  A better 606 

understanding of the types of storms that deliver these high rainfall amounts, including the environmental 607 

conditions in which they form, is needed to improve short-term and climate-scale prediction. 100 storms 608 

that delivered the highest 24-hour rainfall totals during the 2000-2019 period over the West African 609 

Sahel/Soudan (8.05°W – 12.95°E; 12.05°N – 17.95°N) are examined using NASA satellite-derived rainfall 610 

estimates of IMERG and the ERA5 atmospheric reanalysis data. The preferred locations for these extreme 611 

events are identified, along with the regions in which the disturbances originate.  We examine the 612 

mechanisms of storm intensification, including the importance of environmental conditions such as 613 

moisture preconditioning and vertical wind shear.  We focus on heavy rainfall events on sub-diurnal times 614 

scales; multiple-day heavy rainfall events are not considered in this study.  615 

 616 

 617 
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5.1 Summary of top 100 analysis 618 

 Examination of the distribution curve of the top 100 maximum 24-h rainfall totals in IMERG (Fig. 619 

2a) indicates that the wettest event having a maximum of 291 mm, with totals decreasing exponentially, 620 

meaning that a top 100 event is 7.5 times more likely to be less than 200 mm rather than greater than 200 621 

mm.  Seasonally, 83 of the top 100 events occur in July and August coinciding with the peak wet season 622 

with no top 100 events during November – March (Fig. 2b).   623 

The 100 selected extreme events are unevenly distributed over the West African Sahel. They are 624 

infrequent over the northern Sahel and more common south of 14°N over the Soudan (Fig. 1a).  Three 625 

regions where events cluster are identified, and each is tied to topography.  They are near the Jos Plateau 626 

of Nigeria (17 events), the North Mossi Plateau of Burkina Faso (10 events), and the Mandingue Plateau of 627 

Mali (24 events).  While the elevation changes associated with these features are only around 200 – 400 m, 628 

smaller than other orographic features of northern Africa, it is enough and focus the low-level wind 629 

convergence and promote some uplift to more consistently result in heavier rainfall events in their 630 

proximity. 631 

Most of the MCSs associated with the top 100 events originate between 10°N - 20°N (94 events) 632 

with a wide spread in the distance between the genesis and the maximum rainfall location.  25 events form 633 

within 100 km of the location of the rainfall maximum, 44 form 100 – 1000 km away, and 31 form more 634 

than 1000 km away.   In contrast to the location of maximum rainfall, the generation of less than half of the 635 

100 events are associated with elevated terrain (Fig. 1b).  The most active storm genesis area extends 636 

eastward along the Niger/Nigeria border from 5°E to east of Lake Chad.  A variety of factors could explain 637 

why genesis is frequent here.  For one, the area is a depression that gradually increases in slope westward 638 

from Lake Chad that promotes low-level upslope flow that can be important for forming low-level 639 

convergence boundaries that support the development and organization of convection.  Longitudinally the 640 

region lies near 10°E, which is where the influence of low-level summer inflow of moisture from the Gulf 641 

of Guinea becomes more influential due to the shape of the continent, so there is a healthy moisture supply 642 

here.  Latitudinally, the area lies in close proximity of where the AEW southern storm track is typically 643 
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positioned meaning there are frequent atmospheric disturbances that traverse the region.  The area is also 644 

just downstream of Lake Chad, which could also be influential as a moisture source and/or generating low-645 

level convergence boundaries to help important for the development and organization of convection.  Future 646 

work beyond this study is needed to better understand the relative roles of these above-mentioned factors.   647 

Size of the 24-h rainfall totals exceeding 100 mm for most of the top 100 events is localized with 648 

areal coverage around 4,000 km2 or less (Fig. 3).  For the 12 events large in size (> 20,000 km2), half fall 649 

in the top 10 in terms of maximum 24-h total rainfall (Table 1), indicating that the top 10 events are more 650 

likely to be more impactful in terms of flooding potential at larger spatial scales.  This is confirmed by 651 

cross-referencing with available FEWSNET reports, CRED EM-DAT disaster reports, OCHA Reliefweb, 652 

DREF bulletin reports, and any available extreme rainfall studies, as 9 of the top 10 events are associated 653 

with impactful flooding events (Table 2). 654 

Composites formed from the top 100 events are used to better understand the atmospheric 655 

environmental conditions associated with these extreme cases. They are associated with a significant and 656 

widespread increase in precipitable water over the entire Sahel prior to the event (Fig. 4b).  There is no 657 

evidence of a consistent or large change in the 600– 925 hPa vertical wind shear (Fig. 4d) in association 658 

with this region’s extreme rainfall events.  This is consistent with Olaniyan et al. (2021), who also finds 659 

that vertical wind shear has a much weaker impact on higher precipitation totals than moisture availability 660 

for extreme rainfall events over Nigeria.   In contrast, Taylor et al. (2017) and Klein et al. (2021) find that 661 

stronger wind shear is associated with more intense MCSs over West Africa.  However, this difference can 662 

be understood when considering the methodology differences between the studies.  In our study, we use 663 

