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Abstract

Convective-permitting ensemble simulations are used to understand the roles of
thermodynamic and dynamic processes in changing intense storms over the West African Sahel
due to increases in atmospheric greenhouse gas concentrations. Ensemble simulations with 16
members represent recent August conditions during the height of the boreal summer monsoon
season over the Sahel. They are compared with 5 Future-Warming ensemble simulations with
increased greenhouse gas concentrations under the late-21%-century high-emission SSP5-8.5
scenario and initial/boundary conditions from the Current-Climate data plus the multi-model mean
anomalies derived from CMIP6 experiments. The Current-Climate simulations reproduce
observed precipitation and environmental conditions over the Sahel well. The frequency of heavy
rainfall events with 24-hr rainfall >77 mm (the 99.9" percentile) increases by >38.2% in the
Future-Warming simulations. While the low- to mid-level vertical wind shear increases in the
Future-Warming simulations, we find no significant correlations between the environmental shear
strength and peak storm rain rates. In contrast, lower (middle) tropospheric moisture and
temperature are correlated (anticorrelated) with peak rain rates and/or the maximum updraft
velocity of intense events, consistent with significant correlations between the increased
atmospheric instability and storm intensity. Thus, thermodynamic processes and not dynamical
(shear-related) processes dominate the rainfall intensification over the Sahel in the simulations.
Nevertheless, the enhanced shear strength is associated with larger rain-shield areas and
propagation speeds of intense storms in Future-Warming. Wind shear strength is also correlated
with pre-storm atmospheric instability, which grows less/more under strong/weak shear with

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



50 Keywords
51  Extreme precipitation, rainfall intensification, vertical wind shear, West African Sahel, climate

52 change, convective-permitting modeling



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

1 Introduction

The West African Sahel is vulnerable to floods during the boreal summer with the frequent
occurrence of intense storms (Di Baldassarre et al. 2010). The mid-level African easterly jet (AEJ;
Cook 1999) and the low-level southwesterly monsoonal flow (Hagos and Cook 2007; Cook and
Vizy 2019) produce strong vertical wind shear across the Sahel that is observed and projected to
increase as the amplified greenhouse gas-induced Sahara warming continues (Cook and Vizy 2015;
Vizy and Cook 2017). Differences in the vertical wind shear and thermodynamic conditions
associated with global warming may impact storms over the Sahel (Taylor et al. 2017; Bickle et
al. 2020; Fitzpatrick et al. 2020).

The purpose of our study is to understand the individual roles of thermodynamic and
dynamic processes in modifying intense precipitation over the West African Sahel. Convective-
permitting (CP) ensemble simulations are used to represent the current and the late-21st-century
August climatology over northern Africa. Compared to models with cumulus parameterization,
CP modeling more realistically represents the mesoscale convective systems (MCSs) (Prein et al.
2015; Zhang et al. 2016a; Vizy and Cook 2018, 2019, 2023; Finney et al. 2019) that account for
almost all of the heavy rainfall events over this region (Vizy and Cook 2022). Thus, this approach
is needed for studying the processes responsible for future changes in intense storms across the
Sahel.

Section 2 reviews studies of greenhouse gas-induced thermodynamic and dynamic
contributions to storm intensification as well as background on precipitation and environmental
conditions over the Sahel. Section 3 describes the datasets, analysis methods, and experimental

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

There are ongoing efforts to physically understand how heavy precipitation in the tropics
responds to increasing greenhouse gas levels. The thermodynamic contribution to the storms’
response to global warming is better understood than other mechanisms (Shepherd 2014;
Trenberth et al. 2015; Pfahl et al. 2017). Assuming rainfall scales with lower-tropospheric moisture,
the thermodynamic contribution is often approximated by or compared to the Clausius-Clapeyron
(CC) scaling that predicts a 6-7% increase in rainfall intensity for each 1 K increase in surface
temperature (Seneviratne et al. 2021; Trenberth et al. 2003).

Some studies report that the observed trends of extreme precipitation over the U.S. and the
globe generally follow the CC scaling (Westra et al. 2013; Fischer and Knutti 2016; Barbero et al.
2017; Sun et al. 2021) There are some regions showing super- (sub-) CC scaling of rainfall
extremes in observations or model simulations (Sugiyama et al. 2010; Lenderink et al. 2017, 2021;
Neelin et al. 2022). One potential reason for the super- (sub-) CC scaling is changes in atmospheric
instability with global warming. Larger CAPE values or atmospheric conditions with larger
temperature or moisture vertical gradient are linked to higher rainfall intensity in idealized squall-
line simulations (Takemi 2006, 2007a, b, 2014). Using a simple entraining plume model, Loriaux
et al. (2013) find that the scaling of intense rainfall decreases from super-CC to CC when
atmospheric stability is increased in the future simulation with temperature perturbations to the
current simulation adjusted from constant to moist adiabatic increase across height.

Dynamical feedbacks that increase moisture convergence for storms are proposed as
important processes for super-CC scaling of extreme precipitation (Haerter and Schlemmer 2018;
Lochbihler et al. 2021; Neelin et al. 2022). As one relevant environmental factor, low-tropospheric

shear of a suitable magnitude and a direction perpendicular to the squall line is posited to enhance
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convective/rainfall intensity and duration (Weisman et al. 1988; Rotunno et al. 1988; Weisman
and Rotunno 2004). Shear strength is suggested to be optimal for storm development when it
balances the vorticity of the storm’s cold pool and is the most favorable for maintaining the vertical
position of the storm’s updraft and triggering deep convective cells at the storm’s edge. Some
studies (Takemi 2006, 2007a) support this theory, while others (Stensrud et al. 2005; Coniglio et
al. 2012) question its applicability in observations and suggest the prevalence of deep-layer shear
during the development of intense storms. Some studies show that strong vertical wind shear at
mid- or upper levels suppresses convective and/or rainfall intensity of storms (Wang and Prinn
1998; Chen et al. 2015). Alfaro and Khairoutdinov (2015) and Alfaro (2017) put forth an
alternative theory that strong low-tropospheric shear favors high squall-line intensity primarily
through increasing convectively unstable air in the total storm-relative inflow and enhancing the
storm’s latent heating rather than interacting with the storm’s cold pool.

Our study focuses on the response of intense storms to greenhouse gas forcing over the
West African Sahel. This region is known for frequent occurrence of intense storms and
catastrophic floods that results in economic losses and the loss of lives (Di Baldassarre et al. 2010).
MCSs produce 70-95% of the total rainfall (Laurent et al. 1998; Laing et al. 1999; Mathon et al.
2002; Mohr 2004; Liu et al. 2019) and almost all of the heavy rainfall events (Vizy and Cook 2022)
over the West African Sahel during the boreal summer monsoon season (Hagos and Cook 2007;
Cook and Vizy 2019). Climate models with cumulus parameterizations have limited ability to
reproduce MCS evolution and rainfall diurnal cycles over this region (Rossow et al. 2013; Zhang
et al. 2016a, b), suggesting deficiency in their ability to simulate extreme rainfall events.

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

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



122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

level monsoon flow from the Gulf of Guinea converges with dry Saharan air over the Sahel,
forming a dryline boundary (Eldridge 1957) and a capping inversion that favors instability build-
up and genesis of intense storms (Vizy and Cook 2018, 2019, 2022). Vertical wind shear is strong
across the Sahel as the low-level southwesterly monsoonal flow lies below the mid-tropospheric
African easterly jet (AEJ; ~15°N, 600 hPa). The AEJ is geostrophically forced by the surface/low-
level temperature gradients between the Sahara and equatorial Africa (Cook 1999). The strength
of the AEJ is related to the magnitude of the warming over the Sahara during the boreal summer
(Lavaysse et al. 2010; Cook and Vizy 2015; Lavaysse 2015; Vizy and Cook 2017).

Precipitation trends over the West African Sahel in recent decades show increased intensity
and frequency of intense rainfall, which are associated with greenhouse-gas forcing and the Sahel’s
rainfall recovery since the 1980s (Dong and Sutton 2015; Taylor et al. 2017; Bichet and Diedhiou
2018; Panthou et al. 2018; Chagnaud et al. 2022). Further increases in heavy rainfall intensity are
predicted over the West African Sahel by climate models with or without cumulus
parameterization (Berthou et al. 2019; Dosio et al. 2019, 2020; Kendon et al. 2019).

Storm intensification over the West African Sahel has been associated with differences in
both the thermodynamic and dynamic environment. The precipitable water, CAPE, and CIN are
expected to increase over the West African Sahel with climate change (Bickle et al. 2020;
Fitzpatrick et al. 2020). In addition, the Sahara is observed and projected to experience amplified
warming (Cook and Vizy 2015; Vizy and Cook 2017), which increases meridional temperature
gradients across the Sahel, strengthening the AEJ and the vertical wind shear (Patricola and Cook
2010, 2011; Skinner and Diffenbaugh 2014; Kebe et al. 2020). Although one study projects a
weakening of the AEJ with greenhouse gas increases using a different model and analysis period

from other simulations (Bercos-Hickey and Patricola 2021), ECMWF Re-Analysis 5 (ERAS;
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Hersbach et al. 2020) indicates an observed positive trend of ~0.03 m s! yr'! in the 600-hPa AEJ
wind speed over the West African Sahel during August from 1979 to 2020.

The relative importance of thermodynamic and dynamic processes for storm intensification
over the West African Sahel is not fully understood. Taylor et al. (2017) suggest that enhanced
shear and mid-level drying are the primary mechanisms for the observed MCS intensification over
the Sahel since the 1980s. Baidu et al. (2022) observe that storms have colder brightness
temperatures at the cloud top and higher surface rain rates with stronger vertical wind shear over
West and Central Africa. Using a CP climate model at 4.5 km resolution, Fitzpatrick et al. (2020)
find that pre-storm vertical wind shear is associated with in-storm vertical velocity and cloud-top
temperatures of storms but it is not directly correlated with surface rain rates. They suggest that
higher precipitable water is the primary driver for the heavier rainfall over the Sahel with global
warming. Bickle et al. (2020), using idealized simulations initialized with atmospheric conditions
representative of the West African Sahel, find that thermodynamic processes are more important
for storm intensification over the Sahel than enhanced shear.

