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Abstract 27 

 Convective-permitting ensemble simulations are used to understand the roles of 28 

thermodynamic and dynamic processes in changing intense storms over the West African Sahel 29 

due to increases in atmospheric greenhouse gas concentrations. Ensemble simulations with 16 30 

members represent recent August conditions during the height of the boreal summer monsoon 31 

season over the Sahel. They are compared with 5 Future-Warming ensemble simulations with 32 

increased greenhouse gas concentrations under the late-21st-century high-emission SSP5-8.5 33 

scenario and initial/boundary conditions from the Current-Climate data plus the multi-model mean 34 

anomalies derived from CMIP6 experiments. The Current-Climate simulations reproduce 35 

observed precipitation and environmental conditions over the Sahel well. The frequency of heavy 36 

rainfall events with 24-hr rainfall >77 mm (the 99.9th percentile) increases by ≥38.2% in the 37 

Future-Warming simulations. While the low- to mid-level vertical wind shear increases in the 38 

Future-Warming simulations, we find no significant correlations between the environmental shear 39 

strength and peak storm rain rates. In contrast, lower (middle) tropospheric moisture and 40 

temperature are correlated (anticorrelated) with peak rain rates and/or the maximum updraft 41 

velocity of intense events, consistent with significant correlations between the increased 42 

atmospheric instability and storm intensity. Thus, thermodynamic processes and not dynamical 43 

(shear-related) processes dominate the rainfall intensification over the Sahel in the simulations. 44 

Nevertheless, the enhanced shear strength is associated with larger rain-shield areas and 45 

propagation speeds of intense storms in Future-Warming. Wind shear strength is also correlated 46 

with pre-storm atmospheric instability, which grows less/more under strong/weak shear with 47 

greenhouse gas increases and is relevant for sub/super Clausius-Clapeyron scaling of precipitation.  48 

 49 
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1 Introduction 53 

The West African Sahel is vulnerable to floods during the boreal summer with the frequent 54 

occurrence of intense storms (Di Baldassarre et al. 2010). The mid-level African easterly jet (AEJ; 55 

Cook 1999) and the low-level southwesterly monsoonal flow (Hagos and Cook 2007; Cook and 56 

Vizy 2019) produce strong vertical wind shear across the Sahel that is observed and projected to 57 

increase as the amplified greenhouse gas-induced Sahara warming continues (Cook and Vizy 2015; 58 

Vizy and Cook 2017). Differences in the vertical wind shear and thermodynamic conditions 59 

associated with global warming may impact storms over the Sahel (Taylor et al. 2017; Bickle et 60 

al. 2020; Fitzpatrick et al. 2020).  61 

The purpose of our study is to understand the individual roles of thermodynamic and 62 

dynamic processes in modifying intense precipitation over the West African Sahel. Convective-63 

permitting (CP) ensemble simulations are used to represent the current and the late-21st-century 64 

August climatology over northern Africa. Compared to models with cumulus parameterization, 65 

CP modeling more realistically represents the mesoscale convective systems (MCSs) (Prein et al. 66 

2015; Zhang et al. 2016a; Vizy and Cook 2018, 2019, 2023; Finney et al. 2019) that account for 67 

almost all of the heavy rainfall events over this region (Vizy and Cook 2022). Thus, this approach 68 

is needed for studying the processes responsible for future changes in intense storms across the 69 

Sahel. 70 

Section 2 reviews studies of greenhouse gas-induced thermodynamic and dynamic 71 

contributions to storm intensification as well as background on precipitation and environmental 72 

conditions over the Sahel. Section 3 describes the datasets, analysis methods, and experimental 73 

design. Results are discussed in Section 4, and conclusions are summarized in Section 5. 74 

 75 
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2 Background 76 

There are ongoing efforts to physically understand how heavy precipitation in the tropics 77 

responds to increasing greenhouse gas levels. The thermodynamic contribution to the storms’ 78 

response to global warming is better understood than other mechanisms (Shepherd 2014; 79 

Trenberth et al. 2015; Pfahl et al. 2017). Assuming rainfall scales with lower-tropospheric moisture, 80 

the thermodynamic contribution is often approximated by or compared to the Clausius-Clapeyron 81 

(CC) scaling that predicts a 6-7% increase in rainfall intensity for each 1 K increase in surface 82 

temperature (Seneviratne et al. 2021; Trenberth et al. 2003). 83 

Some studies report that the observed trends of extreme precipitation over the U.S. and the 84 

globe generally follow the CC scaling (Westra et al. 2013; Fischer and Knutti 2016; Barbero et al. 85 

2017; Sun et al. 2021)  There are some regions showing super- (sub-) CC scaling of rainfall 86 

extremes in observations or model simulations (Sugiyama et al. 2010; Lenderink et al. 2017, 2021; 87 

Neelin et al. 2022). One potential reason for the super- (sub-) CC scaling is changes in atmospheric 88 

instability with global warming. Larger CAPE values or atmospheric conditions with larger 89 

temperature or moisture vertical gradient are linked to higher rainfall intensity in idealized squall-90 

line simulations (Takemi 2006, 2007a, b, 2014). Using a simple entraining plume model, Loriaux 91 

et al. (2013) find that the scaling of intense rainfall decreases from super-CC to CC when 92 

atmospheric stability is increased in the future simulation with temperature perturbations to the 93 

current simulation adjusted from constant to moist adiabatic increase across height.    94 

 Dynamical feedbacks that increase moisture convergence for storms are proposed as 95 

important processes for super-CC scaling of extreme precipitation (Haerter and Schlemmer 2018; 96 

Lochbihler et al. 2021; Neelin et al. 2022). As one relevant environmental factor, low-tropospheric 97 

shear of a suitable magnitude and a direction perpendicular to the squall line is posited to enhance 98 
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convective/rainfall intensity and duration (Weisman et al. 1988; Rotunno et al. 1988; Weisman 99 

and Rotunno 2004). Shear strength is suggested to be optimal for storm development when it 100 

balances the vorticity of the storm’s cold pool and is the most favorable for maintaining the vertical 101 

position of the storm’s updraft and triggering deep convective cells at the storm’s edge. Some 102 

studies (Takemi 2006, 2007a) support this theory, while others (Stensrud et al. 2005; Coniglio et 103 

al. 2012) question its applicability in observations and suggest the prevalence of deep-layer shear 104 

during the development of intense storms. Some studies show that strong vertical wind shear at 105 

mid- or upper levels suppresses convective and/or rainfall intensity of storms (Wang and Prinn 106 

1998; Chen et al. 2015). Alfaro and Khairoutdinov (2015) and Alfaro (2017) put forth an 107 

alternative theory that strong low-tropospheric shear favors high squall-line intensity primarily 108 

through increasing convectively unstable air in the total storm-relative inflow and enhancing the 109 

storm’s latent heating rather than interacting with the storm’s cold pool.    110 

Our study focuses on the response of intense storms to greenhouse gas forcing over the 111 

West African Sahel. This region is known for frequent occurrence of intense storms and 112 

catastrophic floods that results in economic losses and the loss of lives (Di Baldassarre et al. 2010). 113 

MCSs produce 70-95% of the total rainfall (Laurent et al. 1998; Laing et al. 1999; Mathon et al. 114 

2002; Mohr 2004; Liu et al. 2019) and almost all of the heavy rainfall events (Vizy and Cook 2022) 115 

over the West African Sahel during the boreal summer monsoon season (Hagos and Cook 2007; 116 

Cook and Vizy 2019). Climate models with cumulus parameterizations have limited ability to 117 

reproduce MCS evolution and rainfall diurnal cycles over this region (Rossow et al. 2013; Zhang 118 

et al. 2016a, b), suggesting deficiency in their ability to simulate extreme rainfall events.  119 

The West African Sahel exhibits a unique thermodynamic and dynamic environment for 120 

storm development in the boreal summer compared with other tropical regions. The moist low-121 



 7 

level monsoon flow from the Gulf of Guinea converges with dry Saharan air over the Sahel, 122 

forming a dryline boundary (Eldridge 1957) and a capping inversion that favors instability build-123 

up and genesis of intense storms (Vizy and Cook 2018, 2019, 2022). Vertical wind shear is strong 124 

across the Sahel as the low-level southwesterly monsoonal flow lies below the mid-tropospheric 125 

African easterly jet (AEJ; ~15N, 600 hPa). The AEJ is geostrophically forced by the surface/low-126 

level temperature gradients between the Sahara and equatorial Africa (Cook 1999). The strength 127 

of the AEJ is related to the magnitude of the warming over the Sahara during the boreal summer 128 

(Lavaysse et al. 2010; Cook and Vizy 2015; Lavaysse 2015; Vizy and Cook 2017).  129 

Precipitation trends over the West African Sahel in recent decades show increased intensity 130 

and frequency of intense rainfall, which are associated with greenhouse-gas forcing and the Sahel’s 131 

rainfall recovery since the 1980s (Dong and Sutton 2015; Taylor et al. 2017; Bichet and Diedhiou 132 

2018; Panthou et al. 2018; Chagnaud et al. 2022). Further increases in heavy rainfall intensity are 133 

predicted over the West African Sahel by climate models with or without cumulus 134 

parameterization (Berthou et al. 2019; Dosio et al. 2019, 2020; Kendon et al. 2019). 135 

Storm intensification over the West African Sahel has been associated with differences in 136 

both the thermodynamic and dynamic environment. The precipitable water, CAPE, and CIN are 137 

expected to increase over the West African Sahel with climate change (Bickle et al. 2020; 138 

Fitzpatrick et al. 2020). In addition, the Sahara is observed and projected to experience amplified 139 

warming (Cook and Vizy 2015; Vizy and Cook 2017), which increases meridional temperature 140 

gradients across the Sahel, strengthening the AEJ and the vertical wind shear (Patricola and Cook 141 

2010, 2011; Skinner and Diffenbaugh 2014; Kebe et al. 2020). Although one study projects a 142 

weakening of the AEJ with greenhouse gas increases using a different model and analysis period 143 

from other simulations (Bercos-Hickey and Patricola 2021), ECMWF Re-Analysis 5 (ERA5; 144 
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Hersbach et al. 2020) indicates an observed positive trend of ~0.03 m s-1 yr-1 in the 600-hPa AEJ 145 

wind speed over the West African Sahel during August from 1979 to 2020.  146 

The relative importance of thermodynamic and dynamic processes for storm intensification 147 

over the West African Sahel is not fully understood. Taylor et al. (2017) suggest that enhanced 148 

shear and mid-level drying are the primary mechanisms for the observed MCS intensification over 149 

the Sahel since the 1980s. Baidu et al. (2022) observe that storms have colder brightness 150 

temperatures at the cloud top and higher surface rain rates with stronger vertical wind shear over 151 

West and Central Africa. Using a CP climate model at 4.5 km resolution, Fitzpatrick et al. (2020) 152 

find that pre-storm vertical wind shear is associated with in-storm vertical velocity and cloud-top 153 

temperatures of storms but it is not directly correlated with surface rain rates. They suggest that 154 

higher precipitable water is the primary driver for the heavier rainfall over the Sahel with global 155 

warming. Bickle et al. (2020), using idealized simulations initialized with atmospheric conditions 156 

representative of the West African Sahel, find that thermodynamic processes are more important 157 

for storm intensification over the Sahel than enhanced shear. 158 

Further research is required to evaluate the thermodynamic and dynamic contributions to 159 

the change in heavy rainfall with greenhouse gas increases over the West African Sahel. Our study 160 

improves this understanding by conducting physical analysis for storms over the Sahel region 161 

using 3-km CP ensemble simulations and available state-of-the-art reanalysis/observations. 162 

