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Abstract

Understanding the physical processes driving deep convective storms is an
essential prerequisite for understanding the wider tropical atmosphere. Cold
pools driven by rainfall evaporation are a ubiquitous feature of mesoscale con-
vective systems (MCSs) that have especially pronounced upscale effects in the
climate of the West African Sahel, through their modulation of the regional mon-
soon circulation. The role of cold pools in determining the dynamics, life cycle,
and propagation of tropical MCSs themselves, however, remains debated. Here,
we probe the feedback of cold pools on Sahelian MCS characteristics through
a 40-day, 2.2km convection-permitting Met Office Unified Model sensitivity
experiment in which rainfall evaporation is switched off in the microphysics
scheme. Storms generated in the sensitivity experiment subsequently show
strongly suppressed cold-pool density currents versus a control simulation. Yet
we find no statistically significant difference between the diurnal cycles of MCS
counts, with continued nocturnal propagation of storms in the experiment, and
a reduction of MCS speeds by 1.7 m - s~! caused by a similar slowdown in the
African easterly jet due to a weakened large-scale meridional temperature gra-
dient. Indeed, the main differences between the simulations are in the regional
mean state and diurnal cycles of MCS rainfall. Changes to composite updraught
geometry are consistent with the role of cold-pool horizontal vorticity in bal-
ancing the strong low-level wind shear characteristic of the region. Remarkably
though, we find no sensitivity of the positive scaling of MCS rainfall with shear to
cold pools, with reduced entrainment dilution under stronger shear conditions
the fundamental physics driving the relationship. Our results help to disentan-
gle processes in the Sahel in which cold pools play a driving role (nocturnal
rainfall intensification, regional circulation) from those in which they are pas-
sive actors, which we find primarily to be MCS development, propagation, and
rainfall-shear scalings.
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1 | INTRODUCTION

It is frequently stated that convective cold pools play an
essential role in the dynamics of mesoscale convective sys-
tems (MCSs). MCSs are an archetypal form of convective
organisation, comprising clusters of thunderstorms that
merge to form large, cold anvil clouds. Their structure
is complex and comprised of features spanning a wide
range of scales from high, cold anvil shields spanning thou-
sands of square kilometres, to sub-kilometre entrainment
and microphysical processes (Houze, 2004). Evaporation
of rainfall from multiple embedded kilometre-scale con-
vective updraughts leads to cooling of ambient air and
the formation of downdraughts; this cool, negatively buoy-
ant air sinks, forming convective cold pools at the MCS
base. These form multiple propagating density currents
that can merge to form large, organised systems with rich
structures (Drager & van den Heever, 2017; Fuglestvedt &
Haerter, 2020).

Cold pools are one of MCSs’ most striking observed
features, typically causing significant decreases in surface
temperature, increases in surface pressure, strong winds,
and an increase in relative humidity as the ambient sur-
face layer is displaced by their cool, dense air (Engerer
et al., 2008; Provod et al., 2016). They are features com-
mon to all flavours of convective rainfall, and an integral
component of convective organisation across scales (Bony
et al.,, 2015; Tompkins, 2001). Gust fronts at cold-pool
boundaries enable the triggering of new convective cells
through both moisture convergence and mechanical lift-
ing (Torri et al., 2015), with cold-pool collisions enhanc-
ing this effect (Fuglestvedt & Haerter, 2020; Meyer &
Haerter, 2020). Idealised large-eddy simulations, typically
using experiments where rainfall evaporation is turned off
and cold pools inhibited, show that cold pools play a criti-
cal role in the transition from shallow to deep convection
(Khairoutdinov & Randall, 2006), but that their impact
on organisation is a nonlinear function of domain size
(Jeevanjee & Romps, 2013).

In mature MCSs, cold pools are canonically under-
stood to maintain mature storms and determine their
updraught geometry (Rotunno-Klemp-Weisman [RKW]
theory; Rotunno et al., 1988) by providing a balance to the
horizontal vorticity generated by low-level vertical wind
shear. Predictions derived from such arguments for the
speeds, shear-relative orientation, and updraught tilts of
midlatitude MCSs are well verified by idealised numeri-
cal experiments (Abramian et al., 2022; Bryan et al., 2006;
Robe & Emanuel, 2001; Weisman & Rotunno, 2004). How-
ever, experiments again turning off rainfall evaporation
in both idealised and realistic model set-ups have shown
repeatedly that MCSs can continue to initiate, mature,
and propagate without cold pools (Clark et al, 2014;

Crook & Moncrieff, 1988; Grant et al, 2018, 2020;
Schumacher, 2009; Stoelinga et al., 2003; Trier et al., 2011).
Moreover, MCS rainfall in observed storms increases
under stronger environmental shear (Chen et al., 2023;
Hsiao et al., 2024; Senior et al., 2021). This positive feed-
back can be explained without reference to cold pools,
through shear modulation of low-level unstable inflow
(Alfaro, 2017; Bickle et al., 2021) causing a decrease in
updraught entrainment rates at higher shear found in both
idealised experiments (Abramian et al., 2023; Mulholland
et al., 2021) and regional simulations with explicit convec-
tion (Maybee et al., 2024).

Questions surrounding the role of cold pools in
MCS dynamics are of great practical importance in the
semi-arid Sahel region of West Africa, some parts of which
receive over 90% of their seasonal rainfall totals from the
long-lived propagating MCSs (Mathon et al., 2002) sup-
ported by strong wind shear between the low-level mon-
soon flow and midlevel African easterly jet (AEJ; Parker &
Diop-Kane, 2017). These MCSs form huge, country-scale
cold pools (Hoeller et al., 2024; Provod et al., 2016), gener-
ating cool, moist outflows into the Sahara that mediate the
northerly propagation of the West African monsoon (Birch
et al., 2014a; Marsham et al., 2013; Trzeciak et al., 2017).
Convective cold-pool misrepresentation in models leads to
significant biases both in Saharan temperatures and dust
transport (Garcia-Carreras et al., 2013, 2021; Marsham
et al., 2011). Wind shear exercises important controls on
MCSs in this region, with stronger shear due to a strength-
ening meridional temperature gradient responsible for an
observed intensification in extreme MCS rainfall (Taylor
et al., 2017). Global climate models underpinning projec-
tions of future Sahel rainfall do not resolve this mecha-
nism, with projections of extremes significantly increased
when combined with observed MCS rainfall-shear scal-
ings (Klein et al., 2021). Though thermodynamic drivers
naturally provide the leading control on projected trends in
the regions’ MCSs (Bickle et al., 2021; Zhao et al., 2024), the
physics of MCS-shear interactions, and thus cold pools, is
a crucial component of improving climate projections in
the Sahel.