Further research is required to evaluate the thermodynamic and dynamic contributions to
the change in heavy rainfall with greenhouse gas increases over the West African Sahel. Our study
improves this understanding by conducting physical analysis for storms over the Sahel region

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

3 Methodology
a. Datasets and Analysis Methods
The following datasets are used to evaluate and/or serve as initial/lateral/ocean surface

boundary conditions for the regional CP simulations. The rainfall and reanalysis datasets have fine
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spatial and temporal resolutions suitable for the study of storm development, especially over Africa
with the lack of ground-based data (Dezfuli et al. 2017). The sea surface temperature (SST) dataset
realistically represents conditions over the oceans adjacent to or inland water bodies over Africa
(Argent et al. 2015; Liu et al. 2020). The datasets are:
e NASA Integrated Multi-satellitE Retrievals for GPM (IMERG; Huffman et al. 2019):
IMERG is a 0.1° half-hourly dataset from 2000 to present.
e ECMWF Re-Analysis 5 (ERAS; Hersbach et al. 2020): ERAS is a 0.25° hourly reanalysis
from 1979 to present.
e UK Met Office Operational Sea-surface Temperature and Ice Analysis (OSTIA; Donlon et

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

We select heavy rainfall events that produce the highest 24-hr rainfall totals over the West
African Sahel, following the method of Vizy and Cook (2022). First, 12Z-12Z (UTC) precipitation
totals for all grid points are ranked in the analysis region (12°N-18°N, 9°W-20°E; Figure 1) that
avoids the coast and the Marrah Mountains (~13°N, 24°E). The 12Z-12Z time window
accommodates typical diurnal rainfall peaks over the analysis region (Zhang et al. 2016b). Heavy
rainfall events are then identified as events that produce 24-hr rainfall totals at the 99" percentile
in the control simulation. This value is 77 mm of rain in 24 hr. Since MCSs often propagate across
hundreds of kilometers, a distance threshold is applied to avoid double counting rainfall events.
Events are excluded if they are located within 500 km of a grid point with a higher 24 h rainfall
total within the same 12Z-12Z time period. This distance criterion is useful for selecting a

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

Several indices are developed to measure precipitation accumulation, rainfall/convective
intensity, and storm characteristics of heavy rainfall events in a Eulerian framework (Table 1).
Rainfall totals of each event are associated with both event duration and mean rainfall intensity,
and the event duration is further related to the storm’s rain-shield area and anti-correlated with the
storm propagating speed (Doswell et al. 1996). Thus, indices are derived for rainfall totals,
duration, and mean/peak rainfall intensity of the event, as well as (height of) the storm’s maximum
updraft velocity, rain-shield area, and propagating speed at the time of the peak rain rate. Figure 1
illustrates the method of deriving the storm’s rain-shield area and propagating speed for an
example event. Similar plots are examined for each event to ensure correct computation of storm
indices. Additional information is given in Online Resource 1.

Multiple indices are developed to quantify the vertical wind shear and thermodynamic
conditions prior to the heavy rainfall events (Table 2). The shear indices are computed between
600 hPa and 925 hPa, which are close to the peak amplitude of the mid-level AEJ and the low-
level monsoonal flow over the West African Sahel. The moisture and temperature indices are
computed at 800 hPa (600 hPa), which is representative of the lower (middle) tropospheric
conditions across Sahel. Low-level CAPE/CIN is used to measure atmospheric instability together
with vertical gradients of moisture/temperature and moist static energy (MSE) according to:

MSE = C,T + @ + L,q, (1)
where T, @, and q represent temperature, geopotential, and specific humidity, respectively, C,, is
the specific heat capacity of dry air at constant pressure (1004 J kg™ K1), and L,, is the latent heat

of water vaporization (2.5x10° J kg™!).

10



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

b. Experimental design

National Center for Atmospheric Research (NCAR) Weather Research and Forecasting
Model Version 4.1.3 (WRF; Skamarock et al. 2019) is used to run the CP simulations. Figure 2
presents the model configuration with 27/9/3-km triple nested domains using one-way nesting.
The 27-km domain covers a large part of tropical and North Africa. Its lateral boundaries are set
far from the West African Sahel to avoid strict constraints from the prescribed lateral boundary
conditions. Each domain has 43 vertical levels, with the top of atmosphere set at 10 hPa.

Model output is written out every 3/3/1 hours for the 27/9/3-km domains, respectively. The
hourly output from the 3-km domain is useful for studying precipitation and environmental
conditions associated with storm development. To improve model stability, simulations in our
study use an adaptive positive definite 6™ order horizontal diffusion damping based on previous
CP modeling research (Hutchinson 2009; Jeworrek et al. 2019). The diffusion coefficients for the
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
the 27/9/3-km domains, with time steps occasionally adjusted from 90/30/10 s to 45/15/5 s.

Cumulus parameterization is turned off in the 3-km domain, which simulates convection
explicitly. The 27-km and 9-km domains utilize the Kain-Fritsch cumulus convective scheme
(Kain 2004). Other physical parameterizations are the same for all three domains, including
Thompson microphysics (Thompson et al. 2008), RRTM longwave radiation (Mlawer et al. 1997),
Dudhia shortwave radiation (Dudhia 1989), Revised MMS5 surface layer (Jiménez et al. 2012),
Yonsei University planetary boundary layer (Hong et al. 2006) schemes and Unified Noah Land

Surface Model (Chen and Dudhia 2001). Choices of these parameterizations are based on studies

11
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that generate realistic simulations of African climate using regional models (Vizy and Cook 2009,
2018, 2019; Laing et al. 2012; Vizy et al. 2013; Crétat et al. 2015).

This study uses simulations from Zhao et al. (2022) as a Current-Climate experiment. The
experiment includes 16 ensemble members, which capture present-day climate conditions over the
West African Sahel. The model concentrations of CO2, N>O, and CH4 are set as 379 ppmv, 319
ppbv, and 1774 ppbv, with the CO; concentration close to the observed value in 2005. Each
simulation is run from 00Z 01 July to 00Z 01 September, with the first month devoted to model
spin-up. August, the peak of the local rainy season, is chosen as the analysis period. The 3-hourly
ocean boundary conditions for all ensemble members are derived from OSTIA 2007-2019
climatological SSTs that are smoothed with a 30-day running mean. The ensemble simulations
suppress short-term SST variability on synoptic to interannual time scales, focused on the
representation of climatological conditions over the West African Sahel. Thus, the simulations are
not expected to reproduce weather of specific years but are evaluated against the climatological
environmental conditions and rainfall distribution over the West African Sahel.

Initial, lateral boundary, land surface, and/or soil conditions are different in each of the
Current-Climate ensemble members (Table 3). Initial and 3-hourly lateral boundary conditions are
derived from the ERAS reanalysis for years between 2013 and 2017. The ensemble members are
further differentiated by the treatment of Lake Chad, which varies between a small lake and a large
lake, with different treatments of the wetlands. Zhao et al. (2022) evaluated the regional effects of
different lake configurations in these simulations. They found that the variations in the
specification of Lake Chad do not impact the climate — including intense rainfall events - over the

West African Sahel, making these simulations ideal as a control simulation for the current study.
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The Future-Warming simulation includes 5 ensemble members, which is sufficient to
establish statistically significant differences from the control simulation. We use an ‘anomaly
forcing’ approach (e.g., Patricola and Cook 2010, Cook and Vizy 2012, Liu et al. 2017) to represent
late-21%'-century conditions under the Shared Socio-economic Pathways 5-8.5 (SSP585) scenario,
which hypothesizes fossil-fueled development (O’Neill et al. 2016; Chen et al. 2021).
Concentrations of CO;, N>O, and CHj4 are increased to 940 ppmv, 384 ppbv, and 2581 ppbv,
respectively, which are the projected 2071-2100 global annual mean concentrations in SSP585.
Initial and boundary conditions for the Future-Warming ensemble members are the Current-
Climate data plus multi-model mean future anomalies from CMIP6 simulations (Eyring et al.
2016). To derive these anomalies, differences are computed between CMIP6 SSP585 monthly
mean simulation output averaged over 2071-2100 and historical experiment output averaged over
1985-2014 for five coupled general climate models (CGCMs). The differences are averaged and
interpolated to 3-hourly values in the ERAS or OSTIA grid, and added to the regional model’s
lateral or SST boundary conditions.

The future anomalies are derived from multiple CMIP6 models (Table 4) to avoid reliance
on climate projections from a single model. The choice of the CMIP6 models is based on the
models’ performance in realistically simulating the current African climate (Iyakaremye et al. 2021;
Klutse et al. 2021; Quenum et al. 2021; Makinde et al. 2022; Mwanthi et al. 2022) and a likely
range of global mean SST increase (2.01-4.07 K) from 1995-2014 to 2081-2100 in SSP585 (Fox-
Kemper et al. 2021). The variables adjusted in the initial and lateral/surface boundary conditions
include geopotential, temperature, horizontal wind, relative humidity, surface pressure, mean sea
level pressure, skin temperature, and SSTs. Figure 2 shows the August mean SST differences

between the Future-warming and Current-Climate experiments. SST warming greater than 2.5 K
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is predicted over the eastern equatorial Atlantic and over the open ocean away from the northern
African coast. SST anomalies are set to 3 K over African inland waters and the Red Sea, and 4.35
K over the Mediterranean Sea, based on representative values derived from CMIP6 simulations.
The ‘anomaly forcing’ approach differs from a direct downscaling of CGCM output since
it only uses projected anomalies from CGCMs and uses a large domain to minimize influence from
the anomalies applied on the lateral boundaries. SST anomalies are the primary influence from the
CGCMs in the Future-Climate simulation, and the Current-Climate simulation is completely
independent of the CGCMs. This method limits introducing errors from individual CGCMs into
the regional model domain, and has been proved useful for studying climate change over Africa
in previous studies (Patricola and Cook 2010, 2011, 2013a, b; Cook and Vizy 2012; Vizy and

Cook 2012; Vizy et al. 2013).