24-h total accumulated IMERG rainfall estimates to identify the top 100 extreme rainfall events selected 664 

for analysis. However, Taylor et al. (2017) and Klein et al. (2021) use Meteosat satellite cloud top 665 

temperature data to quantify the development of the MCSs, as cloud-top temperatures are commonly used 666 

to estimate updraft velocities/convective intensity of the systems (Cecil et al. 2005; Zipser et al. 2006).  667 

While this method identifies extreme weather systems with strong convective updrafts that extend to high 668 

altitudes, it does not necessarily translate into extreme rainfall rates at the surface, as the heaviest rainfall 669 
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events are mostly found to be associated with less intense convection as excess low-level moisture leads to 670 

a higher efficiency in the growth of precipitation-sized hydrometeors (Hamada et al. 2015). 671 

 672 

5.2 Summary of top 10 analysis 673 

The top 10 events are individually examined to evaluate storm development for the most extreme 674 

events.  Analysis indicates that these events are found to be associated with one of the following three 675 

atmospheric conditions:   676 

• #1: Moisture preconditioning of the atmosphere: (CASE01, CASE03, CASE06):  For CASE03 the 677 

enhanced moisture is associated with the passage of a preceding disturbance a day earlier that increases 678 

the atmospheric moisture west of 8°E starting on 24 August 2007 (Fig. 11d).  For CASE01 (Fig. 11b) 679 

and CASE06 (Fig. 11f) conditions are anomalously wet across the entire Sahel/Soudan for the entire 680 

10-day analysis window.  For these two cases the MJO may be influential.  Inspection of the Daily 681 

Multivariate MJO Index provided by the Australian Government Bureau of Meteorology (Australian 682 

Bureau of Meteorology 2021) indicates that these two events are associated with a relatively strong 683 

MJO wet phase over tropical northern Africa.  Past studies have indicated that boreal summer 684 

convective activity over West Africa and the Sahel increases during these phases as the associated 685 

circulation patterns enhance moisture loading over the West Africa Sahel and destabilize the 686 

environment (Matthews 2004; Janicot et al. 2009; Alaka Jr and Maloney 2012, 2014; Schlueter et al. 687 

2019a,b). 688 

•  #2: Interaction of the storm in the wake of a region of anticyclonic flow (CASE02, CASE07, 689 

CASE10):   A westward moving disturbance draws moisture into the system from the south and west 690 

even as the system moves into an anomalously dry large-scale environment dominated by anticyclonic 691 

flow.  In two cases (CASE02 and CASE10; Figs. 13a and 13e), the systems slow as they approach 692 

anticyclonic ridging along the coast.  This slow-down is consistent with a deceleration and/or temporary 693 

stalling of the wave disturbances observed over West Africa (Cornforth et al. 2017; Engel et al. 2017).  694 

The relatively close proximity of the coast also could be a factor (Reed et al. 1977; Thorncroft and 695 
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Hodges 2001; Berry and Thorncroft 2005; Berry et al. 2007; Hamilton et al. 2017).  Here, coastal 696 

ridging remains persistent and slow to break down (Figs. 13a and 13e) contributing to the deceleration 697 

of the disturbance as it approaches from the east.  More work is needed to better understand the extent 698 

to which ridging varies and how this impacts the propagation of approaching disturbance. 699 

• #3: Interaction of the storm in the wake of a region of anticyclonic flow and the Sahel/tropical Africa 700 

dryline boundary (CASE04, CASE05, CASE08, CASE09):  This scenario is a variant of pattern #2 701 

that involves interactions with the dryline.  Approaching disturbances draw tropical moisture northward 702 

into a developing system, while anticyclonic northerly/northwesterly flow ahead of the system 703 

displaces the Sahel/tropical Africa dryline boundary equatorward and enhances the southward 704 

infiltration of drier Sahelian air into the region.  This circulation pattern results in an area of enhanced 705 

low-level convergence and an unstable environment ahead of the approaching disturbance in the area 706 

where the heavy rainfall is observed to occur.  Past studies (Vizy and Cook 2018, 2019a) have shown 707 

that the Sahel/tropical Africa dryline can be a key environmental factor for the development of strong 708 

convection over the Sahel. 709 

 710 

5.3 Conclusions 711 

This study identifies anomalously high atmospheric moisture content as an important 712 

environmental condition for the development of extreme rainfall events over the West African Sahel and 713 

Soudan.  Unlike some previous studies we do not find that large-scale vertical wind shear, for example, in 714 

association with the African easterly jet, plays an essential role.  Of the top 100 events analyzed, only a 715 

little over half form in an anomalously strong vertical wind shear environment. While 8 of the top 10 events 716 

are associated with anomalously high vertical wind shear, the shear is localized and cause-and-effect is not 717 

discernible (Figs. 10, 12, and 14).  A composite of the top 100 24-hr rain-producing events population does 718 

not show an association with vertical shear prior to the event (Fig. 4), so vertical wind shear is not a good 719 

predictor of an extreme rainfall event over the West African Sahel.   720 
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On climate change (decadal) time scales, these results suggest that increases in atmospheric 721 

moisture associated with surface warming, e.g., through the Clausius-Clapeyron relation, provide a 722 

mechanism for storm intensification.  The large-scale vertical shear environment over the Sahel is observed 723 

to be changing - the mid-tropospheric African easterly jet is intensifying as large-scale meridional 724 

temperature gradients increase in association with amplified warming over the Sahara (Cook and Vizy 725 