A common adjective in the preceding paragraphs is
“idealised”: many results underpinning our understand-
ing of MCS dynamics ultimately stem from high-resolution
large-eddy simulations under idealised scenarios.
Yet MCSs are well simulated by kilometre-grid-scale
convection-permitting (CP) models, despite such models’
parametrisation of many smaller scale processes (Crook
et al., 2019; Prein et al., 2017), with results for many key
characteristics very similar to large-eddy-simulation-scale
models (Prein et al, 2021). Multiple state-of-the-art
global CP models can now be run on climate time-scales
while resolving MCSs (Donahue et al., 2024; Hohenegger
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et al., 2023; Rackow et al., 2024), explicitly embedding
the dynamics and forcings of MCSs into global simula-
tions (Feng et al., 2023; Slingo et al., 2022). Such advances
in computing capabilities provide an opportunity to test
questions regarding the dynamics of MCSs under far more
realistic experimental configurations, including all envi-
ronmental interactions, and on much larger MCS sample
sizes. In this context, some CP models can now capture
the observed positive feedback of shear on MCS rainfall,
provided they simulate a decrease in entrainment-dilution
with shear (Maybee et al., 2024), with errors in simulated
rainfall-shear response explaining spatial biases in West
African MCS mean rainfall and diabatic heating.

The results of Maybee et al. (2024) highlight the impor-
tance of evaluating how MCSs interact with wind shear.
The role of convective cold pools, and the surrounding
debate regarding their role in MCS dynamics, was not
considered. Here, we focus on this question for the Sahel
by comparing MCSs between two 40-day CP simulations,
described in Section 2, that differ only by switching off
rainfall evaporation in one experiment. In Section 3 we
show that convective cold pools are thus suppressed in
our experiment; despite this, however, long-lived, mature
MCSs that propagate deep into the night still form. We
consider the changes to interactions with wind shear in
Section 4, finding limited change in the leading-order
scalings of key MCS fields (rainfall, brightness tempera-
ture) when cold pools are suppressed. We discuss how our
results intersect the existing literature in Section 5, espe-
cially regarding MCS maintenance, before concluding in
Section 6.

2 | DATA AND METHODS

Here, we detail the two simulations (“Control” and
“RainEvapOft”), MCS tracking methods (simpleTrack;
Stein et al., 2014), and key diagnostic measures used in
our study. Both Control and RainEvapOff are 2.2km
grid regional CP simulations conducted using the
non-hydrostatic, semi-Lagrangian Met Office Unified
Model (MetUM; Brown et al., 2012).

2.1 | Experimental set-up

The common modelling set-up we utilise is the
limited-area model configuration first described by Jones
et al. (2023)—also LAM2.2 in Maybee et al. (2024). The
two experiments span a large North African domain
(—13°-28°N, —20°-54°E) for 40 days from August 1, 2016,
to September 9, 2016. Both feature a 2.2km horizontal
grid spacing and 90 vertical levels up to 40 km. Lateral
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boundary conditions are derived from an N1280 (~ 10 km
spacing at the Equator) global simulation initialised from
a MetUM operational analysis, with additional forcing
from daily updating sea-surface temperatures. Deep con-
vection is explicitly represented through adoption of
the convection-permitting RAL3.2 science configuration
(Bush et al., 2023, 2024), which includes an explicitly
represented land surface (Best et al., 2011), a bimodal
large-scale cloud parametrisation scheme (Van Weverberg
et al., 2021), and CASIM, a double-moment microphysics
scheme (Field et al., 2023). For simplicity, the impact of
aerosols is ignored and the in-cloud droplet number con-
centration is fixed at ~ 150 cm~3, but the rain droplet
number can evolve freely.

The only difference between Control and RainEvap-
Off stems from the CASIM microphysics scheme. In
RainEvapOff, evaporation of rainfall was switched off at
all levels.! Other species’ evaporation parameters (e.g., ice,
graupel) remain active, and no modifications were made
in the cloud scheme. No modifications are made to CASIM
in Control. An alternative compiler optimisation setting
was also used for RainEvapOff, but this will not make
any difference to the model diagnostics. In both simula-
tions, two-dimensional fields were outputted on hourly
time steps, and (instantaneous) three-dimensional fields
onto pressure levels at three-hourly intervals.

2.2 | MCS tracking

To identify MCSs and study their full life cycle, from initi-
ation to dissipation, we use the simpleTrack algorithm of
Stein et al. (2014), which has been used extensively to track
MCSs from both observational and model data (Crook
et al., 2019; Feng et al., 2025; Tomassini et al., 2023). The
algorithm uses a single two-dimensional field and tracks
clusters that meet prescribed cut-off and area thresh-
olds. We refer to individual clusters that form part of an
MCS track as snapshots. To join temporally disparate clus-
ters into storm tracks, a velocity field is calculated from
cross-correlation of two contiguous time steps. By using
this field, snapshots in the earlier time step are advected
forwards to the later time. Snapshots where the fractional
overlap in the later time step between the advected and
“true” cluster is greater than 0.6 are then considered part
of the same storm track. A new initiation is considered
to have occurred if no overlap is found with an advected
cluster, whereas multiple advected clusters overlapping a
single cluster in the later time step are considered a merge
of those storm tracks (Stein et al., 2014).

Here, we track MCSs from top-of-atmosphere bright-
ness temperature (BT), calculated from total outgoing
long-wave radiation using the empirical conversion of
Yang and Slingo (2001). We track storms over West Africa
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(here —6°-24°N, —18°-32°E) only, where the monsoon,
and thus MCS activity, is at its peak during the simulation
period. The tracking algorithm is applied to 0.1° regridded
fields (equivalent to observational products), with a min-
imum cluster area of nine pixels (< 1,000 km?) and BT
threshold of 241 K (—32°C), as adopted in a recent inter-
comparison of MCS tracking algorithms (Feng et al., 2025).
Upon completion, candidate MCSs are selected as tracks
where, during the storm life cycle, a maximum area
> 5,000 km? and minimum BT < 223 K (=50°C) are
achieved. For these tracks, snapshot rainfall volumes and
extremes are calculated from precipitation on the same
0.1° grid. MCSs are then further required to reach a max-
imum rainfall rate above 1 mm - hr™! during the storm’s
lifetime. Finally, we restrict our attention to MCSs in the
Sahel by excluding track initiations outside 9°-19°N and
—10°-24°E.

We are particularly interested in the convective dynam-
ics of mature MCSs, which we identify after tracking as
contiguous subregions of BT below —50°C with area larger
than 5,000 km? within a tracked snapshot. MCS merg-
ers can cause individual tracked snapshots to be formed
from multiple mature storm regions, where individual
cores’ convective dynamics are well isolated and distinct.
Field composites for mature MCSs are thus centred on
the location of the minimum BT (BTy,,) of all distinct,
unconnected mature subregions of a track snapshot. We
restrict our sample of mature MCSs to those east of —12°E
to avoid sampling oceanic storms.