4 Results
a. Evaluation of the Current-Climate Experiment

Figure 3a shows the August mean precipitation from IMERG for the 2000-2019
climatology. There is sharp meridional precipitation gradient across the analysis region with
magnitudes decreasing from around 7 mm day™' at 12°N to less than 1 mm day™! by 18°N. Rainfall
rates are higher south of 12°N, with local maxima of ~10 mm day™' present over Guinea Highlands
(~10°N, 10°W), the Cameroon Highlands (~7°N, 11°E), and the Jos Plateau (~10°N, 9°E).

Figure 3b presents the ensemble mean rainfall in the 3-km domain of Current-Climate. The
simulations capture the meridional rainfall gradient over the Sahel and precipitation maxima over

the topography of tropical Africa. These patterns agree well with IMERG. The simulated rainfall
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amounts are ~1 mm day™!' lower than IMERG over tropical Africa and the northern part of the
analysis region (15°N-18°N, 0-20°E). This difference falls within the uncertainty of IMERG.

Figure 3¢ illustrates the exceedance probability of 12Z-12Z 24-hr August rainfall totals at
the grid point over the analysis region from 20 years of the IMERG record (2000 — 2019) and 16
Current-Climate ensemble simulations. In general, the Current-Climate ensemble reproduces the
observed frequency distribution of 24-hr precipitation over the analysis region, with the 99 (99.9')
percentile of 49 (89) mm in IMERG and 42 (77) mm in Current-Climate. The frequency curve of
Current-Climate lies below than that of IMERG. This is associated with drier conditions over the
northern part of the analysis region in Current-Climate than in IMERG (Figs. 3a-b).

Figure 4a shows the spatial distribution of heavy rainfall events that produce 24-hr rainfall
totals greater than 77 mm at a grid point in the analysis region in IMERG. 77 mm is the 99.9%
percentile of 24-hr precipitation in Current-Climate (Fig. 3¢). 90.1% of the heavy rainfall events
are associated with 24-hr rainfall totals below 150 mm, and the wettest event generates 280 mm
precipitation; 87.0% of the events are located south of 15°N. The most extreme events with 24-hr
rainfall totals above 150 mm occur in several clusters, including over southwestern Mali (~12°N,
8°W), north of the Jos Plateau (~12°N, 8°E), near Lake Chad (~13°N, 12°E), and over central Chad
(~13°N, 18°E). These results are generally consistent with Vizy and Cook (2022). There is some
uncertainty in the cluster over the Lake Chad because IMERG may overestimate precipitation over
inland water bodies (Tian and Peters-Lidard 2007; Taylor et al. 2018).

The spatial distribution of heavy rainfall events in Current-Climate (Fig. 4b) is generally
similar to that in IMERG south of 15°N and west of Lake Chad. Elsewhere, Current-Climate does
not simulate clusters of heavy rainfall events over Lake Chad and eastern Chad (~12°N, 20°E), or

intense precipitation over central Niger and Chad (16°N-18°N, 5°E-15°E).
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Figure 4c shows the number of heavy rainfall events in August over the analysis region
from IMERG and Current-Climate, while the inset shows a closer view of upper end of the
distribution curves greater than 150 mm. The thick lines denote the 20-yr IMERG mean or the
simulation ensemble mean. The thin lines represent data for the individual years/ensemble
members to quantify their range. The frequency distributions and interannual/ensemble member
variability of heavy rainfall events are similar between Current-Climate and IMERG. The most
extreme event in Current-Climate produces 334 mm 24-hr rainfall totals, higher than that in
IMERG. Current-Climate also shows a higher frequency of rainfall events with 24-hr precipitation
totals between 77 and 150 mm than IMERG.

To evaluate the environmental conditions in which storms develop over West Africa,
Figure 5a shows the climatological August specific humidity and horizontal winds at 925 hPa from
ERAS. 925 hPa is representative of lower tropospheric conditions from the surface to 850 hPa. At
low levels there is a sharp meridional gradient in atmospheric moisture across the West African
Sahel. Specific humidity values are relatively high (~15 g kg!') near and south of 12°N over
tropical Africa, but decrease to around 9 g kg™! by 18°N. Southwesterly monsoonal flow from the
Guinean coast penetrates into the analysis region and converges with northerlies from the Sahara.

Figure 5b shows the ERAS August specific humidity and horizontal winds at 600 hPa, a
representative mid-tropospheric layer. At this level the highest specific humidity values (5.5 g kg~
1Y occur over tropical Central Africa (~5°N-12°N, 10°E-30°E) and decrease northward, but not as
sharply as at 925 hPa. The AEJ overlays the low-level southwesterlies, producing strong vertical
wind shear with the maximum 925 hPa — 600 hPa wind difference of ~18 m s’ centered around

15°N in the ERAS August climatology (Fig. 5c).
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Figures 5d-f are similar to Figs. 5a-c but for the Current-Climate simulations. Current-
Climate generally reproduces ERAS’s August moisture and circulation patterns over northern and
tropical Africa. The low-level meridional moisture gradient in Current-Climate is positioned about
2° of latitude further south than in ERAS, the low-level (Fig. 5d) environment is generally drier
across the Sahel in Current-Climate by ~2.6 g kg!. At mid-level (Fig. Se), the northerly component
of the AEJ is stronger in Current-Climate, while the simulated maximum 925 hPa — 600 hPa wind
difference is ~1.4 m s lower over the Sahel compared to ERAS5 (Fig. 5f). The drier low- and mid-
level environment is consistent with the low number of simulated heavy rainfall events across the
northern Sahel compared to IMERG (Fig. 3) - 83.9% of the observed events north of 15°N are
associated with totals less than 125 mm. Most of the heaviest events in the analysis region occur
south of 15°N and Current-Climate simulations realistically represent this population of storms.

In conclusion, the spatial and frequency distribution of (intense) rainfall from Current-
Climate generally agrees with IMERG. The simulations also realistically represent environmental
conditions including the low to mid-level moisture and circulation patterns over the north and
tropical Africa during the height of the summer monsoon season (August) compared with ERAS.
While there are some caveats as highlighted above, the Current-Climate simulations will be useful

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

b. Projections from the Future-Warming Experiment

Figure 6a shows the ensemble mean August precipitation from the Future-Warming
experiment. The largest rainfall rates over western and central Africa occur between ~7°N-15°N,
similar to Current-Climate (Fig. 3). Maxima with rates greater than 10 mm day™!' occur near and

south to 12°N over tropical Africa, and over the Cameroon Highlands.
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370 Figure 6b shows August ensemble mean rainfall differences between Future-Warming and
371  Current-Climate. Positive rainfall anomalies of around 2 mm day™! occur over much of the Sahel
372  and parts of East Africa (2°N-15°N, 25°E-34°E), with the largest increase (~9 mm day™!) occurring
373  over the Marrah Mountains in Future-Warming compared to Current-Climate. South of the Sahel
374  there is a significant decrease in precipitation over the Guinean Highlands, the Cameroon
375  Highlands and tropical Central Africa (2°N-10°N, 15°E-25°E). The projections are consistent with
376  afew other studies using models with or without cumulus parameterizations (Roehrig et al. 2013;
377  Vizy et al. 2013; Maidment et al. 2015; Zhang and Li 2022; Berthou et al. 2019).

378 Figure 6¢ shows the exceedance probability of 12Z-127 24-hr August rainfall totals at a
379  grid point over the analysis region from Future-Warming and Current-Climate, similar to Fig. 3c.
380 The frequency curve derived from Future-Warming exhibits a flatter gradient than that from
381  Current-Climate, indicating an increased probability of occurrence across all storm populations
382  over the analysis region. The 99" (99.9") percentile of 24-hr precipitation over the analysis region
383 1559 (104) mm in Future-Warming, 17 (27) mm higher than the Current-Climate values. In other
384  words, an average grid point over the Sahel region in Future-Warming is 1.6/2.9 times more likely
385  to have heavy (99"/99.9'") rainfall from the perspective of Current-Climate.

386 Figure 7a shows the spatial distribution of heavy rainfall events that generate 24-hr
387  precipitation more than 77 mm at a grid point in the analysis region in Future-Warming. The spatial
388  distribution of these heavy rainfall events is similar to that in Current-Climate (Fig. 4b), with 88.5%
389  of the events located south of 15°N. The heaviest rainfall events cluster over southwestern Mali,
390  Burkina Faso (~13°N, 2°W), and north of the Jos Plateau.

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

392 Current-Climate and Future-Warming, with the inset magnifying the upper end of the distribution.
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Events with 24-hr rainfall totals above 77 mm increase by ~20 events per month over the analysis
region from Current-Climate to Future-Warming. The frequency increase of events between 77
and 175 mm in Future-Warming exceeds the range of ensemble member variability of Current-
Climate as indicated by the clear separation between the thin lines of the two ensemble experiments.
The frequency of events between 175 and 250 mm in Future-Warming is similar to that in the
wettest ensemble members of Current-Climate, increasing from ~2 events per August in Current-
Climate to ~9 events per August in Future-Warming. The highest event occurs in the Current-
Climate experiment, but a larger number of ensemble members is required to investigate
whether/how the frequency of rarest rainfall events (>250 mm) changes in the future.