2015; Vizy and Cook 2017).  The current results indicate that this intensification in the jet will not serve as 726 

a mechanism for storm intensification. However, additional research is needed to confirm this result and 727 

understand how localized shear impacts storm development. 728 
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Table 1. Listing of the top 100 rainfall events identified for the Sahel analysis region. 1054 
 1055 

    Total Max. Peak  Δ Vert. Wind 
CASE 

ID Date 
Lon. 
(°E) 

Lat. 
(°N) 

rainfall 
(mm) 

Intensity   
(mm/h) 

Duration 
(h) 

Shear 
Strength 

1 20-21 AUG 2019 9.85 16.15 291.2 77.40 8.0 stronger 

2 07-08 AUG 2012 -6.35 12.55 280.8 52.67 19.5 stronger 

3 26-27 AUG 2007 -2.25 12.15 262.8 33.82 16.5 weaker 

4 06-07 AUG 2001 8.35 12.25 254.3 70.28 10.5 stronger 

5 04-05 AUG 2007 -2.55 13.55 242.7 57.99 11.0 stronger 

6 23-24 AUG 2019 -6.75 13.65 225.1 30.42 15.5 stronger 

7 01-02 SEP 2009 -7.85 13.15 225.0 91.77 12.0 stronger 

8 19-20 JUL 2001 9.05 12.45 207.8 80.97 9.5 stronger 

9 14-15 JUL 2007 -5.65 13.25 203.1 47.48 15.5 weaker 

10 19-20 JUL 2004 -7.75 12.55 197.7 67.61 8.5 stronger 

11 03-04 SEP 2010 -7.95 13.65 197.2 57.45 9.5 weaker 

12 12-13 AUG 2005 11.35 12.65 192.7 69.01 7.0 weaker 

13 28-29 AUG 2007 8.85 15.15 191.0 76.70 7.5 weaker 

14 26-27 AUG 2005 -7.25 13.55 188.2 77.43 13.0 stronger 

15 22-23 AUG 2006 -4.15 13.45 188.1 55.57 16.5 weaker 

16 12-13 JUL 2003 -7.55 13.25 187.9 66.66 6.5 stronger 

17 05-06 AUG 2005 11.35 13.65 187.0 60.31 7.5 weaker 

18 10-11 AUG 2006 6.25 12.65 185.4 70.99 11.0 stronger 

19 14-15 AUG 2008 9.55 12.05 184.9 71.22 8.5 stronger 

20 06-07 AUG 2004 -3.15 15.65 182.6 53.88 10.5 stronger 

21 03-04 AUG 2006 -0.15 13.75 182.0 68.96 11.0 stronger 

22 05-06 OCT 2002 -6.85 13.25 180.4 71.61 13.0 stronger 

23 24-25 JUL 2003 -7.95 12.75 178.5 59.38 9.5 weaker 

24 08-09 AUG 2001 5.85 16.95 177.2 58.83 4.5 weaker 

25 27-28 JUL 2000 8.45 12.85 175.8 51.55 9.0 stronger 

26 12-13 AUG 2001 7.65 12.35 173.9 68.26 8.5 stronger 

27 20-21 AUG 2013 3.15 13.35 173.6 69.95 9.5 stronger 

28 06-07 AUG 2003 -5.15 15.15 172.3 46.79 12.5 stronger 

29 13-14 JUL 2006 -7.05 13.15 172.2 39.76 8.5 weaker 

30 02-03 AUG 2005 -7.75 12.05 169.8 60.76 7.5 stronger 

31 31 AUG - 01 SEP 2009 -1.45 12.65 169.2 59.88 9.5 weaker 

32 14-15 AUG 2003 -7.35 12.55 167.8 70.64 12.0 stronger 

33 18-19 AUG 2011 -6.55 14.05 167.5 37.13 8.5 weaker 

34 07-08 AUG 2004 7.65 12.35 166.8 52.20 10.0 stronger 

35 23-24 AUG 2003 -7.55 12.25 165.3 50.86 13.5 stronger 

36 05-06 AUG 2019 -7.35 14.25 165.2 51.78 12.0 weaker 

37 19-20 OCT 2008 -7.65 12.45 164.7 57.18 7.5 weaker 

38 13-14 AUG 2012 9.65 12.05 163.8 59.15 9.5 stronger 
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39 02-03 AUG 2001 9.95 12.05 163.6 54.51 9.5 stronger 