2.3 | Process evaluation

To distinguish cold-pool characteristics between
Control and RainEvapOff we use buoyancy b (Tomp-
kins, 2001), which we calculate from the virtual potential
temperature 6y:

0, — 0,
bzg( - )’

Oy

ey

where g is Earth’s gravitational field and 6, is the
mean value across a 100 x 100km? bounding box (Prein
etal., 2021). Note that buoyancy should be calculated from
density potential temperature 6,, which further includes
mixing ratios for cloud condensate and rain water in
addition to water vapour; these microphysical diagnostics
were unfortunately not available for the long simulations
used here. We therefore use 6, as the closest possible
approximation. Cold-pool outflow boundaries can then be
approximately located by identifying regions with strong
gradients in 6y, (Drager and van den Heever (2017)).

To evaluate the role of cold pools in MCS
environmental interactions, we consider only mature

MCS regions during the hours of peak convection
(1600-2100 UTC) that themselves have a maximum rain-
fall rate > 1 mm-hr™!. We define the environmental
conditions for such storms as the preceding 1200 UTC
mean field across a 0.7° box centred on the location of
the mature MCS BTy, (Klein et al., 2021). As in May-
bee et al. (2024), we represent MCSs’ thermodynamic
and dynamical environments by total column integrated
water vapour (TCW) and the difference between 850 hPa
and 650 hPa zonal winds (ugso — Usso) respectively, where
the latter measure is henceforth referred to as shear. The
choice of shear measure corresponds physically to the dif-
ference between the AEJ and southwesterly monsoon flow,
and roughly spans heights between 1 and 3.5 km above the
surface.

We follow Baidu et al. (2022) and Maybee et al. (2024)
and evaluate changes in entrainment-dilution with shear
by calculating two proxies for bulk entrainment:

W5002x

\/ CAPE¢yy

where w500y, is the maximum 500 hPa vertical velocity
within the mature MCS footprint, CAPE.,, is the con-
vective available potential energy of the storm’s mean
environmental sounding, Ty is the mean mature MCS
anvil temperature (i.e., mean BT, < —50°C), and LNBe,,
is the level of neutral buoyancy of the mean environmen-
tal sounding. Together, these variables provide a consistent
picture of how bulk entrainment-dilution varies: entrain-
ment reduces the potential of a near-surface parcel to reach
its theoretical maximum buoyancy. Since this reduces w
and increases Tny (i.e, lowers anvil heights), reduced
entrainment-dilution will correspond to high weg, the effi-
ciency of conversion of CAPE, and low BTg, the differ-
ence between anvil and LNB heights (Baidu et al., 2022;
Maybee et al., 2024). Mulholland et al. (2021) showed that
growth in convective core areas with shear yields the noted
decrease in entrainment. We measure convective cores
using the area of the strongest contiguous subregion where
Wsqp is greater than the 99th percentile of its in-storm val-
ues (i.e., under the mature MCS footprint). Our threshold
criteria for mature MCSs ensures this measure is the same
as in Maybee et al. (2024).

Weft = and BTyitt = Tany — LNBepy, (2)

3 | MCSLIFE CYCLES

Here, we examine the structure of cold pools of 1800 UTC
MCSs in Control and RainEvapOff, before turning to the
effect of suppressing rainfall evaporation on the diurnal
cycle and nocturnal propagation of MCSs. To contextualise
our MCS-level results however, we begin by looking at
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FIGURE 1 Differences Differences in mean state, RainEvapOff - Control
between mean fields in RainEvapOff
and Control. (a) Difference in 1.5m (a) 1.5m T, surface H, and 850 hPa winds (b) T profiles (c) M™SE profiles
mean air temperature T and 850 hPa o )& R H 2001 o
wind fields (every 2° by 2°). Vertical 20°N s, 20°N - 300 —y
profiles of differences in (b) T and 15N 15N L 400 4 _
(c) mean moist static energy MSE H 5004 E
shown for four distinct latitude 10°N 10°N \ E | coo - g
bands. (d) Difference in mean total K 8
column integrated water vapour >N >N i 7007 &
(TCW; shading), mean surface latent H - 800
heat flux LcE (20 W - m™* grey -24 -16 -0.8 00 08 16 24 L i 900 1
contours), and 650 hPa wind fields 5ms! (’) T s (’) T
(every 2° by 2°), accompanied in (e) K K-kg?
by difference in zonal mean total (d) TCW, surface L.E, and 650 hPa winds (€)  Zonal Usso (f) ZonalpandE

and geostrophic zonal flow, u and i
u,. (f) Difference in zonal mean 20°N .
daily precipitation and evaporation

totals. Dashed boxes in (a) and (d) 15°N

denote Sahel study region. [Colour 10°N

i

| 20°N

15°N 4

Latitude

10°N A

figure can be viewed at

wileyonlinelibrary.com] 5°N

10°wW 0°

the effect of removing rainfall evaporation on the mean
atmospheric state.

3.1 | Background mean state

As expected, turning off rainfall evaporation removes the
associated sub-cloud cooling. Large parts of the domain
are warmer near the surface in RainEvapOff (Figure 1a),
with much of the domain south of 20°N having 0.5-2K
higher mean 1.5m air temperatures. The mean depth
of the temperature difference reaches at least 650 hPa at
all latitudes in the domain (Figure 1b). The deepest and
largest low-level temperature differences are concentrated
in the Sahel (dashed box), especially in the west. RainEvap-
Off shows increased westerly flow across the Sahel at
850 hPa (Figure 1a), corresponding to a strengthening of
the climatological winds at this level.

What of differences in atmospheric moisture? Vertical
profiles of mean moist static energy (MSE) in Figure 1c
show a similar increase in RainEvapOff at low levels in
all regions except the Sahara, with the strongest differ-
ences versus Control again in the Sahel. Above 600 hPa,
however, all regions show reduced MSE in RainEvapOff.
Integrating through the column, the spatial distribution
of TCW (Figure 1d) shows higher values in RainEvapOff
across most of the Sahel and south to the Gulf of Guinea
coastline. However, there is a strong drying in the western

Sahara (and weaker drying over orography). As implied
by the MSE profiles, the increased TCW in RainEvap-
Off is primarily due to increased boundary-layer moisture,
with a slight dry bias at midlevels (Supporting Informa-
tion Figure Sla). This translates into raised CAPE values
in RainEvapOff—for example, the distribution of environ-
mental CAPE values preceding mature MCSs (Supporting
Information Figure S2) shows a significant positive shift.
RainEvapOff has higher low-level temperatures and
more rainfall reaching the surface, leading to additional
latent heat fluxes (contours) into a warmer lower atmo-
sphere that can hold more vapour. A consequence of this
is raised low-level humidity across the Sahel and parts of
the Sahara. In contrast, mean sensible heat flux (contours,
Figure 1a)is generally higher in Control, whereas moisture
convergence associated with the monsoon flow is similar
in both simulations (Supporting Information Figure S1b),
pointing to the importance of surface evaporation. Mean
diurnal cycles for the Sahel show consistent partitioning
of the surface fluxes in the two simulations (Supporting
Information Figure S3), with increased Bowen ratio in
RainEvapOff, but no changes to the timings of changes in
low-level moisture or boundary-layer depth. In addition
to the role of surface evaporation and monsoon flow in
enhancing low-level humidity in RainEvapOff, there may
also be significant effects from the likely suppression of
convective downdraughts and cold pools, which play a key
thermodynamic role through injecting ambient air into
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the boundary layer (Provod et al., 2016; Tompkins, 2001).
The differences in TCW and 850 hPa winds are consistent
with the drying and deepening of the Saharan heat low
(Supporting Information Figure S1c), increasing localised
low-level cyclonic flow. This is consistent with a further
synoptic-scale signature of cold-pool suppression, since
cold pools play key roles in ventilating the Saharan heat
low with cool, moist air from the south (Garcia-Carreras
et al., 2013; Marsham et al., 2013; Trzeciak et al., 2017).