 163 

3 Methodology  164 

a. Datasets and Analysis Methods 165 

 The following datasets are used to evaluate and/or serve as initial/lateral/ocean surface 166 

boundary conditions for the regional CP simulations. The rainfall and reanalysis datasets have fine 167 
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spatial and temporal resolutions suitable for the study of storm development, especially over Africa 168 

with the lack of ground-based data (Dezfuli et al. 2017). The sea surface temperature (SST) dataset 169 

realistically represents conditions over the oceans adjacent to or inland water bodies over Africa 170 

(Argent et al. 2015; Liu et al. 2020). The datasets are: 171 

• NASA Integrated Multi-satellitE Retrievals for GPM (IMERG; Huffman et al. 2019): 172 

IMERG is a 0.1° half-hourly dataset from 2000 to present. 173 

• ECMWF Re-Analysis 5 (ERA5; Hersbach et al. 2020): ERA5 is a 0.25° hourly reanalysis 174 

from 1979 to present. 175 

• UK Met Office Operational Sea-surface Temperature and Ice Analysis (OSTIA; Donlon et 176 

al. 2012): OSTIA is a 0.054° daily dataset from 2006 to present. 177 

 178 

We select heavy rainfall events that produce the highest 24-hr rainfall totals over the West 179 

African Sahel, following the method of Vizy and Cook (2022). First, 12Z-12Z (UTC) precipitation 180 

totals for all grid points are ranked in the analysis region (12°N-18°N, 9°W-20°E; Figure 1) that 181 

avoids the coast and the Marrah Mountains (~13 °N, 24 ° E). The 12Z-12Z time window 182 

accommodates typical diurnal rainfall peaks over the analysis region (Zhang et al. 2016b). Heavy 183 

rainfall events are then identified as events that produce 24-hr rainfall totals at the 99th percentile 184 

in the control simulation. This value is 77 mm of rain in 24 hr. Since MCSs often propagate across 185 

hundreds of kilometers, a distance threshold is applied to avoid double counting rainfall events. 186 

Events are excluded if they are located within 500 km of a grid point with a higher 24 h rainfall 187 

total within the same 12Z-12Z time period. This distance criterion is useful for selecting a 188 

representative population of heavy rainfall events. Tests using various distance (200, 300, and 700 189 
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km) do not change the results of the paper but indicate that the projected frequency increase of 190 

heavy rainfall events is a conservative estimate. 191 

Several indices are developed to measure precipitation accumulation, rainfall/convective 192 

intensity, and storm characteristics of heavy rainfall events in a Eulerian framework (Table 1). 193 

Rainfall totals of each event are associated with both event duration and mean rainfall intensity, 194 

and the event duration is further related to the storm’s rain-shield area and anti-correlated with the 195 

storm propagating speed (Doswell et al. 1996). Thus, indices are derived for rainfall totals, 196 

duration, and mean/peak rainfall intensity of the event, as well as (height of) the storm’s maximum 197 

updraft velocity, rain-shield area, and propagating speed at the time of the peak rain rate. Figure 1 198 

illustrates the method of deriving the storm’s rain-shield area and propagating speed for an 199 

example event. Similar plots are examined for each event to ensure correct computation of storm 200 

indices. Additional information is given in Online Resource 1.  201 

Multiple indices are developed to quantify the vertical wind shear and thermodynamic 202 

conditions prior to the heavy rainfall events (Table 2). The shear indices are computed between 203 

600 hPa and 925 hPa, which are close to the peak amplitude of the mid-level AEJ and the low-204 

level monsoonal flow over the West African Sahel. The moisture and temperature indices are 205 

computed at 800 hPa (600 hPa), which is representative of the lower (middle) tropospheric 206 

conditions across Sahel. Low-level CAPE/CIN is used to measure atmospheric instability together 207 

with vertical gradients of moisture/temperature and moist static energy (MSE) according to: 208 

     𝑀𝑆𝐸 = C𝑝𝑇 + Φ + L𝑣𝑞,                          (1) 209 

where T, Φ, and q represent temperature, geopotential, and specific humidity, respectively, C𝑝 is 210 

the specific heat capacity of dry air at constant pressure (1004 J kg-1 K-1), and L𝑣 is the latent heat 211 

of water vaporization (2.5×106 J kg-1).  212 
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 213 

b. Experimental design 214 

National Center for Atmospheric Research (NCAR) Weather Research and Forecasting 215 

Model Version 4.1.3 (WRF; Skamarock et al. 2019) is used to run the CP simulations. Figure 2 216 

presents the model configuration with 27/9/3-km triple nested domains using one-way nesting. 217 

The 27-km domain covers a large part of tropical and North Africa. Its lateral boundaries are set 218 

far from the West African Sahel to avoid strict constraints from the prescribed lateral boundary 219 

conditions. Each domain has 43 vertical levels, with the top of atmosphere set at 10 hPa.  220 

Model output is written out every 3/3/1 hours for the 27/9/3-km domains, respectively. The 221 

hourly output from the 3-km domain is useful for studying precipitation and environmental 222 

conditions associated with storm development. To improve model stability, simulations in our 223 

study use an adaptive positive definite 6th order horizontal diffusion damping based on previous 224 

CP modeling research (Hutchinson 2009; Jeworrek et al. 2019). The diffusion coefficients for the 225 

27/9/3-km domains are 0.2-0.25/0.3-0.35/0.3-0.4. An adaptive model time step is also applied in 226 

the 27/9/3-km domains, with time steps occasionally adjusted from 90/30/10 s to 45/15/5 s. 227 

 Cumulus parameterization is turned off in the 3-km domain, which simulates convection 228 

explicitly. The 27-km and 9-km domains utilize the Kain-Fritsch cumulus convective scheme 229 

(Kain 2004). Other physical parameterizations are the same for all three domains, including 230 

Thompson microphysics (Thompson et al. 2008), RRTM longwave radiation (Mlawer et al. 1997), 231 

Dudhia shortwave radiation (Dudhia 1989), Revised MM5 surface layer (Jiménez et al. 2012), 232 

Yonsei University planetary boundary layer (Hong et al. 2006) schemes and Unified Noah Land 233 

Surface Model (Chen and Dudhia 2001). Choices of these parameterizations are based on studies 234 
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that generate realistic simulations of African climate using regional models (Vizy and Cook 2009, 235 

2018, 2019; Laing et al. 2012; Vizy et al. 2013; Crétat et al. 2015). 236 

 This study uses simulations from Zhao et al. (2022) as a Current-Climate experiment. The 237 

experiment includes 16 ensemble members, which capture present-day climate conditions over the 238 

West African Sahel. The model concentrations of CO2, N2O, and CH4 are set as 379 ppmv, 319 239 

ppbv, and 1774 ppbv, with the CO2 concentration close to the observed value in 2005. Each 240 

simulation is run from 00Z 01 July to 00Z 01 September, with the first month devoted to model 241 

spin-up. August, the peak of the local rainy season, is chosen as the analysis period. The 3-hourly 242 

ocean boundary conditions for all ensemble members are derived from OSTIA 2007-2019 243 

climatological SSTs that are smoothed with a 30-day running mean. The ensemble simulations 244 

suppress short-term SST variability on synoptic to interannual time scales, focused on the 245 

representation of climatological conditions over the West African Sahel. Thus, the simulations are 246 

not expected to reproduce weather of specific years but are evaluated against the climatological 247 

environmental conditions and rainfall distribution over the West African Sahel.  248 

Initial, lateral boundary, land surface, and/or soil conditions are different in each of the 249 

Current-Climate ensemble members (Table 3). Initial and 3-hourly lateral boundary conditions are 250 

derived from the ERA5 reanalysis for years between 2013 and 2017. The ensemble members are 251 

further differentiated by the treatment of Lake Chad, which varies between a small lake and a large 252 

lake, with different treatments of the wetlands. Zhao et al. (2022) evaluated the regional effects of 253 

different lake configurations in these simulations. They found that the variations in the 254 

specification of Lake Chad do not impact the climate – including intense rainfall events - over the 255 

West African Sahel, making these simulations ideal as a control simulation for the current study.  256 
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The Future-Warming simulation includes 5 ensemble members, which is sufficient to 257 

establish statistically significant differences from the control simulation. We use an ‘anomaly 258 

forcing’ approach (e.g., Patricola and Cook 2010, Cook and Vizy 2012, Liu et al. 2017) to represent 259 

late-21st-century conditions under the Shared Socio-economic Pathways 5-8.5 (SSP585) scenario, 260 

which hypothesizes fossil-fueled development (O’Neill et al. 2016; Chen et al. 2021). 261 

Concentrations of CO2, N2O, and CH4 are increased to 940 ppmv, 384 ppbv, and 2581 ppbv, 262 

respectively, which are the projected 2071-2100 global annual mean concentrations in SSP585. 263 

Initial and boundary conditions for the Future-Warming ensemble members are the Current-264 

Climate data plus multi-model mean future anomalies from CMIP6 simulations (Eyring et al. 265 

2016). To derive these anomalies, differences are computed between CMIP6 SSP585 monthly 266 

mean simulation output averaged over 2071-2100 and historical experiment output averaged over 267 

1985-2014 for five coupled general climate models (CGCMs). The differences are averaged and 268 

interpolated to 3-hourly values in the ERA5 or OSTIA grid, and added to the regional model’s 269 

lateral or SST boundary conditions.  270 

The future anomalies are derived from multiple CMIP6 models (Table 4) to avoid reliance 271 

on climate projections from a single model. The choice of the CMIP6 models is based on the 272 

models’ performance in realistically simulating the current African climate (Iyakaremye et al. 2021; 273 

Klutse et al. 2021; Quenum et al. 2021; Makinde et al. 2022; Mwanthi et al. 2022) and a likely 274 

range of global mean SST increase (2.01-4.07 K) from 1995-2014 to 2081-2100 in SSP585 (Fox-275 

Kemper et al. 2021). The variables adjusted in the initial and lateral/surface boundary conditions 276 

include geopotential, temperature, horizontal wind, relative humidity, surface pressure, mean sea 277 

level pressure, skin temperature, and SSTs. Figure 2 shows the August mean SST differences 278 

between the Future-warming and Current-Climate experiments. SST warming greater than 2.5 K 279 
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is predicted over the eastern equatorial Atlantic and over the open ocean away from the northern 280 

African coast. SST anomalies are set to 3 K over African inland waters and the Red Sea, and 4.35 281 

K over the Mediterranean Sea, based on representative values derived from CMIP6 simulations.  282 

The ‘anomaly forcing’ approach differs from a direct downscaling of CGCM output since 283 

it only uses projected anomalies from CGCMs and uses a large domain to minimize influence from 284 

the anomalies applied on the lateral boundaries. SST anomalies are the primary influence from the 285 

CGCMs in the Future-Climate simulation, and the Current-Climate simulation is completely 286 

independent of the CGCMs. This method limits introducing errors from individual CGCMs into 287 

the regional model domain, and has been proved useful for studying climate change over Africa 288 

in previous studies (Patricola and Cook 2010, 2011, 2013a, b; Cook and Vizy 2012; Vizy and 289 

Cook 2012; Vizy et al. 2013). 290 

 291 

4 Results 292 

a. Evaluation of the Current-Climate Experiment 293 

 Figure 3a shows the August mean precipitation from IMERG for the 2000-2019 294 

climatology. There is sharp meridional precipitation gradient across the analysis region with 295 

magnitudes decreasing from around 7 mm day-1 at 12°N to less than 1 mm day-1 by 18°N. Rainfall 296 

rates are higher south of 12°N, with local maxima of ~10 mm day-1 present over Guinea Highlands 297 

(~10°N, 10°W), the Cameroon Highlands (~7°N, 11°E), and the Jos Plateau (~10°N, 9°E). 298 