40 19-20 JUL 2000 6.75 12.25 162.9 50.37 11.0 weaker 

41 11-12 AUG 2001 9.45 12.15 162.5 50.32 6.5 stronger 

42 08-09 JUL 2001 8.45 12.55 162.1 60.75 6.0 weaker 

43 19-20 JUL 2010 -7.55 12.95 162.0 40.89 13.5 stronger 

44 24-25 AUG 2005 11.65 12.35 162.0 50.20 10.0 stronger 

45 18-19 SEP 2010 -8.05 12.85 161.7 55.73 14.0 weaker 

46 04-05 AUG 2011 -7.85 14.45 161.5 60.51 8.0 stronger 

47 10-11 OCT 2008 -7.85 12.15 161.3 74.00 5.0 weaker 

48 31 JUL - 01 AUG 2019 -3.85 12.15 161.0 51.90 11.0 weaker 

49 16-17 JUL 2017 6.05 12.05 160.9 52.86 13.5 weaker 

50 24-25 AUG 2011 -5.15 12.05 160.1 44.21 12.0 stronger 

51 19-20 AUG 2000 7.55 12.45 159.9 49.36 10.0 stronger 

52 22-23 AUG 2004 -0.95 12.15 159.5 41.49 10.5 weaker 

53 22-23 AUG 2007 7.65 12.75 158.8 48.53 11.5 weaker 

54 14-15 AUG 2010 -6.95 13.55 158.6 50.82 9.5 stronger 

55 18-19 JUN 2005 8.45 12.15 158.1 43.34 14.0 weaker 

56 15-16 AUG 2000 6.45 12.55 157.7 50.60 11.0 stronger 

57 07-08 SEP 2008 -5.15 15.25 157.6 42.75 8.5 stronger 

58 16-17 SEP 2010 -2.65 12.35 157.3 71.07 9.5 weaker 

59 25-26 AUG 2006 -8.05 14.65 157.3 72.45 9.0 weaker 

60 20-21 JUL 2004 -7.55 14.15 156.8 59.34 6.5 weaker 

61 30-31 JUL 2007 5.55 12.55 156.4 66.85 6.5 weaker 

62 17-18 AUG 2001 6.95 12.95 156.3 66.46 11.5 stronger 

63 23-24 AUG 2012 -6.75 12.25 155.7 31.69 9.0 stronger 

64 18-19 JUL 2008 0.35 12.25 155.4 39.72 17.5 stronger 

65 31 JUL-01 AUG 2014 9.95 12.05 155.0 38.99 16.0 stronger 

66 23-24 JUL 2000 5.15 12.65 154.8 88.77 4.5 weaker 

67 04-05 AUG 2015 -2.25 13.45 154.0 59.58 10.0 weaker 

68 02-03 AUG 2003 4.55 12.85 153.6 79.75 8.5 weaker 

69 12-13 AUG 2007 3.45 12.05 152.8 69.51 7.0 stronger 

70 24-25 AUG 2008 0.95 12.25 152.5 46.06 11.5 weaker 

71 26-27 AUG 2004 -4.65 15.05 152.1 58.91 12.0 weaker 

72 17-18 AUG 2007 7.15 12.45 151.5 59.53 6.0 weaker 

73 25-26 JUL 2003 7.95 12.35 151.5 56.51 7.5 weaker 

74 20-21 AUG 2007 -1.55 12.55 151.4 85.78 8.5 stronger 

75 27-28 SEP 2006 -1.75 13.25 151.1 67.99 7.0 stronger 

76 28-29 JUN 2001 6.35 12.05 151.1 49.33 8.0 weaker 

77 17-18 JUL 2003 9.45 12.45 151.1 51.78 10.0 weaker 

78 28-29 AUG 2013 2.95 12.15 149.7 59.22 8.0 stronger 

79 22-23 AUG 2012 -7.75 12.35 149.1 75.72 7.5 weaker 

80 22-23 AUG 2003 6.95 13.35 148.9 71.72 9.0 stronger 

81 20-21 AUG 2004 -7.95 14.45 148.6 69.73 8.0 stronger 
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82 27-28 JUL 2003 11.65 12.75 148.0 42.85 8.5 weaker 