Comparing winds at the AEJ level of 650 hPa, we find
that, similar to 850 hPa, winds are generally more westerly
in RainEvapOff (Figure 1d). Here, however, this represents
a slowing of the mean easterly flow. The zonal mean of
the difference in 650 hPa zonal wind (Figure le) shows
an inflection at ~ 12°N, with reduced easterly flow in
RainEvapOff versus Control across most of the Sahel. This
change is consistent with the alteration to thermal wind
balance resulting from the distribution of temperature
increases in RainEvapOff, as shown by close alignment
with the zonal mean differences in the geostrophic compo-
nent ug. Over West Africa, geopotential height is approx-
imately a function solely of temperature; consequently,
thermal wind can be described, to close approximation, by
the vertically varying geostrophic flow. The changes in the
zonal wind differences in Figure le align with a strength-
ened meridional temperature gradient over 4°-12°N in
Figure 1a, and weakened gradient from 12°-20°N, the
latter of which weakens the easterly flow.

Finally, Figure 1f shows the difference in zonal mean
daily precipitation totals P. The design of our sensitivity
experiment suppresses the loss of rainfall mass to water
vapour—yet, interestingly, rainfall in RainEvapOff is not
higher everywhere in the monsoon region, with higher
rainfall rates in Control at the coast, 10°N, and 16°N.
Only at 16°N can this be explained by relatively higher
zonal mean evaporation E in Control. In RainEvapOff,
the coastal rainfall is shifted northwards, but the biggest
increases are in the core Sahel band and Sahara. The lat-
ter increase is likely since the majority of rainfall would
typically evaporate in the lower atmosphere under the
very high temperatures and low relative humidities. The
increase in the Sahel, where MCSs dominate the climatol-
ogy, points to the expected increased efficiency of storm
rainfall when evaporation is suppressed.

In summary, switching off rainfall evaporation causes
significant changes to the West African monsoon. Across
the Sahel, the boundary layer is warmer, moister, and more
convectively unstable in RainEvapOff, with increased
latent heat fluxes compensating for decreased atmospheric
evaporation. The weakened Sahara-Sahel meridional tem-
perature gradient enhances the westerly component of the
low-level monsoon flow but weakens the midlevel east-
erly flow across the region. Total precipitation is increased

over the Sahel but decreases over other regions of
West Africa.

3.2 | Cold-pool structure

As a qualitative illustration of the fundamental differences
in MCS structure between RainEvapOff and Control,
Figure 2 shows the footprint of a westward-propagating
MCS at 1800 UTC on August 1, 2016. We use the time of
peak convection on the first day for this comparison to
ensure that divergence between the two experiments is
still small. In the Control MCS (Figure 2a), strong regions
of negatively buoyant air at 925hPa are collocated with
two intense convective updraughts demarcated by high
rainfall rates. The collocation of these regions behind the
linear |V, | contour (yellow), orthogonal to the direction
of propagation, denotes the existence of a large, organised
convective cold-pool density current propagating ahead
of the MCS convection but located within the footprint of
the anvil shield (BT = —32°C contour, dashed). Ahead of
the cold pool’s leading edge, the air is very buoyant, sug-
gesting low-level storm inflow being mechanically lifted
by the cold pool.

In Figure 2b, we see that, despite the MCS generating
higher rainfall rates without evaporation, there is no for-
mation of a significant cold pool. There are some small,
disconnected negatively buoyant regions around the con-
vective core, with several dispersed | V8| contour features
nearby; these features will be generated by the evaporation
of graupel and ice species. This evaporation is enough to
generate some small surface cold pools, but not the large,
organised density current seen in Control. There is also no
clear low-level inflow region of positively buoyant air.

Figure 2c plots the difference in 925 hPa | V6, | between
RainEvapOff and Control across the entire region, giving
a wider view of the cold-pool characteristics at this time.
The region is dominated by numerous arc-shaped (open
to the east) tight peaks of Control (purple) |V#éy|, show-
ing the strong changes in buoyancy associated with very
large convective cold pools. In contrast, no such features
are seen for RainEvapOff (orange), which are instead lim-
ited to tightly bound dense clusters of contours as seen
in Figure 2b. However, this does not indicate an absence
of MCSs; markers showing the locations of mature MCS
locations from both simulations show a roughly compara-
ble number of features between Control and RainEvapOff.
There are MCSs in RainEvapOff at this early time step,
and they do not have canonical cold pools. Note that the
dominant MCS propagation direction is westwards (i.e.,
easterly) across the Sahel, with less than 10% of storms in
either simulations propagating east (Supporting Informa-
tion Figure S4a).
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FIGURE 2 Representative mesoscale convective system (MCS) structures at the same location in (a) Control and (b) RainEvapOff at

1800 UTC on August 1, 2016. Colour shading shows buoyancy at 925 hPa (cm - s72); labelled solid blue-green contours show mean hourly
rainfall rates (mm - hr™'). Dashed bold contour shows MCS anvil footprint (BT < —32°C), and unlabelled yellow contours show boundaries
where |V6,| = 0.04 K - m™! at 925 hPa. (c) Difference in | V6, | field at 925 hPa across West Africa between RainEvapOff and Control at

1800 UTC on August 1, 2016. Location of tracked mature MCS BT;, locations at this time in RainEvapOff (Control) shown by + (X)
markers. Solid box indicates region in panels (a) and (b); dashed box denotes Sahel study region. Dashed contours shown for surface
elevations of 750 m and 1,500 m. [Colour figure can be viewed at wileyonlinelibrary.com]

These illustrative results are taken for one time step,
soon after simulation initialisation. Figure 3 shows the
differences in mean composite cold-pool structure at
1800 UTC between Control and RainEvapOff for the full
40days. Both simulations show comparable numbers of
mature MCSs, with composites taken around 462 BT,
locations in RainEvapOff and 415 in Control.

As anticipated, cold pools are on average stronger and
larger in Control. Figure 3a displays an ~ 100 km west-
ward arc focused on the composite centre where the neg-
ative buoyancy in Control is > 0.8 cm - s72 stronger. Buoy-
ancy is more negative for MCSs in Control everywhere
100 km behind (i.e., trailing) this arc, and is more positive

than RainEvapOff west of x = —50. The strongest differ-
ence in wind anomalies is collocated with the arc, with
stronger easterly winds in Control indicative of gust fronts
at cold pools’ leading edges. In RainEvapOff, evaporation
of graupel and ice is clearly able to generate localised neg-
atively buoyant regions, with dense air at the composite
centre and behind the mean core location (Figure 3b).
However, this “mean cold pool” is much weaker and more
limited in extent than its counterpart for MCSs in Control
(cf. Figure 3c).