 Figure 3b presents the ensemble mean rainfall in the 3-km domain of Current-Climate. The 299 

simulations capture the meridional rainfall gradient over the Sahel and precipitation maxima over 300 

the topography of tropical Africa. These patterns agree well with IMERG. The simulated rainfall 301 
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amounts are ~1 mm day-1 lower than IMERG over tropical Africa and the northern part of the 302 

analysis region (15°N-18°N, 0-20°E). This difference falls within the uncertainty of IMERG. 303 

 Figure 3c illustrates the exceedance probability of 12Z-12Z 24-hr August rainfall totals at 304 

the grid point over the analysis region from 20 years of the IMERG record (2000 – 2019) and 16 305 

Current-Climate ensemble simulations. In general, the Current-Climate ensemble reproduces the 306 

observed frequency distribution of 24-hr precipitation over the analysis region, with the 99th (99.9th) 307 

percentile of 49 (89) mm in IMERG and 42 (77) mm in Current-Climate. The frequency curve of 308 

Current-Climate lies below than that of IMERG. This is associated with drier conditions over the 309 

northern part of the analysis region in Current-Climate than in IMERG (Figs. 3a-b).  310 

 Figure 4a shows the spatial distribution of heavy rainfall events that produce 24-hr rainfall 311 

totals greater than 77 mm at a grid point in the analysis region in IMERG. 77 mm is the 99.9th 312 

percentile of 24-hr precipitation in Current-Climate (Fig. 3c). 90.1% of the heavy rainfall events 313 

are associated with 24-hr rainfall totals below 150 mm, and the wettest event generates 280 mm 314 

precipitation; 87.0% of the events are located south of 15°N. The most extreme events with 24-hr 315 

rainfall totals above 150 mm occur in several clusters, including over southwestern Mali (~12°N, 316 

8°W), north of the Jos Plateau (~12°N, 8°E), near Lake Chad (~13°N, 12°E), and over central Chad 317 

(~13°N, 18°E). These results are generally consistent with Vizy and Cook (2022). There is some 318 

uncertainty in the cluster over the Lake Chad because IMERG may overestimate precipitation over 319 

inland water bodies (Tian and Peters-Lidard 2007; Taylor et al. 2018).  320 

The spatial distribution of heavy rainfall events in Current-Climate (Fig. 4b) is generally 321 

similar to that in IMERG south of 15°N and west of Lake Chad.  Elsewhere, Current-Climate does 322 

not simulate clusters of heavy rainfall events over Lake Chad and eastern Chad (~12°N, 20°E), or 323 

intense precipitation over central Niger and Chad (16°N-18°N, 5°E-15°E).  324 
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 Figure 4c shows the number of heavy rainfall events in August over the analysis region 325 

from IMERG and Current-Climate, while the inset shows a closer view of upper end of the 326 

distribution curves greater than 150 mm. The thick lines denote the 20-yr IMERG mean or the 327 

simulation ensemble mean. The thin lines represent data for the individual years/ensemble 328 

members to quantify their range. The frequency distributions and interannual/ensemble member 329 

variability of heavy rainfall events are similar between Current-Climate and IMERG. The most 330 

extreme event in Current-Climate produces 334 mm 24-hr rainfall totals, higher than that in 331 

IMERG. Current-Climate also shows a higher frequency of rainfall events with 24-hr precipitation 332 

totals between 77 and 150 mm than IMERG.  333 

 To evaluate the environmental conditions in which storms develop over West Africa, 334 

Figure 5a shows the climatological August specific humidity and horizontal winds at 925 hPa from 335 

ERA5. 925 hPa is representative of lower tropospheric conditions from the surface to 850 hPa. At 336 

low levels there is a sharp meridional gradient in atmospheric moisture across the West African 337 

Sahel. Specific humidity values are relatively high (~15 g kg-1) near and south of 12°N over 338 

tropical Africa, but decrease to around 9 g kg-1 by 18°N. Southwesterly monsoonal flow from the 339 

Guinean coast penetrates into the analysis region and converges with northerlies from the Sahara. 340 

 Figure 5b shows the ERA5 August specific humidity and horizontal winds at 600 hPa, a 341 

representative mid-tropospheric layer. At this level the highest specific humidity values (5.5 g kg-342 

1) occur over tropical Central Africa (~5°N-12°N, 10°E-30°E) and decrease northward, but not as 343 

sharply as at 925 hPa. The AEJ overlays the low-level southwesterlies, producing strong vertical 344 

wind shear with the maximum 925 hPa – 600 hPa wind difference of ~18 m s-1 centered around 345 

15°N in the ERA5 August climatology (Fig. 5c).  346 
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 Figures 5d-f are similar to Figs. 5a-c but for the Current-Climate simulations. Current-347 

Climate generally reproduces ERA5’s August moisture and circulation patterns over northern and 348 

tropical Africa. The low-level meridional moisture gradient in Current-Climate is positioned about 349 

2° of latitude further south than in ERA5, the low-level (Fig. 5d) environment is generally drier 350 

across the Sahel in Current-Climate by ~2.6 g kg-1. At mid-level (Fig. 5e), the northerly component 351 

of the AEJ is stronger in Current-Climate, while the simulated maximum 925 hPa – 600 hPa wind 352 

difference is ~1.4 m s-1 lower over the Sahel compared to ERA5 (Fig. 5f). The drier low- and mid-353 

level environment is consistent with the low number of simulated heavy rainfall events across the 354 

northern Sahel compared to IMERG (Fig. 3) - 83.9% of the observed events north of 15°N are 355 

associated with totals less than 125 mm. Most of the heaviest events in the analysis region occur 356 

south of 15°N and Current-Climate simulations realistically represent this population of storms. 357 

 In conclusion, the spatial and frequency distribution of (intense) rainfall from Current-358 

Climate generally agrees with IMERG. The simulations also realistically represent environmental 359 

conditions including the low to mid-level moisture and circulation patterns over the north and 360 

tropical Africa during the height of the summer monsoon season (August) compared with ERA5. 361 

While there are some caveats as highlighted above, the Current-Climate simulations will be useful 362 

in understanding the evolution of intense storms over the West African Sahel.  363 

 364 

b. Projections from the Future-Warming Experiment 365 

 Figure 6a shows the ensemble mean August precipitation from the Future-Warming 366 

experiment. The largest rainfall rates over western and central Africa occur between ~7°N-15°N, 367 

similar to Current-Climate (Fig. 3). Maxima with rates greater than 10 mm day-1 occur near and 368 

south to 12°N over tropical Africa, and over the Cameroon Highlands.  369 
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Figure 6b shows August ensemble mean rainfall differences between Future-Warming and 370 

Current-Climate. Positive rainfall anomalies of around 2 mm day-1 occur over much of the Sahel 371 

and parts of East Africa (2°N-15°N, 25°E-34°E), with the largest increase (~9 mm day-1) occurring 372 

over the Marrah Mountains in Future-Warming compared to Current-Climate. South of the Sahel 373 

there is a significant decrease in precipitation over the Guinean Highlands, the Cameroon 374 

Highlands and tropical Central Africa (2°N-10°N, 15°E-25°E). The projections are consistent with 375 

a few other studies using models with or without cumulus parameterizations (Roehrig et al. 2013; 376 

Vizy et al. 2013; Maidment et al. 2015; Zhang and Li 2022; Berthou et al. 2019). 377 

 Figure 6c shows the exceedance probability of 12Z-12Z 24-hr August rainfall totals at a 378 

grid point over the analysis region from Future-Warming and Current-Climate, similar to Fig. 3c. 379 

The frequency curve derived from Future-Warming exhibits a flatter gradient than that from 380 

Current-Climate, indicating an increased probability of occurrence across all storm populations 381 

over the analysis region. The 99th (99.9th) percentile of 24-hr precipitation over the analysis region 382 

is 59 (104) mm in Future-Warming, 17 (27) mm higher than the Current-Climate values. In other 383 

words, an average grid point over the Sahel region in Future-Warming is 1.6/2.9 times more likely 384 

to have heavy (99th/99.9th) rainfall from the perspective of Current-Climate. 385 

 Figure 7a shows the spatial distribution of heavy rainfall events that generate 24-hr 386 

precipitation more than 77 mm at a grid point in the analysis region in Future-Warming. The spatial 387 

distribution of these heavy rainfall events is similar to that in Current-Climate (Fig. 4b), with 88.5% 388 

of the events located south of 15°N. The heaviest rainfall events cluster over southwestern Mali, 389 

Burkina Faso (~13°N, 2°W), and north of the Jos Plateau.  390 

 Figure 7b shows the frequency distribution of heavy rainfall events in August from 391 

Current-Climate and Future-Warming, with the inset magnifying the upper end of the distribution. 392 
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Events with 24-hr rainfall totals above 77 mm increase by ~20 events per month over the analysis 393 

region from Current-Climate to Future-Warming. The frequency increase of events between 77 394 

and 175 mm in Future-Warming exceeds the range of ensemble member variability of Current-395 

Climate as indicated by the clear separation between the thin lines of the two ensemble experiments. 396 

The frequency of events between 175 and 250 mm in Future-Warming is similar to that in the 397 

wettest ensemble members of Current-Climate, increasing from ~2 events per August in Current-398 

Climate to ~9 events per August in Future-Warming. The highest event occurs in the Current-399 

Climate experiment, but a larger number of ensemble members is required to investigate 400 

whether/how the frequency of rarest rainfall events (>250 mm) changes in the future.  401 

 The top 30 events with highest 24-hr precipitation are selected from each ensemble 402 

simulation, that is a total of 480 (150) events from Current-Climate (Future-Warming). Figure 8 403 

shows the rainfall and storm characteristics of the selected events, which are sorted by their total 404 

precipitation, Ptotal (Table 1), on the x-axes. In Current-Climate, the average event duration, Dtotal, 405 

ranges from 4.4 to 6.5 hours (Fig. 8a) with rainfall events with longer durations more likely to 406 

generate higher rainfall totals at one location. The longer durations of the top-ranked events (1st – 407 

20th) are associated with decreases in storm propagating speed, Vpeak (Fig. 8b), but they are not 408 

linked with variations in the storm’s rain-shield area, Apeak (Figs. 8c). Although the heaviest 409 

rainfall events exhibit the highest mean rainfall intensity, Imean (Fig. 8d), the difference in the peak 410 

rain rate, Ipeak (Fig. 8e), between the events with upper and lower ranks is more pronounced than 411 

for Imean. Precipitation during the hour of peak rain rate, Ppeak, constitutes a large part (> 40%) of 412 

the total rainfall, Ptotal, for most (90%) of the events. The ratio, Ppeak/Ptotal (Fig. 8f), decreases with 413 

the ranking of the events, consistent with the increase in the event duration, Dtotal (Fig. 8a). 414 
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  In Future-Warming, the durations of the heavy rainfall events, Dtotal, do not differ 415 

significantly from Current-Climate (Fig. 8a). The storm propagating speed, Vpeak, and storm area, 416 

Apeak, at the time of the peak rain rate are both significantly larger in Future-Warming than in 417 

Current-Climate (Figs. 8b-c). They produce competing effects on the duration of the events. The 418 

mean (peak) rainfall intensity, Imean (Ipeak), is higher by ~8 (17) mm hr-1, and primarily contributes 419 

to the higher rainfall totals of the events in Future-Warming than in Current-Climate (Figs. 8d-e). 420 

Ppeak/Ptotal is similar between the two ensemble experiments (Fig. 8f).  421 

 Figure 9 shows the ensemble mean differences in low and mid-level moisture, horizontal 422 

winds, and vertical wind shear between Future-Warming and Current-Climate. At 925 hPa (Fig. 423 

9a), there is a significant increase in specific humidity in Future-Warming - values ~5 g kg-1 higher 424 

than Current Climate over the Sahel with the largest anomalies near the Marrah Mountains (10°N 425 

- 18°N, 15°E - 34°E). This increase in low-level moisture occurs with anomalous southwesterlies 426 

between 14°N – 19°N east of 10°E, indicating increased poleward transport of low-level moist 427 

tropical air into the central and eastern Sahel. This wind and moisture advection pattern is 428 

associated with the strong surface warming over the central and eastern Sahara (Cook and Vizy 429 