The top 30 events with highest 24-hr precipitation are selected from each ensemble
simulation, that is a total of 480 (150) events from Current-Climate (Future-Warming). Figure 8
shows the rainfall and storm characteristics of the selected events, which are sorted by their total
precipitation, Pl (Table 1), on the x-axes. In Current-Climate, the average event duration, Diotal,
ranges from 4.4 to 6.5 hours (Fig. 8a) with rainfall events with longer durations more likely to
generate higher rainfall totals at one location. The longer durations of the top-ranked events (1% —
20'™) are associated with decreases in storm propagating speed, Vpeak (Fig. 8b), but they are not
linked with variations in the storm’s rain-shield area, Apeak (Figs. 8c). Although the heaviest
rainfall events exhibit the highest mean rainfall intensity, Imean (Fig. 8d), the difference in the peak
rain rate, Ipeak (Fig. 8e), between the events with upper and lower ranks is more pronounced than
for Imean. Precipitation during the hour of peak rain rate, Ppeax, constitutes a large part (> 40%) of
the total rainfall, Piotl, for most (90%) of the events. The ratio, Ppeak/Protal (Fig. 8f), decreases with

the ranking of the events, consistent with the increase in the event duration, Dol (Fig. 8a).
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In Future-Warming, the durations of the heavy rainfall events, D, do not differ
significantly from Current-Climate (Fig. 8a). The storm propagating speed, Vpeak, and storm area,
Apeak, at the time of the peak rain rate are both significantly larger in Future-Warming than in
Current-Climate (Figs. 8b-c). They produce competing effects on the duration of the events. The
mean (peak) rainfall intensity, Imean (Ipeak), is higher by ~8 (17) mm hr!, and primarily contributes
to the higher rainfall totals of the events in Future-Warming than in Current-Climate (Figs. 8d-e).
Ppear/Protal 1s similar between the two ensemble experiments (Fig. 8f).

Figure 9 shows the ensemble mean differences in low and mid-level moisture, horizontal
winds, and vertical wind shear between Future-Warming and Current-Climate. At 925 hPa (Fig.
9a), there is a significant increase in specific humidity in Future-Warming - values ~5 g kg™! higher
than Current Climate over the Sahel with the largest anomalies near the Marrah Mountains (10°N
- 18°N, 15°E - 34°E). This increase in low-level moisture occurs with anomalous southwesterlies
between 14°N — 19°N east of 10°E, indicating increased poleward transport of low-level moist
tropical air into the central and eastern Sahel. This wind and moisture advection pattern is
associated with the strong surface warming over the central and eastern Sahara (Cook and Vizy
2015; Vizy and Cook 2017) and higher rain rates over the Sahel (Vizy et al. 2013) in the future.

At 600 hPa (Fig. 9b), specific humidity increases by >2 g kg™! over the southern Sahel and
the northern Sahel east of 8°E in Future-Warming. The AEJ is stronger by 1-6 m s™!, with the
largest increases in the eastern Sahel. The circulation anomalies contribute to a 1-10 m s™! increase
in the 600 hPa — 925 hPa zonal vertical wind shear over the analysis region in the future (Fig. 9c).

In summary, the frequency of heavy rainfall events during August increases over the
analysis region in Future-Warming compared to Current-Climate. The heaviest rainfall events in

Future-Warming have ~8 (17) mm hr'! higher mean (peak) rainfall intensity, and ~59% and ~31%
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larger storm rain-shield area and propagating speed at the time of the peak rain rate, but the
durations of the events do not differ significantly between the two experiments. Both atmospheric
moisture and vertical wind shear increase over the Sahel in the Future-Climate simulation. The

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

c. Shear versus Thermodynamic Effects on Heavy Rainfall Events

To isolate and identify the pre-storm environment, Figure 10 shows the time series of
vertical wind shear and low- to mid-level zonal wind, moisture, and temperature for the storm and
dry-day composites from Current-Climate and Future-Warming. The dry-day composite is used as
a control comparison to storm-day conditions to exclude confounding effects such as diurnal
variations. The dry-day composite is formed by averaging dry-day conditions at the location of
each event, when 12Z-12Z 24-hr precipitation totals over a 45x45-km? area centered at the location
of the event is < 10 mm day™!. Dry-day conditions for each event are derived using the ensemble
member that contains the event. The 600-hPa to 925-hPa vertical wind shear speed (Fig. 10a)
decreases as the storm passes, reaching a minimum around the time of the peak rain rate. The
decrease in the shear speed occurs with a sharp change in the shear direction.

Figure 10b illustrates how storm processes affect the environmental vertical wind shear at
low- and mid-levels. At 925 hPa, the storm’s cold pool affects the direction of the westerly
monsoonal flow as the storm passes. At the 600 hPa, the storms’ convective updrafts weaken the
AE]J easterlies. In addition, inflow into the storm may enhance the shear strength as the storm
approaches, but this effect is relatively weak and varies among the storms (not shown).

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

10c). Preconditioning of the precipitable water starts 12 hours or more prior to ~59% of the events
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(not shown). After the peak rain rate, the 800-hPa moisture decreases below that of the dry days
in association with downdrafts. The passage of the storm’s cold pool is also linked to a decrease
in the lower-tropospheric temperature, and the mid-tropospheric temperature increases with the
latent heat release of the storm (Fig. 10d). These characteristics of the storm-environment
interaction are similar in the Future-Warming storms (Figs. 10e-h) despite the higher vertical wind
shear, moisture, and temperature.

In summary, environmental conditions are largely unperturbed by the storm dynamics 3
hours before the peak rain rate of heavy events. This is consistent with previous studies (Taylor et
al. 2017; Fitzpatrick et al. 2020; Vizy and Cook 2022). To account for variability among the events,
we compute pre-storm environmental conditions when rainfall intensity over the 45x45-km? area
centered at the location of the events first falls below 10 mm day! prior to the peak rain rate of the
events. The trackback time before the peak rain rate is within 1-3 hours for 84% (83%) of the
events from Current-Climate (Future-Warming), consistent with the results shown in Fig. 10.

Figures 1la-e show vertical profiles of the environmental vertical wind shear and
thermodynamic conditions for the storm and dry-day composites from Current-Climate. The
composite of ensemble mean conditions at the location of each event has similar vertical profiles
to the dry-day composite (not shown). Low-level westerlies and mid-tropospheric easterlies
(northerlies) in the storm composite are 2.4 m s™! stronger and 2.5 (0.95) m s™' weaker (stronger)
than the dry-day composite, respectively (Figs. 1la-b). This is accomplished by a strong
monsoonal flow and a weak AEJ before most (~74-79%) of the heavy rainfall events (not shown).
The 800 hPa — 600 hPa MSE is also ~33% higher in the storm composite compared to the dry-day
composite (Fig. 11¢), indicating greater environmental instability prior to the heavy rainfall events.

Higher instability is also indicated by greater (smaller) CAPE (CIN) in the storm composite, which
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is 468 (17) J kg'! higher (lower) than the dry-day composite at 850 hPa (Figs. 11d-e). Although
there is a wide range of variability between individual events for both the storm and dry-day
composites, significant differences between the two composites are representative of most (60-
92%) of the event-specific differences (not shown).

Differences between the storm and dry-day composites in Future-Warming (Figs. 11£-))
are generally similar to those in Current-Climate. In the storm composite of Future-Warming, the
magnitudes of the 600-hPa easterlies (northerlies) and the 925-hPa westerlies are 1.8 (1.7) and
0.96 m s™! larger than Current-Climate (Figs. 11f-g). These differences occur through the enhanced
AEJ and monsoonal flow in Future-Warming (Fig. 9), and contribute to a 3.2 m s™! increase in the
600 hPa — 925 hPa vertical wind shear prior to the heavy rainfall events. MSE is higher throughout
the troposphere in Future-Warming compared to Current-Climate, with 800 hPa — 600 hPa MSE
~22% larger in the future (Fig. 11h). This is consistent with the ~500 J kg! increase in 850-hPa
CAPE in Future-Warming (Fig. 11i). Enhanced CIN in the future (Fig. 11j) suppresses weak
convection, favoring the buildup of environmental instability for intense rainfall.

Table 5a shows correlations between the shear indices (Table 2) and the rainfall/storm
metrics (Table 1) for the selected heavy rainfall events from Current-Climate. Correlations
between the vertical wind shear strength, du, dv, and Smagnitude, and the storm’s convective or
rainfall intensity, wpeak and Ipeak, are insignificant, although significant but weak anti-correlations
are shown between the shear strength and the level of maximum updraft velocity, H, . The
following discussion will not specifically introduce such weak, significant correlations, but will
be more focused on relatively high, significant correlations. Compared to correlations with storm
intensity, correlations of the shear strength with the storm’s rain-shield area and propagating speed

have higher magnitudes and statistical significance. The area of the storm’s rain shield, Aconvective
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or Astratiform, increases with the shear strength, and so does the storm propagating speed at the time
of the peak rain rate, Vpeak. Thus, the low- to mid-level vertical environmental wind shear does not
impact storm intensity for the evaluated events in our simulations but has roles in enhancing the
storm’s organization and propagation (Corfidi 2003; Mulholland et al. 2021). The results of
Future-Warming (Table 5b) are generally similar to those of Current-Climate.

Table 6 shows correlations between the thermodynamic indices (Table 2) and the
rainfall/storm metrics for the selected heavy rainfall events from Current-Climate. Lower
tropospheric specific humidity, qgoo, is correlated with the maximum updraft velocity and the peak
rain rate of the event, wpeak and Iyeax. In contrast, significant anti-correlations exist between middle
tropospheric specific humidity, qeoo, and storm intensity, wpeak and Ipeak. The opposite signs of
these correlations are consistent with the relatively strong link between the moisture vertical
gradient, (gradient, and storm intensity. In comparison, precipitable water, PW, has weak or
insignificant correlations with wpeak and Ipeak. Similar to the moisture indices, low- (mid-) level
temperature, Tsoo (Te00), and the temperature vertical gradient, Tgradient, are (inversely) related to
the storm’s convective intensity, w peak. However, this relationship does not translate into
significant correlations between the temperature indices and the peak rain rate, Ipeak, for the storm
population selected from Current-Climate. The correlations of the moisture and temperature
indices imply a close connection between atmospheric instability and the storm’s convective or
rainfall intensity. This is directly shown by the significant correlations of MSEgradient, CAPEgso,
and CINgso with wpeak and Ipeak. Overall, correlations of thermodynamic conditions have higher
magnitudes than those of the vertical wind shear with storm intensity (Table 5).