The qualitative differences in cold-pool structures seen
in Figure 2 are borne out in the composites. In Control
there is a negative zonal gradient of equivalent potential
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1800 UTC MCS BTmin 925 hPa buoyancy and 6. composites
(a) RainEvapOff — Control (b) RainEvapOff (n = 462) (C) Control (n = 415)
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FIGURE 3 (a)Difference between (b) RainEvapOff and (c) Control 1800 UTC mature mesoscale convective system composite mean

925hPa buoyancy (cm - s71, shading), equivalent potential temperature 6, (0.5 K contours), and spatial anomalies of storm-relative winds
(m - s71, common barb scale). Storm speeds taken from instant velocity values outputted by simpleTrack algorithm, with wind field
coarsened for display purposes. Values n indicate composite sample sizes; composite centre “core” location marked by black cross. [Colour

figure can be viewed at wileyonlinelibrary.com]

RainEvapOff — Control, 1800 UTC MCS BTmin composites

(a) Rainfall + relative 925 hPa winds (b) 925 hPa air temperature (c) 925 hPa relative humidity
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FIGURE 4 Differences in 1800 UTC mature mesoscale convective system composite mean (a) rainfall (mm - hr™') and 925 hPa

storm-relative winds, (b) 925 hPa air temperature (K), and (c) relative humidity (%) between RainEvapOff and Control. Storm-relative winds
obtained as in Figure 3. [Colour figure can be viewed at wileyonlinelibrary.com]

temperature across the MCS, and easterly wind anomalies
east of x = —50 only. Since low-level inflow to storms’ con-
vective cores is typically moist and convectively unstable
(high CAPE), inflow is anticipated from high-6. regions.
The fields in Figure 3c are thus consistent with a squall line
with (westerly) low-level inflow from positively buoyant
air ascending over a (easterly) cold-pool gust front ahead
of the deep convection, and moreover agree with obser-
vations of monsoon-season MCSs (Provod et al., 2016).
Meanwhile, in RainEvapOff, the 6, gradient is positive,
with peak values behind the composite centre, where a
“sink” in the predominantly meridional wind anomalies
lies. This points to the evolution of a very different MCS
structure in the absence of rainfall evaporation, a point we
investigate further in Section 4.

Figure 4a further shows the differences in composite
MCS rainfall and absolute 925hPa storm-relative winds
between the experiments. Close to the BT ;, core location
rainfall is significantly higher in RainEvapOff than in Con-
trol, as expected from our experimental design. Rates are
also higher in RainEvapOff in the region of weaker strati-
form rainfall east of (i.e., following) the composite centre.
However, directly north and south of the centre the rain-
fall is more than 1 mm - hr™" higher in Control. A similar
pattern is repeated in composites for brightness temper-
atures, with lower values in Control on this axis (Sup-
porting Information Figure S5). These results are caused
by the systematic difference in MCS structure between
the two experiments: large cold pools in Control form
westward-propagating linear squall lines (exemplified by
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(a) MCS lifetimes (b) MCS propagation speeds (C) Diurnal cycle, MCS population + Sahel rainfall
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FIGURE 5 Life-cycle statistics for Sahel mesoscale convective system (MCS) tracks in Control (purple) and RainEvapOff (green). (a)

MCS lifetimes binned on 1 hr intervals. Grey bars show percentage change of bin counts in RainEvapOff relative to Control. (b) Continuous

probability density functions (PDFs, lines) and relative 1 m - s~! bin differences (grey bars) for MCS propagation speeds; continuous PDF

derived using a Gaussian kernel density estimate with a maximum value of 30 m - s~. Vertical lines on x-axis denote distribution means.

Horizontal box plots show distribution of daily mean zonal African easterly jet (AEJ) speeds, with distribution means indicated by triangles.

(c) Hourly total counts of tracked MCS snapshots (solid lines) and mean Sahel rainfall (dashed). Values n in legend specify number of

independent MCS tracks. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 2) with further convective cells on the meridional
axis neighbouring the composite-centred core, in contrast
to the dominant isolated features about which composites
are taken in RainEvapOff. This is further evidenced in
Figure 4a by the collocation of the strongest zonal wind
differences, corresponding to strengthened easterly flow in
Control from the cold-pool density currents, with regions
where rainfall is higher in Control.

The mean effect of MCS propagation on 925 hPa tem-
perature and moisture is shown in Figure 4b,c. Whereas
air is warmer everywhere in RainEvapOff (Figure 1), this
is notably enhanced over an area larger than 100 km?
close to and behind the core mean location, indicat-
ing the pronounced effect of the cold pools in Control
on air temperatures under and behind MCSs. The cen-
tral 100 km* region is meanwhile more humid in Con-
trol (Figure 4c), despite the higher ambient humidity in
RainEvapOff shown around the composite edges. On aver-
age, MCS convection in RainEvapOff is associated with far
weaker decreases in temperature, and increases in humid-
ity, of low-level ambient air than Control. Both signals are
indicators of the passage of observed Sahelian cold pools
(Hoeller et al., 2024), further showing a strong suppression
of cold pools in RainEvapOff.

3.3 | Diurnal cycle

The results of the previous section confirm the expectation
that removing rainfall evaporation strongly suppresses
convective cold pools, at least at the diurnal peak of con-
vection. Maybe more intriguing is the persistent ability of
mature MCSs to form without these cold pools. This could

be explained by short-lived convection, generated by the
significant ambient convective instability in the afternoon
Sahel boundary layer, which struggles to maintain the
organised structures overnight. Figure 5 shows that this
is emphatically not the case: the lifetimes of both experi-
ments’ MCS populations (Figure 5a) peak at 2 hr. A weak
positive effect of cold pools on longevity is suggested by 3%
more storms living for 3 hr or less in RainEvapOff, versus
4% more storms living between 5 and 9 hr in Control. How-
ever, in both simulations, ~15% of MCSs are long-lived
storms that persist for 10 hr or more.