2015; Vizy and Cook 2017) and higher rain rates over the Sahel (Vizy et al. 2013) in the future. 430 

At 600 hPa (Fig. 9b), specific humidity increases by >2 g kg-1 over the southern Sahel and 431 

the northern Sahel east of 8°E in Future-Warming. The AEJ is stronger by 1-6 m s-1, with the 432 

largest increases in the eastern Sahel. The circulation anomalies contribute to a 1-10 m s-1 increase 433 

in the 600 hPa – 925 hPa zonal vertical wind shear over the analysis region in the future (Fig. 9c).  434 

In summary, the frequency of heavy rainfall events during August increases over the 435 

analysis region in Future-Warming compared to Current-Climate. The heaviest rainfall events in 436 

Future-Warming have ~8 (17) mm hr-1 higher mean (peak) rainfall intensity, and ~59% and ~31% 437 
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larger storm rain-shield area and propagating speed at the time of the peak rain rate, but the 438 

durations of the events do not differ significantly between the two experiments. Both atmospheric 439 

moisture and vertical wind shear increase over the Sahel in the Future-Climate simulation. The 440 

physical processes responsible are examined in the following sub-section. 441 

 442 

c. Shear versus Thermodynamic Effects on Heavy Rainfall Events 443 

To isolate and identify the pre-storm environment, Figure 10 shows the time series of 444 

vertical wind shear and low- to mid-level zonal wind, moisture, and temperature for the storm and 445 

dry-day composites from Current-Climate and Future-Warming. The dry-day composite is used as 446 

a control comparison to storm-day conditions to exclude confounding effects such as diurnal 447 

variations. The dry-day composite is formed by averaging dry-day conditions at the location of 448 

each event, when 12Z-12Z 24-hr precipitation totals over a 45x45-km2 area centered at the location 449 

of the event is < 10 mm day-1. Dry-day conditions for each event are derived using the ensemble 450 

member that contains the event. The 600-hPa to 925-hPa vertical wind shear speed (Fig. 10a) 451 

decreases as the storm passes, reaching a minimum around the time of the peak rain rate. The 452 

decrease in the shear speed occurs with a sharp change in the shear direction. 453 

Figure 10b illustrates how storm processes affect the environmental vertical wind shear at 454 

low- and mid-levels. At 925 hPa, the storm’s cold pool affects the direction of the westerly 455 

monsoonal flow as the storm passes. At the 600 hPa, the storms’ convective updrafts weaken the 456 

AEJ easterlies. In addition, inflow into the storm may enhance the shear strength as the storm 457 

approaches, but this effect is relatively weak and varies among the storms (not shown). 458 

Low- to mid-level moisture and precipitable water increase as the storm approaches (Fig. 459 

10c). Preconditioning of the precipitable water starts 12 hours or more prior to ~59% of the events 460 
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(not shown). After the peak rain rate, the 800-hPa moisture decreases below that of the dry days 461 

in association with downdrafts. The passage of the storm’s cold pool is also linked to a decrease 462 

in the lower-tropospheric temperature, and the mid-tropospheric temperature increases with the 463 

latent heat release of the storm (Fig. 10d). These characteristics of the storm-environment 464 

interaction are similar in the Future-Warming storms (Figs. 10e-h) despite the higher vertical wind 465 

shear, moisture, and temperature. 466 

In summary, environmental conditions are largely unperturbed by the storm dynamics 3 467 

hours before the peak rain rate of heavy events. This is consistent with previous studies (Taylor et 468 

al. 2017; Fitzpatrick et al. 2020; Vizy and Cook 2022). To account for variability among the events, 469 

we compute pre-storm environmental conditions when rainfall intensity over the 45x45-km2 area 470 

centered at the location of the events first falls below 10 mm day-1 prior to the peak rain rate of the 471 

events. The trackback time before the peak rain rate is within 1-3 hours for 84% (83%) of the 472 

events from Current-Climate (Future-Warming), consistent with the results shown in Fig. 10.  473 

Figures 11a-e show vertical profiles of the environmental vertical wind shear and 474 

thermodynamic conditions for the storm and dry-day composites from Current-Climate. The 475 

composite of ensemble mean conditions at the location of each event has similar vertical profiles 476 

to the dry-day composite (not shown). Low-level westerlies and mid-tropospheric easterlies 477 

(northerlies) in the storm composite are 2.4 m s-1 stronger and 2.5 (0.95) m s-1 weaker (stronger) 478 

than the dry-day composite, respectively (Figs. 11a-b). This is accomplished by a strong 479 

monsoonal flow and a weak AEJ before most (~74-79%) of the heavy rainfall events (not shown). 480 

The 800 hPa – 600 hPa MSE is also ~33% higher in the storm composite compared to the dry-day 481 

composite (Fig. 11c), indicating greater environmental instability prior to the heavy rainfall events. 482 

Higher instability is also indicated by greater (smaller) CAPE (CIN) in the storm composite, which 483 
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is 468 (17) J kg-1 higher (lower) than the dry-day composite at 850 hPa (Figs. 11d-e). Although 484 

there is a wide range of variability between individual events for both the storm and dry-day 485 

composites, significant differences between the two composites are representative of most (60-486 

92%) of the event-specific differences (not shown).  487 

Differences between the storm and dry-day composites in Future-Warming (Figs. 11f-j) 488 

are generally similar to those in Current-Climate. In the storm composite of Future-Warming, the 489 

magnitudes of the 600-hPa easterlies (northerlies) and the 925-hPa westerlies are 1.8 (1.7) and 490 

0.96 m s-1 larger than Current-Climate (Figs. 11f-g). These differences occur through the enhanced 491 

AEJ and monsoonal flow in Future-Warming (Fig. 9), and contribute to a 3.2 m s-1 increase in the 492 

600 hPa – 925 hPa vertical wind shear prior to the heavy rainfall events. MSE is higher throughout 493 

the troposphere in Future-Warming compared to Current-Climate, with 800 hPa – 600 hPa MSE 494 

~22% larger in the future (Fig. 11h). This is consistent with the ~500 J kg-1 increase in 850-hPa 495 

CAPE in Future-Warming (Fig. 11i). Enhanced CIN in the future (Fig. 11j) suppresses weak 496 

convection, favoring the buildup of environmental instability for intense rainfall.  497 

Table 5a shows correlations between the shear indices (Table 2) and the rainfall/storm 498 

metrics (Table 1) for the selected heavy rainfall events from Current-Climate. Correlations 499 

between the vertical wind shear strength, du, dv, and Smagnitude, and the storm’s convective or 500 

rainfall intensity, 𝜔peak and Ipeak, are insignificant, although significant but weak anti-correlations 501 

are shown between the shear strength and the level of maximum updraft velocity, 𝐻𝜔 . The 502 

following discussion will not specifically introduce such weak, significant correlations, but will 503 

be more focused on relatively high, significant correlations. Compared to correlations with storm 504 

intensity, correlations of the shear strength with the storm’s rain-shield area and propagating speed 505 

have higher magnitudes and statistical significance. The area of the storm’s rain shield, Aconvective 506 
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or Astratiform, increases with the shear strength, and so does the storm propagating speed at the time 507 

of the peak rain rate, Vpeak. Thus, the low- to mid-level vertical environmental wind shear does not 508 

impact storm intensity for the evaluated events in our simulations but has roles in enhancing the 509 

storm’s organization and propagation (Corfidi 2003; Mulholland et al. 2021). The results of 510 

Future-Warming (Table 5b) are generally similar to those of Current-Climate.  511 

Table 6 shows correlations between the thermodynamic indices (Table 2) and the 512 

rainfall/storm metrics for the selected heavy rainfall events from Current-Climate. Lower 513 

tropospheric specific humidity, q800, is correlated with the maximum updraft velocity and the peak 514 

rain rate of the event, 𝜔peak and Ipeak. In contrast, significant anti-correlations exist between middle 515 

tropospheric specific humidity, q600, and storm intensity, 𝜔peak and Ipeak. The opposite signs of 516 

these correlations are consistent with the relatively strong link between the moisture vertical 517 

gradient, qgradient, and storm intensity. In comparison, precipitable water, PW, has weak or 518 

insignificant correlations with 𝜔peak and Ipeak. Similar to the moisture indices, low- (mid-) level 519 

temperature, T800 (T600), and the temperature vertical gradient, Tgradient, are (inversely) related to 520 

the storm’s convective intensity, 𝜔 peak. However, this relationship does not translate into 521 

significant correlations between the temperature indices and the peak rain rate, Ipeak, for the storm 522 

population selected from Current-Climate. The correlations of the moisture and temperature 523 

indices imply a close connection between atmospheric instability and the storm’s convective or 524 

rainfall intensity. This is directly shown by the significant correlations of MSEgradient, CAPE850, 525 

and CIN850 with 𝜔peak and Ipeak. Overall, correlations of thermodynamic conditions have higher 526 

magnitudes than those of the vertical wind shear with storm intensity (Table 5).  527 

Apart from storm intensity, thermodynamic conditions are related to the storm’s rain-shield 528 

area and propagating speed. The storm’s rain-shield area at the time of the peak rain rate, Aconvective 529 
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and Astratiform, increase with low-tropospheric temperature (and moisture) as well as atmospheric 530 

instability, T800, q800, qgradient, Tgradient, MSEgradient, CAPE850, and/or CIN850. In addition, enhanced 531 

atmospheric instability and low-tropospheric CIN are related to a faster storm propagating speed, 532 

Vpeak. Correlations derived from Future-Warming (Table 6b) show similar signs, magnitude, 533 

and/or significance levels to those from Current-Climate in general.  534 

Tables 7-8 also show correlations between environmental conditions and rainfall/storm 535 

metrics, but the shear and thermodynamic indices are derived 3 hours prior to the peak rain rate of 536 

each event to test the dependence of the results on the definition of pre-storm environmental 537 

conditions. Results are generally similar to those in Tables 5-6, although weak but significant 538 

correlations occur between the shear strength and the peak rain rate in Table 7. Thus, caution is 539 

appropriate to interpret the correlations. Our discussion is mainly based on Tables 5-6, since the 540 

shear indices in Table 5 are more sophisticated to exclude the effects of storm dynamics by 541 

considering variability among the storms. The correlations in Tables 5-8 generally do not show 542 

high magnitudes, implying impacts of storm dynamics and life cycle on local rainfall events. 543 

The selected heavy rainfall events from Current-Climate and Future-Warming are 544 

separated into groups of similar vertical wind shear to assess the thermodynamic contribution to 545 

rainfall intensification over the West African Sahel. Despite the increase in the average shear 546 

strength between Current-Climate and Future-Warming (Figs. 10-11), the ranges of the shear 547 

strength overlap to a large extent between the two experiments (Figure 12a). Thus, the events are 548 

divided into four groups using a 5 m s-1 (~1 standard deviation in either experiment) interval of 549 

600 hPa – 925 hPa zonal wind difference, du (Table 2), to ensure a sufficient number of events and 550 

similar vertical wind shear conditions within each group. The mean zonal vertical wind shear, du, 551 
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is -12.25 (-15.05) m s-1 in Current-Climate (Future-Warming), located in the 3rd group. Shear 552 

strength in the 1st/4th group is about 1.5/1 standard deviation higher/lower than the mean values.  553 

For each group of events, the zonal vertical wind shear, du, or the shear strength, Smagnitude, 554 

is similar between the Future-Warming and Current-Climate experiments. Table 9a shows that the 555 

maximum absolute (relative) difference between the two experiments is -0.42 m s-1 (5.21%) for du 556 

and 1.09 m s-1 (6.04%) for Smagnitude, respectively. Keeping du relatively constant also limits the 557 

variations in the meridional vertical wind shear, dv, except the 2nd group. 558 

Difference in the thermodynamic conditions between Future-Warming and Current-559 