83 30 SEP -01 OCT 2003 -7.85 12.35 147.7 71.24 5.5 stronger 

84 08-09 AUG 2016 -1.35 12.75 147.6 34.62 13.5 weaker 

85 05-06 AUG 2007 -4.45 13.85 147.1 61.39 14.5 stronger 

86 31 MAY - 01 JUN 2010 -5.85 12.35 146.8 74.64 9.0 stronger 

87 08-09 AUG 2019 -0.55 12.85 146.6 42.99 9.0 stronger 

88 06-07 JUN 2005 10.35 13.85 146.5 47.85 10.5 weaker 

89 01-02 AUG 2007 8.25 15.95 146.5 43.98 7.5 weaker 

90 01-02 SEP 2007 5.05 16.25 146.4 64.52 5.0 stronger 

91 18-19 SEP 2006 -2.75 15.85 146.0 36.85 10.5 stronger 

92 08-09 OCT 2008 -7.85 12.95 145.9 76.41 4.5 stronger 

93 04-05 JUL 2000 5.45 16.35 145.4 45.79 6.5 weaker 

94 05-06 JUL 2001 -7.55 12.95 145.2 46.90 12.5 weaker 

95 02-03 JUL 2004 12.55 13.85 144.7 54.87 6.5 weaker 

96 23-24 AUG 2011 -7.35 12.85 143.6 61.21 5.0 weaker 

97 06-07 AUG 2011 -6.55 15.65 141.4 63.31 9.0 stronger 

98 06-07 JUL 2005 -3.95 15.05 140.5 42.26 9.5 stronger 

99 28-29 AUG 2011 -7.95 15.65 139.8 65.46 5.5 weaker 

100 02-03 JUL 2017 9.85 15.15 138.7 29.23 12.0 stronger 

   Mean 168.4 57.8 9.8  

   St. Dev 28.8 13.5 3.1  
 1056 
  1057 
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Table 2. Confirmation of high rainfall event impacts from other sources 1058 

Event Date Source & Relevant Event Information 
1 20-21 AUG 2019 FEWSNET – Abundant rains during the weeks have resulted in flooding in 

western Niger and central Mali. 

CRED EM-DAT Disaster # 2019-0394 – 20 Aug – 25 Aug 2019 excessive 

rainfall associated with the same system caused flooding in northern Nigeria 

resulting in 12 deaths and 52,500 people affected 

OCHA Reliefweb – Heavy flooding in during the last weeks of August has 

affected 211,000 people and left 57 dead in central Niger. 

2 07-08 AUG 2012 FEWSNET – a northerly position of the intertropical front is associated with 

above average rainfall across Mali and Niger this week.  

OCHA Reliefweb – Heavy August rains responsible for flooding in the southern 

regions of Mali affecting over 9,000 people 

3 26-27 AUG 2007 FEWSNET – excessively heavy rainfall resulted in flooding that inundated crops. 

CRED EM-DAT Disaster # 2007-0305 – 26 Jul – 10 Oct 2007 excessive rainfall 

caused flooding in Burkina Faso resulting in 52 deaths and 121,043 people 

affected 

DREF Bulletin MDRBF004 – Heavy rains in Burkina Faso since beginning of 

August 2007 have led to flooding, marooned villages, and extensive damage to 

houses and infrastructure. 

4 06-07 AUG 2001 Adeoye et al. (2009): Jigawa flood and windstorm resulted in 6 deaths and 

450,150 people displaced, while the Kano flood and wind storm resulted in 27 

deaths and 20,445 people displaced. 

CRED EM-DAT Disaster # 2001-0494 – Event help contribute to flash flooding 

event in northern Nigeria at the end of the month that resulted in a broken 

dam/burst bank resulting in 200 deaths and 84,065 people affected. 

5 04-05 AUG 2007 FEWSNET – Excessive rainfall across Burkina Faso, Ivory Coast, and Ghana.  

Helped to increase Lake Volta lake levels. 

CRED EM-DAT Disaster # 2007-0305 – Event contributed to long term flooding 

in Burkina Faso that was reported in the region from 26 Jul – 10 Oct 2007 that 

resulted in 52 deaths and 121,043 people affected. 

CRED EM-DAT Disaster # 2007-0389 – Event partially indirectly contributed to 

long term flooding in Niger from 26 Jul – 10 Oct 2007 that resulted in 7 deaths 

and 57,274 people affected. 

6 23-24 AUG 2019 FEWSNET – abundant rains over the past week have resulted in flooding in 

western Niger and central Mali. 

CRED EM-DAT Disaster # 2019-0420 – Flooding from 24 Aug – 12 Sep 2019 

affected 6,474 people in Mali. 

7 01-02 SEP 2009 CRED EM-DAT Disaster # 2009-0523 – Partially contributed to the May – Sep 

2009 flooding of region that resulted in 25 deaths and 20,406 people affected in 

Mali. 

8 19-20 JUL 2001 Adeoye et al. (2009): Zamfara flood resulted in buildings and farmland 

destroyed, 1 death, and 12,398 people affected, while the Sokoto flood and 

windstorm resulted in houses and farmland destroyed with 0 deaths, but 16,000 

people affected. 

CRED EM-DAT Disaster # 2001-0408 – Event contributed to the July 2001 

flooding event in northern Nigeria that affected 3,852 people. 

9 14-15 JUL 2007 FEWSNET – Heavy rains in July have increased surface moisture over Wetern 

Burkina Faso and Mali. 

CRED EM-DAT Disaster # 2007-0275 – Event contributed to flooding during 

late July over Mali resulting in 9 deaths and 47,255 people affected. 

10 19-20 JUL 2004 FEWSNET – Marked increase in rainfall over Mali and Burkina Faso at this 

time. 