Figure 5b shows that MCS propagation speeds are on
average lower in RainEvapOff, with a population peak
1.7 m - s7! lower (23%) than in Control and mean speed
0.9 m - s~! (10%) lower—a two-sided Student’s ¢ test veri-
fies that the change in the means is significant (P < 0.01).
Here, the MCS propagation speed is calculated as the
geodesic distance between the initial and final track snap-
shot locations, divided by the number of hours between
them (Crook et al., 2019). The suppression of cold pools
in RainEvapOff may yield a direct, dynamical reduction
in MCS speed; however, MCS propagation speed in the
Sahel is primarily determined by the steering flow of the
AEIJ (Bickle et al., 2021). Approximating the AEJ strength
in the experiments as the daily maximum zonal-mean
easterly wind determined from a 2° rolling meridional
mean from 10°N to 20°N, we find a significant decrease
in the distribution of daily AEJ strength in RainEvapOff
of 1.9 m - s7! (P < 0.01 under ¢ test). This is comparable to
the decrease in MCS propagation speeds. The weakening
of the background 650 hPa easterly winds, and thus AEJ,
in RainEvapOff is due to changes in thermal wind bal-
ance resulting from increased low-level temperatures that
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weaken the meridional temperature gradient (Figure 1).
The primary influence of cold pools on the MCS speeds
is thus likely indirect, through their contribution to the
mean thermodynamic state. Note that the MCS speeds are
derived from the outgoing long-wave radiation field alone
and may differ from that of the cold-pool density currents.

The continued nocturnal maintenance of MCSs in
RainEvapOff is confirmed by the diurnal cycle of the MCS
snapshots that piece together the storm tracks (Figure 5c,
solid lines). The timing and gradients of the cycles are
generally similar, reflecting similar initiation and dissi-
pation rates (Supporting Information Figure S2); the two
count distributions are equivalent under a two-sample
Kolmogorov-Smirnov test (P = 0.26). Whereas the shape
of the diurnal cycle of the MCS populations mirrors that
of all rainfall over the Sahel (Figure 5c, dashed lines), total
regional rainfall is higher in RainEvapOff except around
0000 UTC. However, fewer storms persist into the early
hours of the morning in RainEvapOff. There is a diver-
gence in storm counts after 0300 UTC, with RainEvapOff
showing 26% fewer MCSs at the diurnal minimum of
0900 UTC. This is despite an increase in regional rainfall
versus Control—individual MCSs fractionally contribute

higher rainfall amounts in RainEvapOff at this time. Note
that morning initiation rates are also higher in Control
(Supporting Information Figure S2b), where cold-pool out-
flows provide local convergence lines that aid convective
development, and the peak in regional rainfall is earlier in
the day, consistent with the role of cold pools in allowing
upscale organisation. These differences not withstanding,
nowhere does the MCS count in either simulation get
close to zero, with the RainEvapOff minimum still corre-
sponding to persistence of more than four MCSs a day on
average.

The different behaviour of early morning storms in
RainEvapOff is reinforced by mean diurnal cycles plotted
in Figure 6. In Control, a nocturnal (0300 UTC) peak in
MCS area, total and maximum rainfall, and accompanying
secondary minimum in BT point to intense MCSs at that
time, consistent with observations (Vizy & Cook, 2018).
This peak is missing for RainEvapOff, which shows a
single, lower diurnal minimum in MCS BT driven by pri-
mary storm initiation and fuelled by higher environmental
CAPE (Supporting Information Figure S2); relatively con-
stant maximum rainfall rates, and the highest total rainfall
amounts during the period of least convective activity. The
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Nocturnal evolution, MCS 925 hPa fields
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(a)-(c) Differences in mature mesoscale convective system (MCS) composite mean 925 hPa buoyancy (shading, cm - s72),

925 hPa equivalent potential temperature (dashed grey 1 K contours), and surface rainfall (green 1 mm - hr™' contours) between RainEvapOff
and Control at 1800 UTC, 0000 UTC, and 0600 UTC. (d)-(e) Histograms of minimum 925 hPa buoyancy at the same times, sampled within
100 km box centred on mature MCS core locations. [Colour figure can be viewed at wileyonlinelibrary.com]

peak in mean storm area is 16% lower and 2 hr earlier than
in Control. Together, these differences show that inhibit-
ing rainfall evaporation suppresses mechanisms through
which nocturnal MCSs can continue to intensify after
the peak in convective activity. In RainEvapOff, only the
strongest, largest storms continue to propagate beyond
early morning, leading to the markedly later peak in total
storm rainfall.

To understand the role of cold pools in the simulations’
differing nocturnal MCS convection, Figure 7 shows the
overnight evolution of the differences in cold-pool buoy-
ancies between RainEvapOff and Control. The 1800 UTC
mean composites (Figure 7a) again display enhanced dif-
ferences in buoyancy west of the composite centre loca-
tion, stronger differences in 6. to the east, and enhanced
RainEvapOff rainfall at the centre only. The distribu-
tion of MCS minimum buoyancy values (Figure 7d) is
skewed towards more negative values in Control, indicat-
ing stronger buoyancies in Control stemming from large
density currents beneath Control MCSs (e.g., Figure 3).
This same qualitative pattern is maintained throughout
the night in both spatial means and probability den-
sity functions; the nocturnal maintenance and propa-
gation of MCSs in RainEvapOff is not explained by
a small number of storms developing strong cold-pool
features.

There are, however, some important nocturnal
changes. At midnight, the difference in mean buoyancy
is even stronger (Figure 7b): a strengthening of nega-
tive cold-pool buoyancy in Control is responsible, with a
peak in minimum buoyancy developing at —12 cm - s72
(Figure 7e) in Control only. A similar result holds for the
distribution of mean buoyancy (Supporting Information
Figure S6). This intensification explains the appearance of
a dipole in rainfall differences, with a region of enhanced
rainfall in the Control MCSs west of the centre (contours,
Figure 7b). In all, the 0000 UTC MCSs in Control show
strengthened cold pools simultaneous to early morning
peaks in MCS rainfall and BT (Figure 6) that are absent
in RainEvapOff. This indicates that the growth of large,
organised convective cold pools is the mechanism driv-
ing the nocturnal peaks seen in Control. At 0600 UTC
(Figure 7c,f) the cold-pool density currents in Control
weaken relative to 0000 UTC but remain much stronger
than counterparts in RainEvapOff.

4 | INTERACTIONS WITH WIND
SHEAR

Cold pools are thought to play an important role in the
interaction of mature MCSs with vertical wind shear
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FIGURE 8 The 1800 UTC composite mean zonal sections over the central 50 km transect for mature mesoscale convective systems

(MCSs) in (a—c) RainEvapOff and (b-d) Control. (a, c) Mean horizontal convergence (shading) and vertical velocity w in pressure coordinates

(0.2 Pa - s7! contours); (b, d) mean equivalent potential temperature anomaly (shading) and buoyancy b (0.2 cm - s~! contours), where 6,

anomaly is taken against the mean composite profile. Wind barbs show w and storm-relative zonal wind components on common scale in

plane of cross-section; storm-relative winds taken from instant velocity values outputted by the simpleTrack algorithm. Zonal wind field

coarsened for display purposes. [Colour figure can be viewed at wileyonlinelibrary.com]

(Thorpe et al. (1982); Rotunno et al. (1988)). Here, we
investigate the effect of suppressing cold pools on MCS
updraught structure and shear controls on MCS rainfall.