Climate are shown in Fig. 12b and Table 9b for the four groups of events. The 800-hPa specific 560 

humidity, q800, increases by 22.87-30.17% in the future. This approximates the 7% K-1 CC scaling, 561 

as the 800-hPa temperature, T800, increases by 3.65-4.07 K. The scaling of precipitable water is 562 

super-CC, since the mid-level moisture, q600, increases at rates of 9.25-12.34% K-1. 563 

The scaling of the peak rain rate, Ipeak, does not exactly follow the relative increase in the 564 

low-level moisture or precipitable water between Future-Warming and Current-Climate (Fig. 12b). 565 

The relative increase of Ipeak ranges from 5.88% to 37.76%, far below (above) the 7% K-1 CC 566 

scaling in the 1st (4th) group of events with strong (weak) vertical wind shear. The scaling of Ipeak 567 

has similar magnitudes to the relative difference in the MSE vertical gradient, MSEgradient, across 568 

the storm groups. Thus, variations in atmospheric instability due to greenhouse gas increases 569 

constrain (enhance) the rainfall intensification over the Sahel under strong (weak) shear conditions. 570 

To explore why the relative difference in MSEgradient varies with the shear strength, Table 571 

10 shows correlations between the shear and thermodynamic indices for the selected heavy rainfall 572 

events. Figure 12c illustrates relationships discussed below. The Current-Climate MSEgradient, as 573 

the denominator of the relative difference in MSEgradient, increases with the vertical wind shear. 574 
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This is sourced from the relationship between the shear strength and the latent and thermal 575 

components of MSE. Specifically, 600-hPa moisture and precipitable water, q600 and PW, decrease 576 

with the shear strength in Current-Climate. The 800-hPa (600-hPa) temperature, T800 (T600), is 577 

(anti-) correlated with the shear strength in both Current-Climate and Future-Warming. A potential 578 

underlying mechanism is that northeasterlies associated with the AEJ transport more dry, warmer 579 

air at 800 hPa and dry, cooler air at 600 hPa from the Sahara into the Sahel with strong vertical 580 

wind shear, and vice versa. With greenhouse gas increases, specific humidity increases less over 581 

the Sahara than over the Sahel (Fig. 9). This may contribute to the small increase in the 800-hPa 582 

moisture, q800, and further the small difference in the MSE vertical gradient, MSEgradient, under 583 

strong shear, while the opposite is true under weak shear.  584 

Since there is little overlap in the thermodynamic conditions between the current and future 585 

climate, a similar assessment cannot be conducted to delineate the dynamic contribution to the 586 

intensified rainfall over the West African Sahel with increasing greenhouse gas levels. However, 587 

the analysis of Fig. 12 and Tables 9-10 still implies a primary contribution from the thermodynamic 588 

processes to storm intensification over the Sahel. The 2nd – 4th groups (Fig. 12) contain 84 (80) % 589 

of the selected heavy rainfall events from Current-Climate (Future-Warming), and the average 590 

peak rain rates of these groups increase by 21-38% (15-26 mm) in the future with the primary 591 

contribution from thermodynamic processes. These increased magnitudes are similar to the scaling 592 

of Ipeak for all the events under enhanced vertical wind shear (24%, 17 mm) in the simulations.  593 

In summary, thermodynamic conditions are more closely related to greenhouse gas-forced 594 

storm intensification and increased frequency over the West African Sahel than changes in the 595 

vertical wind shear. Although both factors are related to the storms’ rain-shield areas, propagating 596 
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speeds, and the duration of the rainfall events, the simulated heavier rainfall across the Sahel is 597 

primarily linked to higher rainfall intensity rather than a longer duration of events.  598 

 599 

5 Conclusions 600 

 The West African Sahel is known for the frequent occurrence of intense storms and 601 

catastrophic floods that lead to severe socioeconomic loss. The low-level southwesterly monsoonal 602 

flow and the mid-tropospheric AEJ generate strong vertical wind shear over the Sahel during 603 

boreal summer, forming a unique dynamic environment for storm evolution. The frequency of 604 

intense storms over this region has been observed to be increasing in recent decades (Taylor et al. 605 

2017; Chagnaud et al. 2022) and the trend is projected to continue throughout the 21st century with 606 

global warming. The purpose of our study is to understand the relative importance of the dynamic 607 

and thermodynamic processes for this greenhouse gas-induced rainfall intensification. 608 

 Our study uses ensemble simulations with the WRF regional atmospheric model with 609 

triple-nested (27/9/3-km) domains (Fig. 2) to represent the current and future August climatology 610 

over the West and Central Africa. Cumulus parameterization is turned off in the 3-km (CP) domain, 611 

which covers much of Sahel and is the focus of the analysis. The “Current-Climate” experiment 612 

consists of 16 ensemble members, with initial and boundary conditions from the ERA5 reanalysis 613 

and OSTIA SST observations. Five “Future-Warming” simulations represent late-21st-century 614 

conditions under the IPCC’s SSP585 scenario, which hypothesizes fossil-fueled development. 615 

Initial and lateral boundary conditions for the future simulations are generated by adding multi-616 

model mean anomalies derived from CMIP6 simulations to the ERA5 values. The large outer 617 

domain eliminates influence from the lateral boundary anomalies in the CP domain, and the 618 

primary climate change forcing is from increases in greenhouse gases. 619 
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Hourly output from the CP domain is used to analyze storm evolution and relevant 620 

environmental conditions. We identify heavy rainfall events that produce the highest 24-hr rainfall 621 

totals following the method of Vizy and Cook (2022). Rainfall/storm indices (Table 1) are 622 

developed to quantify the characteristics of the events, such as duration, peak rain rate, etc. Metrics 623 

(Table 2) are also derived for pre-storm environmental shear and thermodynamic conditions. 624 

 The Current-Climate simulation generally reproduces observed August rainfall, moisture, 625 

and circulation patterns, although it has relatively dry conditions across the northern Sahel. The 626 

simulated frequency curve of 24-hr rainfall totals over the analysis region is similar to the IMERG 627 

observations. The 99.9th percentile rainfall totals are 77 mm in Current-Climate and 89 mm in 628 

IMERG. Current-Climate realistically represents the spatial and frequency distributions of heavy 629 

rainfall events over the analysis region. Most of the heaviest rainfall events are located south of 630 

15°N over a few cluster regions, consistent with Vizy and Cook (2022). In addition, the simulations 631 

capture low- to mid-tropospheric features well, such as the meridional moisture gradient, the AEJ, 632 

and the vertical wind shear, compared to ERA5. 633 

 In Future-Warming, the ensemble mean August precipitation increases by ~2 mm day-1 634 

over the Sahel, with the maximum anomalies centered in the eastern part of the domain. Rainfall 635 

decreases over the Guinean Highlands, the Cameroon Highlands, and tropical Central Africa. The 636 

spatial distribution of heavy rainfall events over the analysis region is similar between Current-637 

Climate and Future-Warming. The frequency of events with 24-hr rainfall totals above 77 mm 638 

increases by ~20 events per month in the future, exceeding the range of ensemble member 639 

variability of Current-Climate. Analysis the top 30 events selected from each ensemble simulation 640 

of Current-Climate and Future-Warming indicate that the increase in rainfall totals is primarily 641 

related to an increase in rainfall intensity rather than the duration of events. 642 
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 Rainfall intensification occurs primarily through thermodynamics processes, and not 643 

through dynamical processes related to changes in the vertical wind shear. Environmental 644 

conditions prior to heavy rainfall events have significant differences from dry-day (and 645 

climatological) conditions, including relatively strong low-level westerlies, weak mid-level 646 

easterlies, and high atmospheric instability. In the storm composites, the environmental vertical 647 

wind shear prior to the events is 3.2 m s-1 higher in Future-Warming than in Current-Climate, with 648 

the 800 hPa – 600 hPa MSE vertical gradient (850-hPa CAPE) enhanced by ~22% (~500 J kg-1). 649 

Despite these differences, wind shear strength is not correlated with peak rain rates. In contrast, 650 

thermodynamic features – especially measures of atmospheric instability related to lower/middle 651 

tropospheric moisture and temperature - have high, significant correlations with storm intensity. 652 

This indicates the dominant role of the thermodynamic process in intensifying the rainfall over the 653 

Sahel. This finding is consistent with several previous studies (Bickle et al. 2020; Fitzpatrick et al. 654 

2020) and inconsistent with others (Taylor et al. 2017; Baidu et al. 2022). 655 

The environmental vertical wind shear along with thermodynamic conditions is linked to 656 

a larger rain-shield area and propagation speed of the storms, and this can affect the duration and 657 

total precipitation of events. The duration of events is not significantly different between the 658 

current and future simulations with enhanced vertical wind shear over the Sahel, but this 659 

mechanism may be influential for other regions of the world. In addition, the vertical wind shear 660 

is connected with thermodynamic conditions. Strong wind shear is related to high environmental 661 

instability, transporting more dry, warm (cool) lower (middle) tropospheric air from the Sahara 662 

into the Sahel, while the opposite occurs with weak wind shear. Increased greenhouse gas levels 663 

induce a small difference in atmospheric instability for Sahelian storms under strong vertical wind 664 
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shear, which constrains rainfall intensification of such storms. By contrast, atmospheric instability 665 

rises under weak wind shear, enhancing intensification of heavy precipitation over the Sahel.  666 

 Our analysis does not corroborate the close relationship between shear strength and storm 667 

intensity as is found in idealized experiments (e.g., Weisman and Rotunno 2004), and several 668 

factors may be relevant. First, the environmental vertical wind shear or its interactions with the 669 

storm’s cold pool may not be sufficiently different between the current and future climate to 670 

generate significant impacts on rain rates. Moreover, the deepest convection does not necessarily 671 

signify the most intense rainfall (Hamada et al. 2015; Hamada and Takayabu 2018), and MCSs 672 

often include multiple convective cores mixed with stratiform areas. Thus, the proposed theory 673 

that an “optimal” shear strength favors deeper convection may not translate into a connection 674 

between environmental shear strength and the storm’s surface rainfall rates. Furthermore, 675 

complexities are involved in measuring environmental vertical wind shear in realistic simulations, 676 

and the shear direction and strength may vary across a storm front. The depth/height of the vertical 677 

wind shear and the alignment between the shear and the storms’ propagating directions also vary. 678 

Finally, we have not excluded the possibility that vertical wind shear has a more obvious control 679 

over rainfall intensity for storms with certain characteristics or over specific regions. This can be 680 

studied with future improvement in storm observations and model simulations.  681 

These results have general implications for understanding the climatology or variability of 682 

storms in other regions. Additional work is required to further understand the relevant physical 683 

processes that underlie the correlations and to evaluate the sensitivity of the results to storm life 684 

cycle, diurnal cycle timing, locations, short-term SST variability, etc.  685 
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Table 1 Indices for rainfall accumulation and intensity of selected heavy rainfall events 1045 

Symbol Long Name and Definition 

Dtotal 

Duration (hr) of the heavy rainfall event. The start and end of the rainfall event is 

defined when rainfall intensity at the location (the grid point) of the event is < 10 mm 

day-1 for more than 1 hour.  

Ptotal  Total precipitation (mm) over the duration and at the location of the event. 

Imean Mean intensity (mm hr-1) over the duration and at the location of the event.  

Ipeak Peak rain rate (mm hr-1) over the duration and at the location of the event.   

ωpeak  

Maximum updraft velocity (Pa s-1) at the time of the peak rain rate.  ωpeak is averaged 

over a 21x21-km2 area centered at the location of the event to account for tilting of the 

storm’s updraft. The upward direction is defined as positive. 

Hω 
Pressure level of the maximum updraft velocity (hPa) at the time of the peak rain rate 

over the 21x21-km2 area centered at the location of the event. 