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

area and propagating speed. The storm’s rain-shield area at the time of the peak rain rate, Aconvective
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and Aswatiform, Increase with low-tropospheric temperature (and moisture) as well as atmospheric
instability, Tsoo, 4800, Qeradient, Tgradients, MSEgradient, CAPEgs0, and/or CINgso. In addition, enhanced
atmospheric instability and low-tropospheric CIN are related to a faster storm propagating speed,
Vpeak. Correlations derived from Future-Warming (Table 6b) show similar signs, magnitude,
and/or significance levels to those from Current-Climate in general.

Tables 7-8 also show correlations between environmental conditions and rainfall/storm
metrics, but the shear and thermodynamic indices are derived 3 hours prior to the peak rain rate of
each event to test the dependence of the results on the definition of pre-storm environmental
conditions. Results are generally similar to those in Tables 5-6, although weak but significant
correlations occur between the shear strength and the peak rain rate in Table 7. Thus, caution is
appropriate to interpret the correlations. Our discussion is mainly based on Tables 5-6, since the
shear indices in Table 5 are more sophisticated to exclude the effects of storm dynamics by
considering variability among the storms. The correlations in Tables 5-8 generally do not show
high magnitudes, implying impacts of storm dynamics and life cycle on local rainfall events.

The selected heavy rainfall events from Current-Climate and Future-Warming are
separated into groups of similar vertical wind shear to assess the thermodynamic contribution to
rainfall intensification over the West African Sahel. Despite the increase in the average shear
strength between Current-Climate and Future-Warming (Figs. 10-11), the ranges of the shear
strength overlap to a large extent between the two experiments (Figure 12a). Thus, the events are
divided into four groups using a 5 m s™' (~1 standard deviation in either experiment) interval of
600 hPa — 925 hPa zonal wind difference, du (Table 2), to ensure a sufficient number of events and

similar vertical wind shear conditions within each group. The mean zonal vertical wind shear, du,
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is -12.25 (-15.05) m s in Current-Climate (Future-Warming), located in the 3™ group. Shear
strength in the 154" group is about 1.5/1 standard deviation higher/lower than the mean values.

For each group of events, the zonal vertical wind shear, du, or the shear strength, Smagnitude,
is similar between the Future-Warming and Current-Climate experiments. Table 9a shows that the
maximum absolute (relative) difference between the two experiments is -0.42 m s (5.21%) for du
and 1.09 m s (6.04%) for Smagnitude, respectively. Keeping du relatively constant also limits the
variations in the meridional vertical wind shear, dv, except the 2" group.

Difference in the thermodynamic conditions between Future-Warming and Current-
Climate are shown in Fig. 12b and Table 9b for the four groups of events. The 800-hPa specific
humidity, gsoo, increases by 22.87-30.17% in the future. This approximates the 7% K™! CC scaling,
as the 800-hPa temperature, Tsoo, increases by 3.65-4.07 K. The scaling of precipitable water is
super-CC, since the mid-level moisture, qeoo, increases at rates of 9.25-12.34% K.

The scaling of the peak rain rate, Ipeak, does not exactly follow the relative increase in the
low-level moisture or precipitable water between Future-Warming and Current-Climate (Fig. 12b).
The relative increase of Ipeak ranges from 5.88% to 37.76%, far below (above) the 7% K CC
scaling in the 1 (4™) group of events with strong (weak) vertical wind shear. The scaling of Ipeax
has similar magnitudes to the relative difference in the MSE vertical gradient, MSEgradient, across
the storm groups. Thus, variations in atmospheric instability due to greenhouse gas increases
constrain (enhance) the rainfall intensification over the Sahel under strong (weak) shear conditions.

To explore why the relative difference in MSEgragient varies with the shear strength, Table
10 shows correlations between the shear and thermodynamic indices for the selected heavy rainfall
events. Figure 12c illustrates relationships discussed below. The Current-Climate MSEgradient, as

the denominator of the relative difference in MSEgrdient, increases with the vertical wind shear.
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This is sourced from the relationship between the shear strength and the latent and thermal
components of MSE. Specifically, 600-hPa moisture and precipitable water, qsoo and PW, decrease
with the shear strength in Current-Climate. The 800-hPa (600-hPa) temperature, Tsoo (Ts00), 18
(anti-) correlated with the shear strength in both Current-Climate and Future-Warming. A potential
underlying mechanism is that northeasterlies associated with the AEJ transport more dry, warmer
air at 800 hPa and dry, cooler air at 600 hPa from the Sahara into the Sahel with strong vertical
wind shear, and vice versa. With greenhouse gas increases, specific humidity increases less over
the Sahara than over the Sahel (Fig. 9). This may contribute to the small increase in the 800-hPa
moisture, qgoo, and further the small difference in the MSE vertical gradient, MSEgradient, under
strong shear, while the opposite is true under weak shear.

Since there is little overlap in the thermodynamic conditions between the current and future
climate, a similar assessment cannot be conducted to delineate the dynamic contribution to the
intensified rainfall over the West African Sahel with increasing greenhouse gas levels. However,
the analysis of Fig. 12 and Tables 9-10 still implies a primary contribution from the thermodynamic
processes to storm intensification over the Sahel. The 2" — 4" groups (Fig. 12) contain 84 (80) %
of the selected heavy rainfall events from Current-Climate (Future-Warming), and the average
peak rain rates of these groups increase by 21-38% (15-26 mm) in the future with the primary
contribution from thermodynamic processes. These increased magnitudes are similar to the scaling
of Ipeax for all the events under enhanced vertical wind shear (24%, 17 mm) in the simulations.

In summary, thermodynamic conditions are more closely related to greenhouse gas-forced
storm intensification and increased frequency over the West African Sahel than changes in the

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

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

5 Conclusions

The West African Sahel is known for the frequent occurrence of intense storms and
catastrophic floods that lead to severe socioeconomic loss. The low-level southwesterly monsoonal
flow and the mid-tropospheric AEJ generate strong vertical wind shear over the Sahel during
boreal summer, forming a unique dynamic environment for storm evolution. The frequency of
intense storms over this region has been observed to be increasing in recent decades (Taylor et al.
2017; Chagnaud et al. 2022) and the trend is projected to continue throughout the 21% century with
global warming. The purpose of our study is to understand the relative importance of the dynamic
and thermodynamic processes for this greenhouse gas-induced rainfall intensification.

Our study uses ensemble simulations with the WRF regional atmospheric model with
triple-nested (27/9/3-km) domains (Fig. 2) to represent the current and future August climatology
over the West and Central Africa. Cumulus parameterization is turned off in the 3-km (CP) domain,
which covers much of Sahel and is the focus of the analysis. The “Current-Climate” experiment
consists of 16 ensemble members, with initial and boundary conditions from the ERAS reanalysis
and OSTIA SST observations. Five “Future-Warming” simulations represent late-21%-century
conditions under the IPCC’s SSP585 scenario, which hypothesizes fossil-fueled development.
Initial and lateral boundary conditions for the future simulations are generated by adding multi-
model mean anomalies derived from CMIP6 simulations to the ERAS values. The large outer
domain eliminates influence from the lateral boundary anomalies in the CP domain, and the

primary climate change forcing is from increases in greenhouse gases.
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Hourly output from the CP domain is used to analyze storm evolution and relevant
environmental conditions. We identify heavy rainfall events that produce the highest 24-hr rainfall
totals following the method of Vizy and Cook (2022). Rainfall/storm indices (Table 1) are
developed to quantify the characteristics of the events, such as duration, peak rain rate, etc. Metrics
(Table 2) are also derived for pre-storm environmental shear and thermodynamic conditions.

The Current-Climate simulation generally reproduces observed August rainfall, moisture,
and circulation patterns, although it has relatively dry conditions across the northern Sahel. The
simulated frequency curve of 24-hr rainfall totals over the analysis region is similar to the IMERG
observations. The 99.9™ percentile rainfall totals are 77 mm in Current-Climate and 89 mm in
IMERG. Current-Climate realistically represents the spatial and frequency distributions of heavy
rainfall events over the analysis region. Most of the heaviest rainfall events are located south of
15°N over a few cluster regions, consistent with Vizy and Cook (2022). In addition, the simulations
capture low- to mid-tropospheric features well, such as the meridional moisture gradient, the AEJ,
and the vertical wind shear, compared to ERAS.

In Future-Warming, the ensemble mean August precipitation increases by ~2 mm day!
over the Sahel, with the maximum anomalies centered in the eastern part of the domain. Rainfall
decreases over the Guinean Highlands, the Cameroon Highlands, and tropical Central Africa. The
spatial distribution of heavy rainfall events over the analysis region is similar between Current-
Climate and Future-Warming. The frequency of events with 24-hr rainfall totals above 77 mm
increases by ~20 events per month in the future, exceeding the range of ensemble member
variability of Current-Climate. Analysis the top 30 events selected from each ensemble simulation
of Current-Climate and Future-Warming indicate that the increase in rainfall totals is primarily

related to an increase in rainfall intensity rather than the duration of events.
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Rainfall intensification occurs primarily through thermodynamics processes, and not
through dynamical processes related to changes in the vertical wind shear. Environmental
conditions prior to heavy rainfall events have significant differences from dry-day (and
climatological) conditions, including relatively strong low-level westerlies, weak mid-level
easterlies, and high atmospheric instability. In the storm composites, the environmental vertical
wind shear prior to the events is 3.2 m s higher in Future-Warming than in Current-Climate, with
the 800 hPa — 600 hPa MSE vertical gradient (850-hPa CAPE) enhanced by ~22% (~500 J kg™).
Despite these differences, wind shear strength is not correlated with peak rain rates. In contrast,
thermodynamic features — especially measures of atmospheric instability related to lower/middle
tropospheric moisture and temperature - have high, significant correlations with storm intensity.
This indicates the dominant role of the thermodynamic process in intensifying the rainfall over the
Sahel. This finding is consistent with several previous studies (Bickle et al. 2020; Fitzpatrick et al.
2020) and inconsistent with others (Taylor et al. 2017; Baidu et al. 2022).