4.1 | Updraught structure

We begin by comparing the zonal mean geometry of MCSs
in Control and RainEvapOff. Figure 8 shows compos-
ite zonal mean vertical sections centred on 1800 UTC
mature MCSs in both experiments; that is, along the y =
0 line for horizontal composites in Figures 3 and 4. The
profile of horizontal convergence for MCSs in RainEvapOff

(Figure 8a) shows a vertical region of strong convergence
along the x = 0 axis. At low levels the strongest conver-
gence is behind (east of) the centre line, extending up to
850 hPa for nearly 100 km; vertical velocities (contours)
peak around 400 hPa at x = 0. The region of ascent is tilted
slightly forwards, in the direction of propagation, with the
convergence field suggesting low-level inflow primarily in
the ~75 km behind the composite centre.

This picture is confirmed by the mean zonal (com-
posite anomaly) 6. field, in which positive anomalies
on a given level indicate relatively moist, warm air.
Above 600 hPa, positive anomalies are focused around the
x = 0 line, collocated with the strongest vertical velocities
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in Figure 8a. Below 700 hPa, however, we see stronger pos-
itive anomalies behind the centre point (as in Figure 3b),
further indicating this region is the source of low-level
inflow air for the MCS’s convective updraughts. Contours
of buoyancy show that any localised negatively buoyant is
weak and restricted to below 875 hPa.

MCSs in both experiments show divergent flow at
200hPa above and ahead of the x =0 line, indicating
outflow from deep convective updraughts at the LNB.
However, at mid and low levels, the vertical structure for
MCSs in Control is very different. The region of strong
convergence (Figure 8c) is primarily ahead of the com-
posite centre near the surface, tilting backward for 100 km
before straightening vertically above 650 hPa. Strong ver-
tical ascent is found in this region and at all levels above,
again peaking around 400 hPa. The 150 km east of the cen-
tre shows weak descending air, with @ > 0 below 650 hPa
and divergent flow below 800 hPa, indicating the presence
of widespread convective downdraughts. Buoyancy con-
tours in Figure 8d show the associated formation of deep
convective cold pools at the surface, with a clear density
current feature out to x = —100 km in the zonal mean.

The distribution of raised 6, anomalies further points
to backwards tilting updraughts, over the surface cold-pool
density current, with low-level inflow sourced ahead of
the MCS convection. The relative differences between
the updraught and ambient air 6, values are stronger in
Control than in RainEvpOff, with generally higher buoy-
ancies (both positive and negative), indicating stronger
environmental contrasts and increased subsidence in Con-
trol, which shows midlevel divergence ahead of the con-
vective region (Figure 8c). However, close to the com-
posite core, updraught velocities are stronger at nearly
all levels for MCSs in RainEvapOff (Supporting Infor-
mation Figure S7a), with mean 500hPa @ = —4.23 Pa -
s7! in a 25km square about the composite centre, ver-
sus —3.28 Pa-s~! in Control. The stronger updraughts
in RainEvapOff are a consequence of stronger low-level
convergence than in Control (Supporting Information
Figure S5b), and the significantly higher environmental
CAPE values (Supporting Information Figure S2) due to
the moister, warmer mean state.

The holistic differences in mean updraught struc-
ture between RainEvapOff and Control remain consis-
tent through MCSs’ nocturnal propagation, and we find
far less pronounced differences in the meridional verti-
cal composites, which are typically symmetric about the
y =0 axis (not shown). This is to be expected from the
primarily westwards propagation of MCSs in both exper-
iments, aligned with the strongest shear. Despite show-
ing a weaker AEJ (Figure 5b), RainEvapOff shows very
similar zonal shear values to Control due to the compli-
mentary enhancement in low-level westerlies (Figure 1).
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The differences in the updraught structures, and tilt in
particular, are thus consistent with RKW theory (Rotunno
et al., 1988), with the convective cold pools in Control
providing negative meridional vorticity at low levels, and
thus partly balancing the shear. In RainEvapoff there is no
such balance and the tilt is forwards, although an absence
of updraught weakening is in part due to the modified
environmental conditions.

4.2 | MCS environmental response

Given the pronounced differences in mean updraught
structure and shear interaction, the control of shear
on the strength of MCS convection, measured through
characteristics such as rainfall and BT, may be antici-
pated to also differ significantly between the experiments.
Figure 9 shows this is not the case. The scalings of mature
1600-2100 UTC MCS maximum rainfall (Figure 9a), mean
rainfall (Figure 9b), and minimum BT (Figure 9c) with
1200 UTC environmental shear strength are remarkably
similar in the two experiments. For maximum rainfall the
scaling is ~ 20% stronger in RainEvapOff; and whereas
~10% and ~ 20% weaker for RainEvapOff MCS mean
rainfall and minimum BT respectively, there is no col-
lapse in the shear response due to the absence of cold
pools. Both experiments show similar dependence on
TCW (Supporting Information Figure S8), but do have dif-
fering MCS number distributions (Supporting Information
Figure S9), with stronger background shear in Control and
a tighter clustering of MCSs near the mean AEJ speed in
RainEvapOff.

We have previously shown that the increase of
MCS rainfall with shear in Control—LAM2.2 in May-
bee et al. (2024)—is explained by a decrease in bulk
entrainment-dilution. Here, we find that this hypothe-
sis remains true when rainfall evaporation is removed:
Figure 9d,e consistently shows reduced bulk entrain-
ment at high shear, with increased wes and decreased
BTg4s values in these environments. The reduction
of entrainment-dilution with shear explains the scal-
ings of MCS rainfall and BT, in both experiments,
with significant correlations against the shear-binned
entrainment measures. That this remains the case
in RainEvapOff, where cold pools are strongly sup-
pressed and there is no horizontal vorticity balance,
indicates that entrainment-dilution effects are the
leading-order mediator of shear controls on mature MCS
convection.

There are important sub-leading effects appar-
ent from the suppression of cold pools, however. The
entrainment-dilution scalings are weaker in RainEvap-
Off, with consistently lower wegr and higher BT values
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Sahelian MCS shear responses
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sizes from 1600 to 2100 UTC. In all plots, shading denotes standard error on bin mean, and dashed lines indicate trend for error-weighted

regression where gradient and correlation are significant at the 95% level. [Colour figure can be viewed at wileyonlinelibrary.com]

indicating higher bulk entrainment, likely a consequence
of the drier midlevel mean state in RainEvapOff (Support-
ing Information Figure S1a). The positive feedback of cold
pools is most apparent in the scaling of MCS convective
core areas in Figure 9f, the growth of which with shear
is understood to facilitate the reduction in entrainment
rates (Mulholland et al., 2021). Both experiments show
a positive feedback of shear on core area size; however,
the scaling in RainEvapOff is much weaker (half that in
Control). This points to an important dynamical influ-
ence of MCS cold pools on updraught widths, and thus
entrainment-dilution, leading to sub-leading effects on
MCS rainfall. Cold-pool intensities typically increase with
shear due to intensified rainfall evaporation (Abramian
et al., 2022), indicating a positive feedback of cold pools
on MCS updraughts.