  1059 
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Table 3. Listing of the 4 different types of heavy rainfall events where the duration and peak 1060 

intensity falls outside of ± 0.5 standard deviation of the top 100 event mean 1061 

 1062 

Longer duration/ 
weaker peak 

intensity 

Longer duration/ 
higher peak  

intensity 

Shorter duration/ 
weaker peak 

intensity 

Shorter duration/ 
higher peak  

intensity 

14 events  
(3, 6, 9, 28, 35, 43, 

50, 53, 55, 64, 65, 70, 
84, 94) 

 

5 events 
(7, 14, 22, 32, 62) 

4 events 
(41, 76, 89, 93) 

14 events  
(1, 12, 13, 16, 47, 61, 
66, 69, 75, 79, 81, 83, 

92, 99) 
 

  1063 
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Figure Captions 1064 

Figure 1. Top 100 event (a) locations of rainfall delivery within the analysis region (circles) and (b) the 1065 

storm genesis locations (crosses).  Color coding in (a) indicates the total rainfall amount, and in (b) the 1066 

storm genesis locations associated with the Mali (blue), Burkina Faso (red), and northern Nigeria (purple) 1067 

clusters.  Shading in both panels denotes the topography in meters. 1068 

 1069 

Figure 2. (a) 24-h maximum total rainfall (mm) for the top 100 events shown in Fig. 1, as well as their (b)  1070 

seasonal distribution (blue bars) and the IMERG climatological monthly precipitation (red line; mm day-1) 1071 

area-averaged over the analysis region box shown in Fig. 1. 1072 

 1073 

 1074 

Figure 3.  Spatial area of the total 12Z-12Z daily rainfall (× 103 km2) for the top 100 events starting at 100 1075 

mm threshold for the events listed in Table 1.  1076 

 1077 

Figure 4. (a) Climatological 12Z precipitable water (PWAT; shaded; mm) and 925 hPa horizontal winds 1078 

(vectors; m s-1), and their (b) 12Z composite anomalies for the top 100 events. (c) Climatological 12Z 600 1079 

hPa – 925 hPa horizontal wind difference (vectors; m s-1) and magnitude (shaded; m s-1) and their (d) 12Z 1080 

composite anomalies.  Stippling and bold vectors in (b) and (d) indicate values significant at the 95% level 1081 

of confidence.  Box indicates the defined West African Sahel region.   1082 

 1083 

Figure 5.  Top 10 events, and the corresponding 24-h rainfall totals (mm).  Red circle denotes location of 1084 

maximum 24-h rainfall for each event. 1085 

 1086 

Figure 6.  Diurnal cycle of precipitation (mm hr-1) of the top 10 events.  Total 24 h rainfall amount and 1087 

duration for each event based on the 10 mm/day rainfall threshold is provided.  Gray line denotes the time 1088 

of maximum rainfall intensity at the maximum 24-h total rainfall location. 1089 
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 1090 

Figure 7.  (a) Diurnal cycle of rainfall (mm h-1) of the identified longer duration/weaker peak intensity cases 1091 

(14 events) and their composite mean (red).  (b) Location of the maximum 24-hr rainfall total for each of 1092 

the 14 events.  (c) and (d) are the same as (a) and (b) respectively, but for the identified shorter duration/ 1093 

higher peak intensity cases (14 events).  1094 

 1095 

Figure 8.  Tracking of the MCS convective core defined by the 100 mm/day rain shield that traverses the 1096 

site of maximum 24-h rainfall (red circle) for each event.  Green (blue) marks denote location of the 1097 

convective core for times prior (after) the peak intensity as defined by the gray lines in Fig. 6.  The estimated 1098 

distance (km) is provided. 1099 

 1100 

Figure 9.  Storm area (×103 km2) for the 5 mm day-1 (black) and 500 mm day-1 (blue) rain shields for the 1101 

top 10 events.  Gray line denotes time of maximum rainfall intensity at the maximum 24-h total rainfall 1102 

location. 1103 

 1104 

Figure 10. (a) 700 hPa geopotential height (contours; m), 700 hPa wind (vectors; m s-1), and precipitable 1105 

water (shading; mm) anomalies, and (b) 600 hPa – 925 hPa horizontal wind difference (vectors; m s-1) and 1106 

magnitude (shaded; m s) at 18Z 20 August 2019 for CASE01. (c) & (d) similar, but at 00Z 27 August 2007 1107 

for CASE03. (e) & (f) similar to (a) & (b), but at 00Z 24 August 2019 for CASE06.  Red circle denotes the 1108 

location of the event maximum rainfall, while red dashed lined denotes position of the Sahel/tropical Africa 1109 

dryline boundary as inferred from the 925 hPa specific humidity field.  1110 

 1111 

Figure 11.  Hovmöllers of (left column) 700 hPa relative vorticity (×10-5 s-1) averaged from 10°N - 15°N, 1112 

and (right column) precipitable water differences from the 2000-2019 climatology (mm) averaged from 1113 

10°N - 15°N for the (a & b) CASE01, (c & d) CASE03, and (e & f) CASE06 events.  The circle denotes 1114 
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the time and longitude of the peak intensity of the event, while dashed lines denote relevant wave 1115 

disturbances and their estimated speeds as indicated from the 700 hPa relative vorticity field. 1116 