Apeak 

Area of the storm’s 10 mm day-1 rain shield (km2) at the time of the peak rain rate. 

Apeak is identified within a ~15° latitude x 20° longitude sub-region that covers full 

storm area of each event, including the events near the edge of the analysis region. 

Aconvective  Area of the storm’s 500 mm day-1 rain shield (km2) at the time of the peak rain rate. 

Astratiform  Area of the storm’s 10-100 mm day-1 rain shield (km2) at the time of the peak rain rate. 

Vpeak  

Storm propagating speed (km hr-1) at the time of the peak rain rate (t = 0). Vpeak is 

calculated as an average of the storm propagating speed at half an hour before and after 

the peak rain rate of the event, Vstorm (t = -0.5 hr) and Vstorm (t = +0.5 hr), which are 

central differences about the centroid locations of the storm’s rain shield at t = -1 hr, t 

= 0, and t = +1 hr. To reduce the impact of rain-shield deformation on computing the 

centroid location, the intensity threshold for defining the storm’s rain shield is 

manually selected from 25/50/100/500 mm day-1. Specific adjustments are made to the 

calculation of Vpeak for 22.1% (12.7%) of the Current-Climate (Future-Warming) 

events to accommodate the occurrence of large rain-shield deformation, including 

using different intensity thresholds to derive Vstorm (t = -0.5 hr) and Vstorm (t = +0.5 hr), 

approximating Vpeak by Vstorm at t = ±0.5 hr, or not calculating Vpeak for 8 (3) events in 

Current-Climate (Future-Warming). More information is given in Online Resource 1. 

  1046 
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Table 2 Indices for the vertical wind shear and thermodynamic conditions of selected heavy 1047 

rainfall events. All indices are averaged over the 45x45-km2 area centered at the location of the 1048 

event to represent atmospheric conditions prior to the event, when the mean rainfall intensity over 1049 

the 45x45-km2 area is less than 10 mm day-1 1050 

Index Type Symbol Long Name and Definition 

Shear 

du 
600 hPa – 925 hPa zonal wind difference (m∙s-1), with the eastward 

direction defined as positive. 

dv 
600 hPa – 925 hPa meridional wind difference (m∙s-1), with the 

northward direction defined as positive. 

Smagnitude 600 hPa – 925 hPa vertical wind shear speed (m s-1).  

Sdirection 
600 hPa – 925 hPa vertical wind shear direction, measured in degrees (0-

360) anti-clockwise from the east. 

Moisture 

q800 800-hPa specific humidity (g kg-1). 

q600 600-hPa specific humidity (g kg-1). 

qgradient 800 hPa – 600 hPa specific humidity (g kg-1). 

PW Precipitable water (mm). 

Temperature 

T800 800-hPa temperature (K). 

T600 600-hPa temperature (K). 

Tgradient 800 hPa – 600 hPa temperature (K). 

Instability 

MSEgradient 800 hPa – 600 hPa moist static energy (J kg-1). 

CAPE850 850-hPa CAPE (J kg-1). 

CIN850 850-hPa CIN (J kg-1). 

 1051 
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Table 3 Specifications for the initial/lateral boundary/land surface/soil conditions for the Current-Climate and Future-Warming 1052 

ensemble simulations. Further details on the land surface conditions over Lake Chad are referred to Zhao et al. (2022) 1053 

  Current-Climate Future-Warming 

Ensemble 

Members 
5 5 3 3 5 

Land Surface 

Conditions 

"Small-Lake" "Large-Lake" "Wetland" "Large-Lake-II" "Small-Lake" 

A small Lake Chad 

of 1314 km2. 

A large Lake Chad 

of 24921 km2. 

A small Lake 

Chad surrounded 

by wetlands of 

24138 km2.  

A large Lake Chad 

of 25452 km2.  

A small Lake Chad 

of 1314 km2. 

Initial/Lateral 

Boundary 

Conditions  

ERA5 2013-2017 ERA5 2013-2017 ERA5 2013-2015 ERA5 2013-2015 ERA5 2013-2017 

Initial Soil 

Moisture 

The 2007 – 2019 

average in ERA5 

at 00Z 01 July.  

The 2007 – 2019 

average in ERA5 at 

00Z 01 July.  

"Small-Lake" 

2013 model output 

at 00Z 01 

September.  

"Small-Lake" 

2013 model output 

at 00Z 01 

September.  

The 2007 – 2019 

average in ERA5 at 

00Z 01 July.  

 1054 
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Table 4 CMIP6 models used to derive the anomalies between early and late 21st-century climate. 1055 

One ensemble member of the SSP585 and historical experiments from each model (i.e., r1i1p1f2 1056 

from CNRM-CM6-1-HR and r1i1p1f1 from the other four models) is utilized for computing the 1057 

anomalies. Near-surface relative humidity is not saved as a monthly mean output variable in 1058 

AWI-CM-1-1-MR, so the multi-model mean of this variable is calculated based on the other four 1059 

models. The listed model resolutions are the native nominal resolutions of the atmospheric and 1060 

oceanic components of the models 1061 

  1062 

Model Institute Model Resolution Reference 

GFDL-CM4 
NOAA Geophysical Fluid 

Dynamics Laboratory 

Atmos: 100 km 

Ocean: 25 km Guo et al. (2018) 

EC-Earth3 
EC-Earth consortium (EC-

Earth) 

Atmos: 100 km 

Ocean: 100 km EC-Earth (2019) 

MPI-ESM1-

2-HR 

Max Planck Institute for 

Meteorology 

Atmos: 100 km 

Ocean: 50 km von Storch et al. (2017) 

AWI-CM-1-

1-MR 
Alfred Wegener Institute 

Atmos: 100 km 

Ocean: 25 km Semmler et al. (2018) 

CNRM-

CM6-1-HR 

Centre National de 

Recherches Météorologiques 

Atmos: 100 km 

Ocean: 25 km Voldoire (2019) 
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Table 5 Correlations between the vertical wind shear indices and the rainfall/storm metrics for the 1063 

selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The 1064 

indices represent pre-storm environmental conditions when the mean rainfall intensity over the 1065 

45x45-km2 area centered at the location of the events is < 10 mm day-1. Pearson correlation 1066 

coefficients that exceed 90 (95) % confidence level are denoted by * (**), based on two-sided 1067 

Student’s t-tests 1068 

(a) 

Current-

Climate 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

du -0.03 -0.06 -0.14** -0.28** -0.19** -0.46** 

dv  0.02 -0.06 -0.08* -0.15** -0.05 -0.14** 

Smagnitude  0.02  0.07  0.15**  0.29**  0.19**  0.47** 

Sdirection  0.00  0.11** -0.02  0.02 -0.02 -0.06 

 1069 

(b) 

Future-

Warming 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

du -0.15* -0.03 -0.05 -0.27** -0.21** -0.28** 

dv  0.02  0.04 -0.17** -0.25** -0.21** -0.16* 

Smagnitude  0.11  0.00  0.08  0.31**  0.25**  0.30** 

Sdirection -0.06  0.00  0.12  0.04  0.04 -0.01 

  1070 



 53 

Table 6 Correlations between the thermodynamic indices and the rainfall/storm metrics for the 1071 

selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The 1072 

indices represent pre-storm environmental conditions when the mean rainfall intensity over the 1073 

45x45-km2 area centered at the location of the events is < 10 mm day-1. Pearson correlation 1074 

coefficients that exceed 90 (95) % confidence level are denoted by * (**), based on two-sided 1075 

Student’s t-tests 1076 

 1077 

(a) 

Current-

Climate 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

q800  0.21**  0.10** -0.15**  0.22**  0.02  0.08 

q600 -0.24** -0.10**  0.01 -0.07  0.02 -0.23** 

qgradient  0.30**  0.13** -0.10**  0.18**  0.00  0.21** 

PW -0.14**  0.02 -0.05 -0.01  0.01 -0.17** 

T800  0.08*  0.01 -0.02  0.14**  0.14**  0.36** 

T600 -0.11**  0.00 -0.13**  0.00  0.08* -0.09* 

Tgradient  0.12**  0.01  0.04  0.12**  0.08*  0.35** 

MSEgradient  0.31**  0.12** -0.07  0.20**  0.03  0.32** 

CAPE850  0.33**  0.19** -0.13**  0.21** -0.01  0.27** 

CIN850 -0.18** -0.03  0.15**  0.06  0.12**  0.24** 

 1078 

(b) 

Future-

Warming 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

q800  0.19**  0.17** -0.05  0.12 -0.13  0.19** 

q600 -0.26** -0.21**  0.04 -0.13  0.02 -0.16** 

qgradient  0.27**  0.23** -0.06  0.15* -0.09  0.21** 

PW -0.09 -0.02  0.03  0.04  0.00 -0.10 

T800  0.33**  0.12 -0.06  0.24**  0.16*  0.44** 

T600 -0.04 -0.14* -0.13 -0.14* -0.12 -0.17** 

Tgradient  0.30**  0.17**  0.00  0.27**  0.19**  0.46** 

MSEgradient  0.35**  0.27** -0.05  0.23** -0.03  0.35** 

CAPE850  0.24**  0.22** -0.04  0.26** -0.02  0.32** 

CIN850  0.07 -0.14*  0.11  0.18**  0.22**  0.25** 
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Table 7 Correlations between the vertical wind shear indices and the rainfall/storm metrics for the 1080 

selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The 1081 

indices represent environmental conditions 3 hours prior to the peak rain rate of the events. Pearson 1082 

correlation coefficients that exceed 90 (95) % confidence level are denoted by * (**), based on 1083 

two-sided Student’s t-tests 1084 

(a) 

Current-

Climate 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

du -0.09* -0.11** -0.11** -0.23** -0.12** -0.46** 

dv  0.02 -0.07 -0.09* -0.14** -0.04 -0.12** 

Smagnitude  0.06  0.09**  0.13**  0.25**  0.13**  0.48** 

Sdirection -0.04  0.04  0  0.04  0.04 -0.06 

 1085 

(b) 

Future-

Warming 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

du -0.17** -0.06 -0.08 -0.28** -0.21** -0.37** 

dv  0.01  0.08 -0.14* -0.24** -0.18** -0.14* 

Smagnitude  0.13  0.01  0.12  0.33**  0.25**  0.36** 

Sdirection -0.02 -0.07  0.09  0.04  0.03 -0.04 
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Table 8 Correlations between the thermodynamic indices and the rainfall/storm metrics for the 1087 

selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The 1088 

indices represent environmental conditions 3 hours prior to the peak rain rate of the events. Pearson 1089 

correlation coefficients that exceed 90 (95) % confidence level are denoted by * (**), based on 1090 

two-sided Student’s t-tests 1091 

(a) 

Current-

Climate 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

q800  0.12**  0.03 -0.15**  0.22**  0.08*  0.05 

q600 -0.25** -0.13** -0.02 -0.05  0.07 -0.27** 

qgradient  0.26**  0.11** -0.08*  0.17** -0.01  0.24** 

PW -0.19** -0.06 -0.05  0  0.08* -0.22** 

T800  0.13**  0.05 -0.02  0.13**  0.1**  0.38** 

T600 -0.14** -0.04 -0.08*  0.03  0.08* -0.1** 

Tgradient  0.18**  0.06  0.02  0.1**  0.04  0.36** 

MSEgradient  0.3**  0.12** -0.06  0.18**  0.01  0.34** 

CAPE850  0.31**  0.18** -0.12**  0.23**  0.01  0.28** 

CIN850 -0.11** -0.02  0.14**  0  0.01  0.21** 

 1092 

(b) 