The environmental vertical wind shear along with thermodynamic conditions is linked to
a larger rain-shield area and propagation speed of the storms, and this can affect the duration and
total precipitation of events. The duration of events is not significantly different between the
current and future simulations with enhanced vertical wind shear over the Sahel, but this
mechanism may be influential for other regions of the world. In addition, the vertical wind shear
is connected with thermodynamic conditions. Strong wind shear is related to high environmental
instability, transporting more dry, warm (cool) lower (middle) tropospheric air from the Sahara
into the Sahel, while the opposite occurs with weak wind shear. Increased greenhouse gas levels

induce a small difference in atmospheric instability for Sahelian storms under strong vertical wind
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shear, which constrains rainfall intensification of such storms. By contrast, atmospheric instability
rises under weak wind shear, enhancing intensification of heavy precipitation over the Sahel.

Our analysis does not corroborate the close relationship between shear strength and storm
intensity as is found in idealized experiments (e.g., Weisman and Rotunno 2004), and several
factors may be relevant. First, the environmental vertical wind shear or its interactions with the
storm’s cold pool may not be sufficiently different between the current and future climate to
generate significant impacts on rain rates. Moreover, the deepest convection does not necessarily
signify the most intense rainfall (Hamada et al. 2015; Hamada and Takayabu 2018), and MCSs
often include multiple convective cores mixed with stratiform areas. Thus, the proposed theory
that an “optimal” shear strength favors deeper convection may not translate into a connection
between environmental shear strength and the storm’s surface rainfall rates. Furthermore,
complexities are involved in measuring environmental vertical wind shear in realistic simulations,
and the shear direction and strength may vary across a storm front. The depth/height of the vertical
wind shear and the alignment between the shear and the storms’ propagating directions also vary.
Finally, we have not excluded the possibility that vertical wind shear has a more obvious control
over rainfall intensity for storms with certain characteristics or over specific regions. This can be
studied with future improvement in storm observations and model simulations.

These results have general implications for understanding the climatology or variability of
storms in other regions. Additional work is required to further understand the relevant physical
processes that underlie the correlations and to evaluate the sensitivity of the results to storm life

cycle, diurnal cycle timing, locations, short-term SST variability, etc.
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1045

1046

Table 1 Indices for rainfall accumulation and intensity of selected heavy rainfall events

Symbol [Long Name and Definition
Duration (hr) of the heavy rainfall event. The start and end of the rainfall event is
Drotal defined when rainfall intensity at the location (the grid point) of the event is < 10 mm
day! for more than 1 hour.
Piotal Total precipitation (mm) over the duration and at the location of the event.
Imean Mean intensity (mm hr') over the duration and at the location of the event.
Ipeak Peak rain rate (mm hr!) over the duration and at the location of the event.
Maximum updraft velocity (Pa s™') at the time of the peak rain rate. wpeax is averaged
Wpeak over a 21x21-km? area centered at the location of the event to account for tilting of the
storm’s updraft. The upward direction is defined as positive.
H Pressure level of the maximum updraft velocity (hPa) at the time of the peak rain rate
© over the 21x21-km? area centered at the location of the event.
Area of the storm’s 10 mm day' rain shield (km?) at the time of the peak rain rate.
Apeak Apeak 18 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! rain shield (km?) at the time of the peak rain rate.

Astratiform

Area of the storm’s 10-100 mm day' rain shield (km?) at the time of the peak rain rate.

Vpeak

Storm propagating speed (km hr!) at the time of the peak rain rate (t = 0). Vpeax is
calculated as an average of the storm propagating speed at half an hour before and after
the peak rain rate of the event, Viiom (t =-0.5 hr) and Vgom (t = +0.5 hr), which are
central differences about the centroid locations of the storm’s rain shield att =-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™'. Specific adjustments are made to the
calculation of Ve 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 Vgom (t =-0.5 hr) and Vsiom (t =+0.5 hr),
approximating Vpeak by Vorm at t = £0.5 hr, or not calculating V. for 8 (3) events in

Current-Climate (Future-Warming). More information is given in Online Resource 1.
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1047  Table 2 Indices for the vertical wind shear and thermodynamic conditions of selected heavy
1048  rainfall events. All indices are averaged over the 45x45-km? area centered at the location of the
1049  event to represent atmospheric conditions prior to the event, when the mean rainfall intensity over
1050  the 45x45-km? area is less than 10 mm day!

Index Type [Symbol |Long Name and Definition

600 hPa — 925 hPa zonal wind difference (m's™), with the eastward
direction defined as positive.

dv 600 hPa — 925 hPa meridional wind difference (m's™'), with the
Shear northward direction defined as positive.

Smagniude  |600 hPa — 925 hPa vertical wind shear speed (m s™).
600 hPa — 925 hPa vertical wind shear direction, measured in degrees (0-

du

Sairection 360) anti-clockwise from the east.
800 800-hPa specific humidity (g kg™).
. q600 600-hPa specific humidity (g kg™).

Moisture - oy
Qeradient  |800 hPa — 600 hPa specific humidity (g kg™).
PW Precipitable water (mm).
Ts00 800-hPa temperature (K).

Temperature |Tsoo 600-hPa temperature (K).

Toradiens  |800 hPa — 600 hPa temperature (K).
MSEgrdient 800 hPa — 600 hPa moist static energy (J kg™).
Instability |CAPEsso [850-hPa CAPE (J kg™).

CINsso  [850-hPa CIN (J kg™).

1051
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1052  Table 3 Specifications for the initial/lateral boundary/land surface/soil conditions for the Current-Climate and Future-Warming
1053  ensemble simulations. Further details on the land surface conditions over Lake Chad are referred to Zhao et al. (2022)

1054

Current-Climate Future-Warming
Ensemble
Members > > 3 3 >
"Small-Lake" "Large-Lake" "Wetland" "Large-Lake-II" "Small-Lake"
Land Surface A small Lake
Conditions A small Lake Chad | A large Lake Chad | Chad surrounded | A large Lake Chad | A small Lake Chad
of 1314 km?. of 24921 km?. by wetlands of of 25452 km?. of 1314 km?.
24138 km?.
Initial/Lateral
Boundary ERA52013-2017 | ERA52013-2017 ERA52013-2015 | ERAS 2013-2015 | ERA52013-2017
Conditions
L The 2007 —2019 | The 2007 — 2019 Small-Lake Small-Lake The 2007 — 2019
Initial Soil . . 2013 model output | 2013 model output .
. average in ERAS average in ERAS at average in ERAS at
Moisture at 00Z 01 at 00Z 01
at 00Z 01 July. 00Z 01 July. 00Z 01 July.
September. September.
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1056
1057
1058
1059
1060
1061

1062

Table 4 CMIP6 models used to derive the anomalies between early and late 21-century climate.
One ensemble member of the SSP585 and historical experiments from each model (i.e., rlilp1f2
from CNRM-CM6-1-HR and rlilplfl from the other four models) is utilized for computing the

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

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

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

oceanic components of the models

Model Institute Model Resolution Reference
GFDL-CM4 g?ﬁﬁffiﬁ%ﬁiﬁigl“id Aumos: 100 km Guo et al. (2018)
EC-Earth3 Egrt%‘“h consortium (EC- | Atmos: 10 an EC-Earth (2019)
;/_IEII-{ESMI- x:fecf)’iirllg ch;(ylnstitute for ég:;ri: 51(()) (l)ﬁlm von Storch et al. (2017)
ﬁ}\V/III;CM-l- Alfred Wegener Institute ég:;ri: 21 g (l)qlflm Semmler et al. (2018)

- i At : 100 km
glj/[%}\;[-HR gZggjrglit;?\r/l[aéltg:rologiques OCI:;TTZ 25 km Voldoire (2019)
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1069

1070

Table S Correlations between the vertical wind shear indices and the rainfall/storm metrics for the
selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The
indices represent pre-storm environmental conditions when the mean rainfall intensity over the
45x45-km? area centered at the location of the events is < 10 mm day™'. Pearson correlation
coefficients that exceed 90 (95) % confidence level are denoted by * (**), based on two-sided
Student’s t-tests

(a)

Current- Wpeak Ipeak H, Aconvective Astratiform Vpeak
Climate

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
(b)

Future- Wpeak Ipeak H ) Aconvective Astratiform Vpeak
Warming

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
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Table 6 Correlations between the thermodynamic indices and the rainfall/storm metrics for the
selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The
indices represent pre-storm environmental conditions when the mean rainfall intensity over the

45x45-km? area centered at the location of the events is < 10 mm day™'. Pearson correlation

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

(a)

Current- Wpeak Ipeak H w Aconvective Astratiform Vpeak
Climate

Js00 0.21** 0.10** -0.15** 0.22%* 0.02 0.08
g600 -(0.24%* -0.10** 0.01 -0.07 0.02 -0.23**
(gradient 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**
Ts00 0.08* 0.01 -0.02 0.14** 0.14** 0.36**
Te00 -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%*
CAPEzsso (.33 0.19%* -0.13** 0.21** -0.01 0.27**
CINgso -0.18%* -0.03 0.15%* 0.06 0.12%** 0.24**
(b)

Future- Wpeak Ipeak H w Aconvective Astratiform Vpeak
Warming

gs00 0.19%* 0.17** -0.05 0.12 -0.13 0.19**
g600 -0.26** -0.21°%* 0.04 -0.13 0.02 -0.16**
Jgradient 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
Ts00 (0.33%* 0.12 -0.06 0.24** 0.16* 0.44**
Te00 -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%**
CAPEzsso 0.24** 0.22%* -0.04 0.26** -0.02 (0.32%*
CINgso 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
selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The
indices represent environmental conditions 3 hours prior to the peak rain rate of the events. Pearson
correlation coefficients that exceed 90 (95) % confidence level are denoted by * (**), based on
two-sided Student’s t-tests