 1117 

 1118 

Figure 12. (a) 700 hPa geopotential height (contours; m), 700 hPa wind (vectors; m s-1), and precipitable 1119 

water (shading; mm) anomalies, and (b) 600 hPa – 925 hPa horizontal wind difference (vectors; m s-1) and 1120 

magnitude (shaded; m s-1) at 12Z 7 August 2012 for CASE02. (c) & (d) similar, but at 00Z 2 September 1121 

2009 for CASE07. (e) & (f) similar to (a) & (b), but at 2Z 20 July 2004 for CASE10.  Red circle denotes 1122 

the location of the event maximum rainfall, while red dashed lined denotes position of the Sahel/tropical 1123 

Africa dryline boundary as inferred from the 925 hPa specific humidity field.  1124 

 1125 

Figure 13.  Hovmöllers of (left column) 700 hPa relative vorticity (×10-5 s-1) averaged from 10°N - 15°N, 1126 

and (right column) precipitable water differences from the 2000-2019 climatology (mm) averaged from 1127 

10°N - 15°N for the (a & b) CASE02, (c & d) CASE07, and (e & f) CASE10 events.  The circle denotes 1128 

the time and longitude of the peak intensity of the event, while dashed lines denote relevant wave 1129 

disturbances and their estimated speeds as indicated from the 700 hPa relative vorticity field. 1130 

 1131 

Figure 14. (a) 700 hPa geopotential height (contours; m), 700 hPa wind (vectors; m s-1), and precipitable 1132 

water (shading; mm) anomalies, and (b) 600 hPa – 925 hPa horizontal wind difference (vectors; m s-1) and 1133 

magnitude (shaded; m s-1) at 15Z 6 August 2001 for CASE04. (c) & (d) similar, but at 00Z 5 August 2007 1134 

for CASE05. (e) & (f) similar to (a) & (b), but at 15Z 19 July 2001 for CASE08.  (g) & (h) similar to (a) & 1135 

(b), but at 18Z 14 July 2007 for CASE09. Red circle denotes the location of the event maximum rainfall, 1136 

while red dashed lined denotes position of the Sahel/tropical Africa dryline boundary as inferred from the 1137 

925 hPa specific humidity field.  1138 

 1139 
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Figure 15.  Hovmöllers of (left column) 700 hPa relative vorticity (×10-5 s-1) averaged from 10°N - 15°N, 1140 

and (right column) precipitable water differences from the 2000-2019 climatology (mm) averaged from 1141 

10°N - 15°N for the (a & b) CASE04, (c & d) CASE05, (e & f) CASE08, and (g & h) CASE09 events.  The 1142 

circle denotes the time and longitude of the peak intensity of the event, while dashed lines denote relevant 1143 

wave disturbances and their estimated speeds as indicated from the 700 hPa relative vorticity field. 1144 

 1145 

 1146 
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 1147 
Figure 1. Top 100 event (a) locations of rainfall delivery within the analysis region (circles) and (b) the 1148 
storm genesis locations (crosses).  Color coding in (a) indicates the total rainfall amount, and in (b) the 1149 
storm genesis locations associated with the Mali (blue), Burkina Faso (red), and northern Nigeria (purple) 1150 
clusters.  Shading in both panels denotes the topography in meters. 1151 
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 1152 

Figure 2. (a) 24-h maximum total rainfall (mm) for the top 100 events shown in Fig. 1, as well as their (b) 1153 
seasonal distribution (blue bars) and the IMERG climatological monthly precipitation (red line; mm day-1) 1154 
area-averaged over the analysis region box shown in Fig. 1. 1155 
  1156 
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 1157 