Future-

Warming 

𝜔peak Ipeak 𝐻𝜔 Aconvective Astratiform Vpeak 

q800  0.16*  0.07 -0.08  0.1 -0.12  0.06 

q600 -0.31** -0.21**  0.07 -0.15*  0.01 -0.24** 

qgradient  0.3**  0.18** -0.09  0.16* -0.08  0.19** 

PW -0.24** -0.18**  0.06 -0.06  0 -0.29** 

T800  0.39**  0.22** -0.08  0.27**  0.11  0.52** 

T600  0.02 -0.11 -0.11 -0.1 -0.14* -0.11 

Tgradient  0.34**  0.24** -0.03  0.28**  0.16*  0.51** 

MSEgradient  0.38**  0.25** -0.09  0.23** -0.02  0.34** 

CAPE850  0.28**  0.22** -0.1  0.26** -0.05  0.3** 

CIN850  0.02 -0.06  0.16*  0.16*  0.17**  0.31** 
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Table 9 Absolute and relative difference in the vertical wind shear and thermodynamic indices 1094 

between Current-Climate and Future-Warming simulations for the four groups of events under 1095 

different shear conditions (Fig. 12). The indices represent pre-storm environmental conditions 1096 

when the mean rainfall intensity over the 45x45-km2 area centered at the location of the events is 1097 

< 10 mm day-1. Units of the absolute difference in the indices are the same as those listed in Table 1098 

1 1099 

 (a) 1st 2nd 3rd 4th 

du -0.13 0.58% -0.42 2.47%  0.17 -1.39% -0.41 5.21% 

dv -0.45 5.73% -2.33 46.93% -0.87  16.38% -0.85 16.37% 

Smagnitude  0.15 0.62%  1.09 5.96%  0.23  1.60%  0.61 6.04% 

Sdirection  1.55 0.78%  6.14 3.14%  3.27  1.62%  2.28 1.09% 

 1100 

 (b) 1st 2nd 3rd 4th 

q800  2.95  22.87%  3.80  29.85%  3.48  27.13%  3.85  30.17% 

q600  2.60  51.17%  2.64  52.71%  2.68  53.77%  2.15  39.07% 

qgradient  0.35  4.48%  1.16  15.02%  0.80  10.20%  1.69  23.39% 

PW  18.40  37.51%  18.44  37.45%  17.85  36.24%  17.65  35.06% 

T800  3.65  1.26%  4.07  1.40%  3.71  1.28%  3.88  1.34% 

T600  4.62  1.69%  4.31  1.57%  4.36  1.59%  4.23  1.54% 

Tgradient -0.97 -5.98% -0.24 -1.54% -0.65 -4.26% -0.35 -2.40% 

MSEgradient -497.41 -4.01%  2255.58  19.84%  968.32  8.48%  3503.85  37.92% 

CAPE850  137.73  10.71%  580.81  51.35%  324.90  28.94%  646.54  63.90% 

CIN850  11.82  51.35%  2.56  17.85%  7.95  76.15%  0.67  9.65% 

1101 
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Table 10 Correlations between the vertical wind shear indices and the thermodynamic metrics for the selected heavy rainfall events 1102 

from the a Current-Climate and b Future-Warming simulations. The indices represent pre-storm environmental conditions when the 1103 

mean rainfall intensity over the 45x45-km2 area centered at the location of the events is < 10 mm day-1. Pearson correlation coefficients 1104 

that exceed 90 (95) % confidence level are denoted by * (**), based on two-sided Student’s t-tests 1105 

(a) Current-

Climate 

q800 q600 qgradient PW T800 T600 Tgradient MSEgradient CAPE850 CIN850 

du -0.02  0.26** -0.19**  0.27** -0.33**  0.24** -0.39** -0.32** -0.21** -0.31** 

dv  0.08*  0.16** -0.07  0.08* -0.3**  0.14** -0.32** -0.18** -0.05 -0.39** 

Smagnitude -0.02 -0.26**  0.17** -0.23**  0.38** -0.26**  0.45**  0.32**  0.18**  0.42** 

Sdirection -0.02 -0.02  0  0.05  0.08*  0  0.07  0.03 -0.03  0.14** 

 1106 

(b) Future-

Warming 

q800 q600 qgradient PW T800 T600 Tgradient MSEgradient CAPE850 CIN850 

du  0.07  0.07  0  0.1 -0.31**  0.24** -0.37** -0.12 -0.06 -0.31** 

dv -0.07  0.09 -0.1 -0.08 -0.24**  0.12 -0.26** -0.18** -0.15* -0.3** 

Smagnitude -0.02 -0.1  0.04 -0.07  0.35** -0.25**  0.41**  0.17**  0.11  0.37** 

Sdirection  0.09 -0.02  0.07  0.12  0.04  0.06  0.01  0.07  0.06  0.09 

 1107 
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Figure Captions 1108 

Fig. 1 a Terrain height (m) near the region of analysis (12°N-18°N, 9°W-20°E; black rectangle) 1109 

over the West African Sahel in the 3-km domain. “x” marks the location of an example event 1110 

from the Current-Climate ensemble simulations. b Duration (Dtotal; hr), total precipitation (Ptotal; 1111 

mm), mean intensity (Imean; mm hr-1), and peak rain rate (Ipeak; mm hr-1) at the location of the 1112 

example event. c Precipitation (mm hr-1) at the time of the peak rain rate for the example event. c 1113 

Area of the storm’s 10 mm day-1 rain shield (Apeak; km2) at the time of the peak rain rate (t=0) for 1114 

the example event. d Storm propagating speed (Vpeak; km hr-1) at the time of the peak rain rate is 1115 

computed as an average of the storm propagating speed at t = -0.5 hr and t = +0.5 hr that are 1116 

central differences about the centroid locations of the storm’s rain shield at t = -1 hr, t =0, and t = 1117 

+1 hr. The intensity threshold for defining the rain shield of the example event is 25 mm day-1, 1118 

manually selected from the 25/50/100/500 mm day-1 thresholds to reduce the impact of rain-1119 

shield deformation on computing the centroid location. More information is given in Online 1120 

Resource 1 1121 

 1122 

Fig. 2 August mean SST anomalies between the Future-Warming and Current-Climate 1123 

experiments (K; shading) and model configuration for the triple-nested domains. The black, 1124 

purple, blue, and red rectangles denote the boundaries of the 27-km (10.15°S-33.94°N, 20.63°W-1125 

46.63°E), 9-km (5.30°N-29.14°N, 13.24°W-42.23°E), 3-km (1.97°N-27.04°N, 10.53°W-35.03°E) 1126 

domains, and the analysis region (12°N-18°N, 9°W-20°E), respectively 1127 

 1128 

Fig. 3 a August mean precipitation (mm day-1) averaged over 2000-2019 from IMERG. b 1129 

August mean precipitation (mm day-1) from the 3-km domain of the Current-Climate ensemble 1130 
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simulations. The rectangles denote the region of analysis (12°N-18°N, 9°W-20°E) over the West 1131 

African Sahel. c The exceedance probability for 12Z-12Z 24-hr precipitation (mm) at a grid 1132 

point in the defined analysis region from the IMERG 2000-2019 observations and the Current-1133 

Climate ensemble simulations 1134 

 1135 

Fig. 4 Spatial distribution of heavy rainfall events (denoted by circles) that produce more than 77 1136 

mm precipitation during a 12Z-12Z 24-hr window at one grid point in the analysis region in a 1137 

IMERG during 2000-2019 and b the Current-Climate ensemble simulations. 77 mm is the 99.9th 1138 

percentile of 24-hr precipitation over the analysis region in the Current-Climate experiment. c 1139 

Number of heavy rainfall events per August that exceed certain thresholds of 24-hr precipitation 1140 

(mm) over the analysis region in IMERG and Current-Climate. The thin lines denote data for 1141 

individual years. The inset shows a closer view of the tails of the curves in c 1142 

 1143 

Fig. 5 2000-2019 ERA5 climatological August a 925-hPa and b 600-hPa specific humidity (g 1144 

kg-1; shading) and horizontal wind (m s-1; vectors). c ERA5 600 hPa – 925 hPa climatological 1145 

zonal wind (m s-1; shading) and horizontal wind (m s-1; vectors) differences. d-f are similar to a-1146 

c, but from the 3-km domain of the Current-Climate ensemble simulations. Vectors exceeding 9 1147 

m s-1 are thickened. Vectors are plotted every 8 and 70 grids in a-c and d-f for clarity, 1148 

respectively. The rectangles denote the analysis region 1149 

 1150 

Fig. 6 a Ensemble mean precipitation (mm day-1) from the Future-Warming simulations. b 1151 

Differences in ensemble mean precipitation (mm day-1) between the Future-Warming and 1152 

Current-Climate simulations. The dots denote anomalies that exceed the 95% confidence level 1153 
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based on a Welch’s t-test. The rectangles denote the analysis region. c The exceedance 1154 

probability for 12Z-12Z 24-hr precipitation (mm) at a grid point in the analysis region from the 1155 

Current-Climate and Future-Warming ensemble simulations 1156 

 1157 

Fig. 7 a Spatial distribution of heavy rainfall events (denoted by circles) that produce 12Z-12Z 1158 

24-hr precipitation above 77 mm at one grid point in the analysis region from the Future-1159 

Warming ensemble simulations. 77 mm is the 99.9th percentile of 24-hr precipitation over the 1160 

analysis region in the Current-Climate experiment. b Number of heavy rainfall events per August 1161 

that exceed certain thresholds of 24-hr precipitation (mm) over the analysis region in Current-1162 

Climate and Future-Warming. The thin lines denote data for ensemble members. The inset shows 1163 

a closer view of the tails of the curves in b 1164 

 1165 

Fig. 8 a Duration (hr; Dtotal), b storm propagation speed at the time of peak rain rate (Vpeak; km 1166 

hr-1), c area of the storms’ 10 mm day-1 rain shield at the time of peak rain rate (Apeak; 104 km2), 1167 

d mean intensity (mm hr-1; Imean), e peak rain rate (mm hr-1; Ipeak), and f ratio of rainfall during 1168 

the hour of the peak rain rate to the total precipitation (Ppeak/Ptotal) of the selected heavy rainfall 1169 

events from Current-Climate and Future-Warming. The x-axes show the ranking of the events 1170 

based on their rainfall totals, Ptotal. For Current-Climate, each dot represents an average of 80 1171 

measurements, including 5 events (e.g., 1st – 5th) per ensemble member multiplied by 16 1172 

ensemble members. For Future-Warming, each dot represents an average of 25 measurements (5 1173 

events x 5 ensemble members). Error bars denote standard errors of the means. Blue squares 1174 

denote differences between Future-Warming and Current-Climate that exceed the 95% 1175 
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confidence level based on Welch’s t-tests. Table 1 lists detailed descriptions of the indices for 1176 

heavy rainfall events 1177 

 1178 

Fig. 9 Differences in the a 925-hPa and b 600-hPa specific humidity (g kg-1; shading) and 1179 

horizontal wind (m s-1; vectors) between the Future-Warming and Current-Climate ensemble 1180 

mean. Grey shading masks out differences that do not exceed 95% confidence level based on a 1181 

Welch’s t-test. c Differences in the 600 hPa – 925 hPa zonal (m s-1; shading) and total (m s-1; 1182 

vectors) vertical wind shear between Future-Warming and Current-Climate ensemble mean. 1183 

Thickened vectors denote differences that exceed 95% confidence level based on Welch’s t-tests. 1184 

Vectors are plotted every 70 grid points for clarity. The rectangles denote the analysis region 1185 

 1186 

Fig. 10 Time series of a 600 hPa – 925 hPa horizontal wind shear speed (m s-1) and the time rate 1187 

of change of 600 hPa – 925 hPa horizontal wind shear direction (degree hr-1), b 925-hPa and 1188 