(@

Current- Wpeak Ipeak H w Aconvective Astratiform Vpeak
Climate

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
(b)

Future- Wpeak Ipeak H w Aconvective Astratiform Vpeak
Warming

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
selected heavy rainfall events from the a Current-Climate and b Future-Warming simulations. The
indices represent environmental conditions 3 hours prior to the peak rain rate of the events. Pearson
correlation coefficients that exceed 90 (95) % confidence level are denoted by * (**), based on
two-sided Student’s t-tests

(a)

Current- Wpeak Ipeak H w Aconvective Astratiform Vpeak
Climate

gs00 0.12%** 0.03 -0.15** 0.22%* 0.08%* 0.05
g600 -0.25%** -0.13** -0.02 -0.05 0.07 -0.27**
(gradient 0.26%** 0.11** -0.08* 0.17** -0.01 0.24**
PW -0.19** -0.06 -0.05 0 0.08* -0.22%*
Ts00 0.13** 0.05 -0.02 0.13** 0.1%* 0.38%*
Te00 -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%*
CAPEzsso 0.31** 0.18** -0.12%** 0.23** 0.01 0.28%*
CINgso -0.11%* -0.02 0.14%* 0 0.01 0.21**
(b)

Future- Wpeak Ipeak H ) Aconvective Astratiform Vpeak
Warming

q800 0.16* 0.07 -0.08 0.1 -0.12 0.06
g600 -0.31°** -0.21°%* 0.07 -0.15%* 0.01 -0.24%*
Jgradient 0.3%* 0.18** -0.09 0.16* -0.08 0.19**
PW -0.24** -0.18** 0.06 -0.06 0 -0.29%*
Ts00 0.39%** 0.22%* -0.08 0.27** 0.11 0.52%**
Te00 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**
CAPEzsso 0.28** (0.22%* -0.1 0.26** -0.05 0.3%*
CINgso 0.02 -0.06 0.16* 0.16* 0.17** 0.31**
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1101

Table 9 Absolute and relative difference in the vertical wind shear and thermodynamic indices
between Current-Climate and Future-Warming simulations for the four groups of events under
different shear conditions (Fig. 12). The indices represent pre-storm environmental conditions
when the mean rainfall intensity over the 45x45-km? area centered at the location of the events is
<10 mm day!. Units of the absolute difference in the indices are the same as those listed in Table

1

(a) Ist 2nd 3rd 4th

du -0.13  10.58% |-0.42 2.47% ]0.17  |-1.39% |-0.41  |5.21%
dv 045  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 155  [0.78% |6.14  [3.14% |3.27 1.62% [2.28  [1.09%
(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%
Ts00 3.65 1.26% |4.07 1.40% |3.71 1.28% |3.88 1.34%
Te00 4.62 1.69% |4.31 1.57% |4.36 1.59% |4.23 1.54%
Tgradient 097  |-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%
CAPEsso | 137.73 [10.71% |580.81 |51.35% |324.90 |28.94% |646.54 |63.90%
CINsso 11.82  |51.35% |2.56 17.85% |7.95 76.15% | 0.67 9.65%
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Table 10 Correlations between the vertical wind shear indices and the thermodynamic metrics for the selected heavy rainfall events
from the a Current-Climate and b Future-Warming simulations. The indices represent pre-storm environmental conditions when the
mean rainfall intensity over the 45x45-km? area centered at the location of the events is < 10 mm day'. Pearson correlation coefficients

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

(a) Current- | gsoo q600 Jeradient | PW Tsoo Teo0 Tgradient | MSEgradient | CAPEgso | CINgso
Climate

du -0.02 0.26** | -0.19%* | 0.27** | -0.33** | (0.24** | -0.39** | -0.32%* -0.21** | -0.3]1%*
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** | (.32%* 0.18** 0.42**
Sdirection -0.02 -0.02 0 0.05 0.08* 0 0.07 0.03 -0.03 0.14**
(b) Future- 800 600 (gradient PW Ts00 Te00 Tgradient MSEgradient CAPEss0 | CINsso
Warming

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
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Figure Captions

Fig. 1 a Terrain height (m) near the region of analysis (12°N-18°N, 9°W-20°E; black rectangle)
over the West African Sahel in the 3-km domain. “x” marks the location of an example event
from the Current-Climate ensemble simulations. b Duration (Diotai; hr), total precipitation (Piotar;
mm), mean intensity (Imean; mm hr'!), and peak rain rate (Ipea; mm hr!) at the location of the
example event. ¢ Precipitation (mm hr!) at the time of the peak rain rate for the example event. ¢
Area of the storm’s 10 mm day™! rain shield (Apeak; km?) at the time of the peak rain rate (t=0) for
the example event. d Storm propagating speed (Vpeak; km hr') at the time of the peak rain rate is
computed as an average of the storm propagating speed at t = -0.5 hr and t = +0.5 hr that are
central differences about the centroid locations of the storm’s rain shield att =-1 hr, t =0, and t =
+1 hr. The intensity threshold for defining the rain shield of the example event is 25 mm day!,
manually selected from the 25/50/100/500 mm day™! thresholds to reduce the impact of rain-
shield deformation on computing the centroid location. More information is given in Online

Resource 1

Fig. 2 August mean SST anomalies between the Future-Warming and Current-Climate
experiments (K; shading) and model configuration for the triple-nested domains. The black,
purple, blue, and red rectangles denote the boundaries of the 27-km (10.15°S-33.94°N, 20.63°W-
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)

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

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

August mean precipitation (mm day™') from the 3-km domain of the Current-Climate ensemble
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simulations. The rectangles denote the region of analysis (12°N-18°N, 9°W-20°E) over the West
African Sahel. ¢ The exceedance probability for 12Z-127 24-hr precipitation (mm) at a grid
point in the defined analysis region from the IMERG 2000-2019 observations and the Current-

Climate ensemble simulations

Fig. 4 Spatial distribution of heavy rainfall events (denoted by circles) that produce more than 77
mm precipitation during a 12Z-127 24-hr window at one grid point in the analysis region in a
IMERG during 2000-2019 and b the Current-Climate ensemble simulations. 77 mm is the 99.9™
percentile of 24-hr precipitation over the analysis region in the Current-Climate experiment. ¢
Number of heavy rainfall events per August that exceed certain thresholds of 24-hr precipitation
(mm) over the analysis region in IMERG and Current-Climate. The thin lines denote data for

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

Fig. 5 2000-2019 ERAS climatological August a 925-hPa and b 600-hPa specific humidity (g
kg'!; shading) and horizontal wind (m s™'; vectors). ¢ ERA5 600 hPa — 925 hPa climatological
zonal wind (m s™!; shading) and horizontal wind (m s™'; vectors) differences. d-f are similar to a-
¢, but from the 3-km domain of the Current-Climate ensemble simulations. Vectors exceeding 9
m s are thickened. Vectors are plotted every 8 and 70 grids in a-¢ and d-f for clarity,

respectively. The rectangles denote the analysis region

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

Differences in ensemble mean precipitation (mm day™') between the Future-Warming and

Current-Climate simulations. The dots denote anomalies that exceed the 95% confidence level
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based on a Welch’s t-test. The rectangles denote the analysis region. ¢ The exceedance
probability for 12Z-127 24-hr precipitation (mm) at a grid point in the analysis region from the

Current-Climate and Future-Warming ensemble simulations

Fig. 7 a Spatial distribution of heavy rainfall events (denoted by circles) that produce 12Z-12Z
24-hr precipitation above 77 mm at one grid point in the analysis region from the Future-
Warming ensemble simulations. 77 mm is the 99.9™ percentile of 24-hr precipitation over the
analysis region in the Current-Climate experiment. b Number of heavy rainfall events per August
that exceed certain thresholds of 24-hr precipitation (mm) over the analysis region in Current-
Climate and Future-Warming. The thin lines denote data for ensemble members. The inset shows

a closer view of the tails of the curves in b

Fig. 8 a Duration (hr; Diotal), b storm propagation speed at the time of peak rain rate (Vpeax; km
hr'!), ¢ area of the storms’ 10 mm day' rain shield at the time of peak rain rate (Apeak; 10* km?),
d mean intensity (mm hr!; Imean), € peak rain rate (mm hr''; Ieak), and f ratio of rainfall during
the hour of the peak rain rate to the total precipitation (Ppeax/Prota) 0f the selected heavy rainfall
events from Current-Climate and Future-Warming. The x-axes show the ranking of the events
based on their rainfall totals, Pita. For Current-Climate, each dot represents an average of 80
measurements, including 5 events (e.g., 15 — 5™) per ensemble member multiplied by 16
ensemble members. For Future-Warming, each dot represents an average of 25 measurements (5
events x 5 ensemble members). Error bars denote standard errors of the means. Blue squares

denote differences between Future-Warming and Current-Climate that exceed the 95%
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confidence level based on Welch’s t-tests. Table 1 lists detailed descriptions of the indices for

heavy rainfall events

Fig. 9 Differences in the a 925-hPa and b 600-hPa specific humidity (g kg'; shading) and
horizontal wind (m s!; vectors) between the Future-Warming and Current-Climate ensemble
mean. Grey shading masks out differences that do not exceed 95% confidence level based on a
Welch’s t-test. ¢ Differences in the 600 hPa — 925 hPa zonal (m s™!; shading) and total (m s™';
vectors) vertical wind shear between Future-Warming and Current-Climate ensemble mean.
Thickened vectors denote differences that exceed 95% confidence level based on Welch’s t-tests.