 1158 
Figure 3.  Spatial area of the total 12Z-12Z daily rainfall (× 103 km2) for the top 100 events starting at 100 mm threshold for the events listed in 1159 
Table 1.  1160 
  1161 
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 1162 
Figure 4. (a) Climatological 12Z precipitable water (PWAT; shaded; mm) and 925 hPa horizontal winds (vectors; m s-1), and their (b) composite 1163 
12Z anomalies for the top 100 events.  (c) Climatological 12Z 600 hPa – 925 hPa horizontal wind difference (vectors; m s-1) and magnitude (shaded; 1164 
m s-1) and their (d) 12Z composite anomalies.  Stippling and bold vectors in (b) and (d) indicate values significant at the 95% level of confidence.  1165 
Box indicates the defined West African Sahel region. 1166 
 1167 
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 1168 
Figure 5.  Top 10 events, and their corresponding 24-h rainfall totals (mm).  Red circle denotes location of 1169 
maximum 24-h rainfall for each event. 1170 
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 1171 
Figure 6.  Diurnal cycle of precipitation (mm hr-1) of the top 10 events.  Total 24 h rainfall amount and 1172 
duration for each event based on the 10 mm/day rainfall threshold is provided.  Gray line denotes the time 1173 
of maximum rainfall intensity at the maximum 24-h total rainfall location. 1174 
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 1175 
Figure 7.  (a) Diurnal cycle of rainfall (mm h-1) of the identified longer duration/weaker peak intensity cases 1176 
(14 events) and their composite mean (red).  (b) Location of the maximum 24-hr rainfall total for each of 1177 
the 14 events.  (c) and (d) are the same as (a) and (b) respectively, but for the identified shorter duration/ 1178 
higher peak intensity cases (14 events).  1179 
  1180 
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 1181 
Figure 8.  Tracking of the MCS convective core defined by the 100 mm/day rain shield that traverses the 1182 
site of maximum 24-h rainfall (red circle) for each event.  Green (blue) marks denote location of the 1183 
convective core for times prior (after) the peak intensity as defined by the gray lines in Fig. 6.  The estimated 1184 
distance (km) is provided. 1185 
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 1186 
Figure 9.  Storm area (×103 km2) for the 5 mm day-1 (black) and 500 mm day-1 (blue) rain shields for the 1187 
top 10 events.  Gray line denotes time of maximum rainfall intensity at the maximum 24-h total rainfall 1188 
location. 1189 
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 1190 
Figure 10. (a) 700 hPa geopotential height (contours; m), 700 hPa wind (vectors; m s-1), and precipitable 1191 
water (shading; mm) anomalies, and (b) 600 hPa – 925 hPa horizontal wind difference (vectors; m s-1) and 1192 
magnitude (shaded; m s) at 18Z 20 August 2019 for CASE01. (c) & (d) similar, but at 00Z 27 August 2007 1193 
for CASE03. (e) & (f) similar to (a) & (b), but at 00Z 24 August 2019 for CASE06.  Red circle denotes the 1194 
location of the event maximum rainfall, while red dashed lined denotes position of the Sahel/tropical Africa 1195 
dryline boundary as inferred from the 925 hPa specific humidity field.  1196 
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 1197 
Figure 11.  Hovmöllers of (left column) 700 hPa relative vorticity (×10-5 s-1) averaged from 10°N - 15°N, 1198 
and (right column) precipitable water differences from the 2000-2019 climatology (mm) averaged from 1199 
10°N - 15°N for the (a & b) CASE01, (c & d) CASE03, and (e & f) CASE06 events.  The circle denotes 1200 
the time and longitude of the peak intensity of the event, while dashed lines denote relevant wave 1201 
disturbances and their estimated speeds as indicated from the 700 hPa relative vorticity field. 1202 
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 1203 
Figure 12. (a) 700 hPa geopotential height (contours; m), 700 hPa wind (vectors; m s-1), and precipitable 1204 
water (shading; mm) anomalies, and (b) 600 hPa – 925 hPa horizontal wind difference (vectors; m s-1) and 1205 
magnitude (shaded; m s-1) at 12Z 7 August 2012 for CASE02. (c) & (d) similar, but at 00Z 2 September 1206 
2009 for CASE07. (e) & (f) similar to (a) & (b), but at 2Z 20 July 2004 for CASE10.  Red circle denotes 1207 
the location of the event maximum rainfall, while red dashed lined denotes position of the Sahel/tropical 1208 
Africa dryline boundary as inferred from the 925 hPa specific humidity field.  1209 
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 1210 
Figure 13.  Hovmöllers of (left column) 700 hPa relative vorticity (×10-5 s-1) averaged from 10°N - 15°N, 1211 
and (right column) precipitable water differences from the 2000-2019 climatology (mm) averaged from 1212 
10°N - 15°N for the (a & b) CASE02, (c & d) CASE07, and (e & f) CASE10 events.  The circle denotes 1213 
the time and longitude of the peak intensity of the event, while dashed lines denote relevant wave 1214 
disturbances and their estimated speeds as indicated from the 700 hPa relative vorticity field. 1215 
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 1216 
Figure 14. (a) 700 hPa geopotential height (contours; m), 700 hPa wind (vectors; m s-1), and precipitable 1217 
water (shading; mm) anomalies, and (b) 600 hPa – 925 hPa horizontal wind difference (vectors; m s-1) and 1218 
magnitude (shaded; m s-1) at 15Z 6 August 2001 for CASE04. (c) & (d) similar, but at 00Z 5 August 2007 1219 
for CASE05. (e) & (f) similar to (a) & (b), but at 15Z 19 July 2001 for CASE08.  (g) & (h) similar to (a) & 1220 
(b), but at 18Z 14 July 2007 for CASE09. Red circle denotes the location of the event maximum rainfall, 1221 
while red dashed lined denotes position of the Sahel/tropical Africa dryline boundary as inferred from the 1222 
925 hPa specific humidity field.  1223 
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 1224 
Figure 15.  Hovmöllers of (left column) 700 hPa relative vorticity (×10-5 s-1) averaged from 10°N - 15°N, 1225 
and (right column) precipitable water differences from the 2000-2019 climatology (mm) averaged from 1226 
10°N - 15°N for the (a & b) CASE04, (c & d) CASE05, (e & f) CASE08, and (g & h) CASE09 events.  The 1227 
circle denotes the time and longitude of the peak intensity of the event, while dashed lines denote relevant 1228 
wave disturbances and their estimated speeds as indicated from the 700 hPa relative vorticity field. 1229 