600-hPa zonal wind (m s-1), c 800-hPa and 600-hPa specific humidity (g kg-1) and precipitable 1189 

water (mm), and d 800-hPa and 600-hPa temperature (K) averaged over the 45x45-km2 area 1190 

centered at the location of the heavy rainfall event during the passage of the storm (solid lines) 1191 

and for the dry-day composite (dashed lines) from Current-Climate. e-h are similar to a-d, but 1192 

for Future-Warming. The time of the peak rain rate is defined as time 0 and marked by the dots 1193 

in the time series 1194 

 1195 

Fig. 11 Vertical profiles of a zonal wind (m s-1), b meridional wind (m s-1), c MSE (105 J kg-1), d 1196 

CAPE (J kg-1), and e CIN (J kg-1) averaged over the 45x45-km2 area centered at the location of 1197 

the heavy rainfall event for the storm and dry-day composites from Current-Climate. Pre-storm 1198 
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environmental conditions are calculated when the mean rainfall intensity over the 45x45-km2 1199 

area centered at the location of the event is < 10 mm day-1. The dry-day composite presents the 1200 

same hour of the day as the storm composite. f-j are similar to a-e, but for both Current-Climate 1201 

and Future-Warming. The dots denote differences between the storm and dry-day composites or 1202 

Current-Climate and Future-Warming that exceed 95 % confidence level, based on Welch’s t-1203 

tests 1204 

 1205 

Fig. 12 a 600hPa – 925hPa zonal vertical wind shear (du; m s-1) and vertical wind shear 1206 

magnitude (Smagnitude; m s-1) prior to the selected heavy rainfall events from Current-Climate and 1207 

Future-Warming. The dashed lines denote the ranges of du that are used to separate the events 1208 

into four groups of similar shear strength. The number of events in each group is marked in the 1209 

figure. b Relative difference (%) in the peak rain rate, Ipeak, 800-hPa specific humidity, q800, 1210 

precipitable water, PW, and MSE vertical gradient, MSEgradient between Current-Climate and 1211 

Future-Warming for the four groups of events. c MSEgradient from Current-Climate (solid line; J 1212 

kg-1) and absolute difference in MSEgradient (dashed line; J kg-1) and q800 (g kg-1) between 1213 

Current-Climate and Future-Warming for the four groups of events 1214 

 1215 

Online Resource 1 Detailed description of how storm velocity is computed and listings of the 1216 

selected heavy rainfall events over the analysis region of the West African Sahel from Current-1217 

Climate and Future-Warming ensemble simulations   1218 
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 1219 

Fig. 1 a Terrain height (m) near the region of analysis (12°N-18°N, 9°W-20°E; black rectangle) 1220 

over the West African Sahel in the 3-km domain. “x” marks the location of an example event from 1221 

the Current-Climate ensemble simulations. b Duration (Dtotal; hr), total precipitation (Ptotal; mm), 1222 

mean intensity (Imean; mm hr-1), and peak rain rate (Ipeak; mm hr-1) at the location of the example 1223 

event. c Precipitation (mm hr-1) at the time of the peak rain rate for the example event. c Area of 1224 

the storm’s 10 mm day-1 rain shield (Apeak; km2) at the time of the peak rain rate (t=0) for the 1225 

example event. d Storm propagating speed (Vpeak; km hr-1) at the time of the peak rain rate is 1226 

computed as an average of the storm propagating speed at t = -0.5 hr and t = +0.5 hr that are central 1227 

differences about the centroid locations of the storm’s rain shield at t = -1 hr, t =0, and t = +1 hr. 1228 

The intensity threshold for defining the rain shield of the example event is 25 mm day-1, manually 1229 

selected from the 25/50/100/500 mm day-1 thresholds to reduce the impact of rain-shield 1230 

deformation on computing the centroid location. More information is given in Online Resource 1  1231 
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 1232 

Fig. 2 August mean SST anomalies between the Future-Warming and Current-Climate 1233 

experiments (K; shading) and model configuration for the triple-nested domains. The black, purple, 1234 

blue, and red rectangles denote the boundaries of the 27-km (10.15°S-33.94°N, 20.63°W-46.63°E), 1235 

9-km (5.30°N-29.14°N, 13.24°W-42.23°E), 3-km (1.97°N-27.04°N, 10.53°W-35.03°E) domains, 1236 

and the analysis region (12°N-18°N, 9°W-20°E), respectively 1237 

 1238 

  1239 
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 1240 
Fig. 3 a August mean precipitation (mm day-1) averaged over 2000-2019 from IMERG. b August 1241 

mean precipitation (mm day-1) from the 3-km domain of the Current-Climate ensemble simulations. 1242 

The rectangles denote the region of analysis (12°N-18°N, 9°W-20°E) over the West African Sahel. 1243 

c The exceedance probability for 12Z-12Z 24-hr precipitation (mm) at a grid point in the defined 1244 

analysis region from the IMERG 2000-2019 observations and the Current-Climate ensemble 1245 

simulations  1246 
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 1247 
Fig. 4 Spatial distribution of heavy rainfall events (denoted by circles) that produce more than 77 1248 

mm precipitation during a 12Z-12Z 24-hr window at one grid point in the analysis region in a 1249 

IMERG during 2000-2019 and b the Current-Climate ensemble simulations. 77 mm is the 99.9th 1250 

percentile of 24-hr precipitation over the analysis region in the Current-Climate experiment. c 1251 

Number of heavy rainfall events per August that exceed certain thresholds of 24-hr precipitation 1252 

(mm) over the analysis region in IMERG and Current-Climate. The thin lines denote data for 1253 

individual years. The inset shows a closer view of the tails of the curves in c 1254 

 1255 

  1256 
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 1257 
Fig. 5 2000-2019 ERA5 climatological August a 925-hPa and b 600-hPa specific humidity (g kg-1258 
1; shading) and horizontal wind (m s-1; vectors). c ERA5 600 hPa – 925 hPa climatological zonal 1259 

wind (m s-1; shading) and horizontal wind (m s-1; vectors) differences. d-f are similar to a-c, but 1260 

from the 3-km domain of the Current-Climate ensemble simulations. Vectors exceeding 9 m s-1 1261 

are thickened. Vectors are plotted every 8 and 70 grids in a-c and d-f for clarity, respectively. The 1262 

rectangles denote the analysis region  1263 

  1264 
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 1265 
Fig. 6 a Ensemble mean precipitation (mm day-1) from the Future-Warming simulations. b 1266 

Differences in ensemble mean precipitation (mm day-1) between the Future-Warming and Current-1267 

Climate simulations. The dots denote anomalies that exceed the 95% confidence level based on a 1268 

Welch’s t-test. The rectangles denote the analysis region. c The exceedance probability for 12Z-1269 

12Z 24-hr precipitation (mm) at a grid point in the analysis region from the Current-Climate and 1270 

Future-Warming ensemble simulations  1271 
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 1272 
Fig. 7 a Spatial distribution of heavy rainfall events (denoted by circles) that produce 12Z-12Z 24-1273 

hr precipitation above 77 mm at one grid point in the analysis region from the Future-Warming 1274 

ensemble simulations. 77 mm is the 99.9th percentile of 24-hr precipitation over the analysis region 1275 

in the Current-Climate experiment. b Number of heavy rainfall events per August that exceed 1276 

certain thresholds of 24-hr precipitation (mm) over the analysis region in Current-Climate and 1277 

Future-Warming. The thin lines denote data for ensemble members. The inset shows a closer view 1278 

of the tails of the curves in b 1279 

 1280 

  1281 
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 1282 
Fig. 8 a Duration (hr; Dtotal), b storm propagation speed at the time of peak rain rate (Vpeak; km hr-1283 
1), c area of the storms’ 10 mm day-1 rain shield at the time of peak rain rate (Apeak; 104 km2), d 1284 

mean intensity (mm hr-1; Imean), e peak rain rate (mm hr-1; Ipeak), and f ratio of rainfall during the 1285 

hour of the peak rain rate to the total precipitation (Ppeak/Ptotal) of the selected heavy rainfall events 1286 

from Current-Climate and Future-Warming. The x-axes show the ranking of the events based on 1287 

their rainfall totals, Ptotal. For Current-Climate, each dot represents an average of 80 measurements, 1288 

including 5 events (e.g., 1st – 5th) per ensemble member multiplied by 16 ensemble members. For 1289 

Future-Warming, each dot represents an average of 25 measurements (5 events x 5 ensemble 1290 

members). Error bars denote standard errors of the means. Blue circles denote differences between 1291 

Future-Warming and Current-Climate that exceed the 95% confidence level based on Welch’s t-1292 

tests. Table 1 lists detailed descriptions of the indices for heavy rainfall events 1293 

 1294 

  1295 
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 1296 
Fig. 9 Differences in the a 925-hPa and b 600-hPa specific humidity (g kg-1; shading) and 1297 

horizontal wind (m s-1; vectors) between the Future-Warming and Current-Climate ensemble mean. 1298 

Grey shading masks out differences that do not exceed 95% confidence level based on a Welch’s 1299 

t-test. c Differences in the 600 hPa – 925 hPa zonal (m s-1; shading) and total (m s-1; vectors) 1300 

vertical wind shear between Future-Warming and Current-Climate ensemble mean. Thickened 1301 

vectors denote differences that exceed 95% confidence level based on Welch’s t-tests. Vectors are 1302 

plotted every 70 grid points for clarity. The rectangles denote the analysis region 1303 

  1304 



 72 

 1305 
Fig. 10 Time series of a 600 hPa – 925 hPa horizontal wind shear speed (m s-1) and the time rate 1306 

of change of 600 hPa – 925 hPa horizontal wind shear direction (degree hr-1), b 925-hPa and 600-1307 

hPa zonal wind (m s-1), c 800-hPa and 600-hPa specific humidity (g kg-1) and precipitable water 1308 

(mm), and d 800-hPa and 600-hPa temperature (K) averaged over the 45x45-km2 area centered at 1309 

the location of the heavy rainfall event during the passage of the storm (solid lines) and for the 1310 

dry-day composite (dashed lines) from Current-Climate. e-h are similar to a-d, but for Future-1311 

Warming. The time of the peak rain rate is defined as time 0 and marked by the dots in the time 1312 

series 1313 

 1314 

  1315 
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 1316 
Fig. 11 Vertical profiles of a zonal wind (m s-1), b meridional wind (m s-1), c MSE (105 J kg-1), d 1317 

CAPE (J kg-1), and e CIN (J kg-1) averaged over the 45x45-km2 area centered at the location of the 1318 

heavy rainfall event for the storm and dry-day composites from Current-Climate. Pre-storm 1319 

environmental conditions are calculated when the mean rainfall intensity over the 45x45-km2 area 1320 

centered at the location of the event is < 10 mm day-1. The dry-day composite presents the same 1321 

hour of the day as the storm composite. f-j are similar to a-e, but for both Current-Climate and 1322 

Future-Warming. The dots denote differences between the storm and dry-day composites or 1323 

Current-Climate and Future-Warming that exceed 95 % confidence level, based on Welch’s t-tests  1324 

  1325 
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 1326 
Fig. 12 a 600hPa – 925hPa zonal vertical wind shear (du; m s-1) and vertical wind shear magnitude 1327 

(Smagnitude; m s-1) prior to the selected heavy rainfall events from Current-Climate and Future-1328 

Warming. The dashed lines denote the ranges of du that are used to separate the events into four 1329 

groups of similar shear strength. The number of events in each group is marked in the figure. b 1330 

Relative difference (%) in the peak rain rate, Ipeak, 800-hPa specific humidity, q800, precipitable 1331 

water, PW, and MSE vertical gradient, MSEgradient between Current-Climate and Future-Warming 1332 

for the four groups of events. c MSEgradient from Current-Climate (solid line; J kg-1) and absolute 1333 

difference in MSEgradient (dashed line; J kg-1) and q800 (g kg-1) between Current-Climate and Future-1334 

Warming for the four groups of events 1335 

 1336 

 1337 