Vectors are plotted every 70 grid points for clarity. The rectangles denote the analysis region

Fig. 10 Time series of a 600 hPa — 925 hPa horizontal wind shear speed (m s™!) and the time rate
of change of 600 hPa — 925 hPa horizontal wind shear direction (degree hr'!), b 925-hPa and
600-hPa zonal wind (m s™), ¢ 800-hPa and 600-hPa specific humidity (g kg™') and precipitable
water (mm), and d 800-hPa and 600-hPa temperature (K) averaged over the 45x45-km? area
centered at the location of the heavy rainfall event during the passage of the storm (solid lines)
and for the dry-day composite (dashed lines) from Current-Climate. e-h are similar to a-d, but
for Future-Warming. The time of the peak rain rate is defined as time 0 and marked by the dots

in the time series

Fig. 11 Vertical profiles of a zonal wind (m s!), b meridional wind (m s!), ¢ MSE (10° J kg!), d

CAPE (J kg!), and e CIN (J kg!) averaged over the 45x45-km? area centered at the location of

the heavy rainfall event for the storm and dry-day composites from Current-Climate. Pre-storm
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environmental conditions are calculated when the mean rainfall intensity over the 45x45-km?
area centered at the location of the event is < 10 mm day™!. The dry-day composite presents the
same hour of the day as the storm composite. f-j are similar to a-e, but for both Current-Climate
and Future-Warming. The dots denote differences between the storm and dry-day composites or
Current-Climate and Future-Warming that exceed 95 % confidence level, based on Welch’s t-

tests

Fig. 12 a 600hPa — 925hPa zonal vertical wind shear (du; m s™!) and vertical wind shear
magnitude (Smagnitude; M 871) prior to the selected heavy rainfall events from Current-Climate and
Future-Warming. The dashed lines denote the ranges of du that are used to separate the events
into four groups of similar shear strength. The number of events in each group is marked in the
figure. b Relative difference (%) in the peak rain rate, Ieak, 800-hPa specific humidity, qgsoo,
precipitable water, PW, and MSE vertical gradient, MSEgadient between Current-Climate and
Future-Warming for the four groups of events. ¢ MSEgdient from Current-Climate (solid line; J
kg!) and absolute difference in MSEgradient (dashed line; J kg™') and qsoo (g kg') between

Current-Climate and Future-Warming for the four groups of events

Online Resource 1 Detailed description of how storm velocity is computed and listings of the
selected heavy rainfall events over the analysis region of the West African Sahel from Current-

Climate and Future-Warming ensemble simulations
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Fig. 1 a Terrain height (m) near the region of analysis (12°N-18°N, 9°W-20°E; black rectangle)
over the West African Sahel in the 3-km domain. “x” marks the location of an example event from
the Current-Climate ensemble simulations. b Duration (Diotar; hr), total precipitation (Piotar; mm),
mean intensity (Imean; mm hr!), and peak rain rate (Ipeak; mm hr!) at the location of the example
event. ¢ Precipitation (mm hr!) at the time of the peak rain rate for the example event. ¢ Area of
the storm’s 10 mm day™ rain shield (Apca; km?) at the time of the peak rain rate (t=0) for the
example event. d Storm propagating speed (Vpea; km hr!) at the time of the peak rain rate is
computed as an average of the storm propagating speed at t =-0.5 hr and t = +0.5 hr that are central
differences about the centroid locations of the storm’s rain shield at t = -1 hr, t =0, and t = +1 hr.
The intensity threshold for defining the rain shield of the example event is 25 mm day !, manually
selected from the 25/50/100/500 mm day thresholds to reduce the impact of rain-shield
deformation on computing the centroid location. More information is given in Online Resource 1
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Fig. 3 a August mean precipitation (mm day™') averaged over 2000-2019 from IMERG. b August
mean precipitation (mm day™!) from the 3-km domain of the Current-Climate ensemble simulations.
The rectangles denote the region of analysis (12°N-18°N, 9°W-20°E) over the West African Sahel.
¢ The exceedance probability for 12Z-12Z 24-hr precipitation (mm) at a grid point in the defined
analysis region from the IMERG 2000-2019 observations and the Current-Climate ensemble
simulations
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Fig. 4 Spatial distribution of heavy rainfall events (denoted by circles) that produce more than 77
mm precipitation during a 12Z-12Z 24-hr window at one grid point in the analysis region in a
IMERG during 2000-2019 and b the Current-Climate ensemble simulations. 77 mm is the 99.9""
percentile of 24-hr precipitation over the analysis region in the Current-Climate experiment. ¢
Number of heavy rainfall events per August that exceed certain thresholds of 24-hr precipitation
(mm) over the analysis region in IMERG and Current-Climate. The thin lines denote data for
individual years. The inset shows a closer view of the tails of the curves in ¢
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—_

1259 ; shading) and horizontal wind (m s’'; vectors). ¢ ERAS5 600 hPa — 925 hPa climatological zonal
1260  wind (m s'; shading) and horizontal wind (m s™'; vectors) differences. d-f are similar to a-c, but
1261  from the 3-km domain of the Current-Climate ensemble simulations. Vectors exceeding 9 m s™!
1262  are thickened. Vectors are plotted every 8 and 70 grids in a-c and d-f for clarity, respectively. The
1263  rectangles denote the analysis region
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Fig. 6 a Ensemble mean precipitation (mm day!) from the Future-Warming simulations. b
Differences in ensemble mean precipitation (mm day ') between the Future-Warming and Current-
Climate simulations. The dots denote anomalies that exceed the 95% confidence level based on a
Welch’s t-test. The rectangles denote the analysis region. ¢ The exceedance probability for 12Z-
127 24-hr precipitation (mm) at a grid point in the analysis region from the Current-Climate and
Future-Warming ensemble simulations
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Fig. 7 a Spatial distribution of heavy rainfall events (denoted by circles) that produce 12Z-12Z 24-
hr precipitation above 77 mm at one grid point in the analysis region from the Future-Warming
ensemble simulations. 77 mm is the 99.9'" percentile of 24-hr precipitation over the analysis region
in the Current-Climate experiment. b Number of heavy rainfall events per August that exceed
certain thresholds of 24-hr precipitation (mm) over the analysis region in Current-Climate and
Future-Warming. The thin lines denote data for ensemble members. The inset shows a closer view
of the tails of the curves in b
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Fig. 8 a Duration (hr; Diar), b storm propagation speed at the time of peak rain rate (Vpeak; km hr”
1, ¢ area of the storms’ 10 mm day™! rain shield at the time of peak rain rate (Apeak; 10* km?), d
mean intensity (mm hr'; Imean), € peak rain rate (mm hr''; Ipea), and f ratio of rainfall during the
hour of the peak rain rate to the total precipitation (Ppeak/Piotal) 0f the selected heavy rainfall events
from Current-Climate and Future-Warming. The x-axes show the ranking of the events based on
their rainfall totals, Pioar. For Current-Climate, each dot represents an average of 80 measurements,
including 5 events (e.g., 1% — 5™) per ensemble member multiplied by 16 ensemble members. For
Future-Warming, each dot represents an average of 25 measurements (5 events x 5 ensemble
members). Error bars denote standard errors of the means. Blue circles denote differences between
Future-Warming and Current-Climate that exceed the 95% confidence level based on Welch’s t-
tests. Table 1 lists detailed descriptions of the indices for heavy rainfall events
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Fig. 9 Differences in the a 925-hPa and b 600-hPa specific humidity (g kg''; shading) and
horizontal wind (m s™'; vectors) between the Future-Warming and Current-Climate ensemble mean.
Grey shading masks out differences that do not exceed 95% confidence level based on a Welch’s
t-test. ¢ Differences in the 600 hPa — 925 hPa zonal (m s™!; shading) and total (m s™'; vectors)
vertical wind shear between Future-Warming and Current-Climate ensemble mean. Thickened
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Fig. 10 Time series of a 600 hPa — 925 hPa horizontal wind shear speed (m s™') and the time rate
of change of 600 hPa — 925 hPa horizontal wind shear direction (degree hr'!), b 925-hPa and 600-
hPa zonal wind (m s™'), ¢ 800-hPa and 600-hPa specific humidity (g kg™!) and precipitable water
(mm), and d 800-hPa and 600-hPa temperature (K) averaged over the 45x45-km? area centered at
the location of the heavy rainfall event during the passage of the storm (solid lines) and for the
dry-day composite (dashed lines) from Current-Climate. e-h are similar to a-d, but for Future-
Warming. The time of the peak rain rate is defined as time 0 and marked by the dots in the time
series
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Fig. 11 Vertical profiles of a zonal wind (m s'), b meridional wind (m s™!), ¢ MSE (10° J kg!), d
CAPE (J kg'), and e CIN (J kg!) averaged over the 45x45-km? area centered at the location of the
heavy rainfall event for the storm and dry-day composites from Current-Climate. Pre-storm
environmental conditions are calculated when the mean rainfall intensity over the 45x45-km? area
centered at the location of the event is < 10 mm day™'. The dry-day composite presents the same
hour of the day as the storm composite. f-j are similar to a-e, but for both Current-Climate and
Future-Warming. The dots denote differences between the storm and dry-day composites or
Current-Climate and Future-Warming that exceed 95 % confidence level, based on Welch’s t-tests
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Fig. 12 a 600hPa — 925hPa zonal vertical wind shear (du; m s!) and vertical wind shear magnitude
(Smagnitude; M s71) prior to the selected heavy rainfall events from Current-Climate and Future-
Warming. The dashed lines denote the ranges of du that are used to separate the events into four
groups of similar shear strength. The number of events in each group is marked in the figure. b
Relative difference (%) in the peak rain rate, Ipeak, 800-hPa specific humidity, qsoo, precipitable
water, PW, and MSE vertical gradient, MSEgdient between Current-Climate and Future-Warming
for the four groups of events. ¢ MSEgradient from Current-Climate (solid line; J kg™!) and absolute
difference in MSEgradient (dashed line; J kg!) and qsoo (g kg™') between Current-Climate and Future-
Warming for the four groups of events
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