The intensification of MCS convection with environ-
mental shear in both experiments agrees with previ-
ous results from observations (Hsiao et al., 2024; Klein
et al., 2021); in contrast, an older MetUM climate sim-
ulation, CP4-Af, showed extremely weak shear controls
on entrainment and rainfall (Maybee et al., 2024; Senior
etal.,2021). Revisiting speculations in Maybee et al. (2024),

our results here do not indicate that improvements in the
MetUM microphysics parametrisation scheme, in partic-
ular the introduction of the two-moment CASIM scheme
in the present RAL3 configuration, are responsible for
this improvement in the MetUM. The primary influence
of CASIM on the MCS shear response is expected to be
through its essential role in generating cold pools, the sup-
pression of which we have found does not weaken shear
controls.

5 | DISCUSSION

In comparing MCSs between Control and RainEvapOff,
two results stand out: there is no statistically significant
difference between the diurnal cycles of MCS numbers
in Control and RainEvapOff, with continued nocturnal
maintenance and propagation of storms without rain-
fall evaporation (Figure 5); and suppressing cold pools
makes little change to the dependence of MCS charac-
teristics on shear (Figure 9), despite changes to storms’
structures. The primary changes stemming from cold-pool
suppression are instead to the diurnal cycle of rainfall and
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the vertical structure of storms. These results are derived
from large-domain CP simulations, which include realistic
land-surface and radiation interactions.

To understand these results, first consider the main-
tained generation of Sahelian MCSs. The mechanical lift-
ing provided by convective cold pools is often an essen-
tial component of convective initiation (Khairoutdinov &
Randall, 2006; Torri et al., 2015). In the Sahel, results
from observations and CP simulations point to a key
role of localised convergence (Dione et al. (2014); Birch
et al. (2014a)), such as that generated along cold-pool gust
fronts (Maurer et al., 2017). However, local boundary-layer
convergence can be generated independently; for example,
through deep daytime rolls (Dione et al., 2014), strong gra-
dients in soil moisture (Taylor et al., 2011), or by shifts
in the Sahel intertropical discontinuity dryline (Vizy &
Cook, 2018). The synoptic flow provides a further cru-
cial control, with larger scale (300 km) convergence asso-
ciated with 80% of initiations in a 40-day simulation
(Birch et al.,, 2014a). Thermodynamical changes to the
mean state in RainEvapOff independently support MCS
initiation. Enhanced latent heat fluxes into a warmer
atmosphere raise boundary-layer moisture, yielding sig-
nificantly enhanced CAPE values (Supporting Informa-
tion Figure S2) for developing convective cells to access.
Overall, the development of equivalent MCS numbers in
RainEvapOff highlights the ability of mechanisms other
than cold pools to contribute to triggering convection in
the Sahel, with the increase in accessible CAPE in particu-
lar catalysing strong deep convective storm development.

Once mature, cold pools are not an essential compo-
nent for developing an MCS. Pandya and Durran (1996)
have shown that mature squall lines’ mesoscale circulation
can be generated by the strong thermal forcing provided
by convective rainfall alone, solely through the nonlinear
dynamics of gravity waves. The enhanced convective rain-
fall in RainEvapOff ensures such thermal forcing remains
readily available, although the modified storm geometry
may change the resultant circulation. Ultimately, though,
the steady-state zonal circulation of a mature MCS is
understood to depend fundamentally on a decrease in
hydrostatic pressure around the updraught at midlevels;
that is, a meso-low, preceded by a meso-high at upper lev-
els over the trailing stratiform region (Houze, 2004; Mon-
crieff, 1992; Yang & Houze, 1996). Figure 10a,b shows that
composite zonal sections of MCSs in both RainEvapOff
and Control exhibit this structure, with negative geopo-
tential anomalies at 500 hPa in the updraught region and
positive anomalies near the tropopause behind the com-
posite core. The generation of these pressure anomalies
is independent of the storms’ cold pools, whose primary
effectis at the surface: in Control (Figure 10d) the cold pool
causes a region of anomalously high pressure, with a fall
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of pressure in the later wake of the storm. In contrast, in
RainEvapOff there is no surface high and low pressure pre-
cedes the MCS. This change does not affect the initiation
of deep convection, due to the existence of other triggering
mechanisms, and does not disrupt convective organisation
generating the intrinsic mesoscale circulation of an MCS
aloft.

Sustaining the steady-state MCS circulation in
Figure 10 requires system propagation to maintain con-
vectively unstable low-level inflow (Houze, 2004). Density
current outflows provide only one of multiple such mecha-
nisms. In the midlatitudes, squall lines can be maintained
without cold pools where frontal dynamics or other
mesoscale circulations provide low-level ascent (Schu-
macher, 2009; Stoelinga et al., 2003; Trier et al., 2011).
Meanwhile, in the Tropics, coupling to external gravity
waves can enable propagation (Crook & Moncrieff, 1988;
Mapes et al., 2003), especially for fast westward-moving
tropical squall lines (Tulich & Kiladis, 2012). In low con-
vective inhibition environments, convective interactions
with internally generated gravity waves can control the
maintenance and propagation of deep convection (Lane &
Zhang, 2011; Liu & Moncrieff, 2004; Mapes, 1993; Tulich
& Mapes, 2008). In particular, Grant et al. (2018) studied
the relative role of cold pools and gravity wave interac-
tions in maintaining mesoscale convection in idealised,
weak-shear oceanic domains and found that suppressing
cold pools caused no change to MCS propagation and
speeds, indeed enhancing storm intensity, in a striking
parallel to our results for the Sahel.

In contrast though, the Sahel is a strongly sheared trop-
ical environment. Here, MCS initiation is controlled by
large-scale, low-level convergence, which is observed to
continue to influence the propagation of mature MCSs
(Klein & Taylor, 2020). Large-scale convergence was
shown to impact idealised MCSs by Crook and Mon-
crieff (1988), where, in experiments with no rainfall evap-
oration, convergence enabled the maintenance of con-
vection despite the absence of cold pools. We find that
this mechanism consistently explains our results show-
ing the continued nocturnal propagation of Sahelian MCSs
when rainfall evaporation is inhibited. Figure 11a shows
that, at 0000 UTC, RainEvapOff indeed exhibits large-scale
(300 km mean) convergence at 925 hPa across most of our
Sahel study domain. In contrast, in Control, the wind field
is generally divergent. The low-level flow in RainEvap-
Off is thus conducive to MCS maintenance through the
mechanisms of Crook and Moncrieff (1988).

This difference between the Sahelian low-level flows
in the two experiments is not a static feature, instead dis-
playing a marked diurnal evolution. Figure 11b shows the
strengthened zonal mean convergence in RainEvapOff
is limited to between approximately 12°N and 18°N, and
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strongest between 1700 and 0500 UTC, precisely the hours
of peak MCS convection (Figure 5c). Both models’ winds
show similar diurnal cycles outside this core Sahel latitude
band. Within the Sahel band, in RainEvapOff, strong con-
vergence precedes peak convective initiation at 1500 UTC.
A weakening in convergence accompanies the growth in
MCSs, but overall the mean flow remains primarily con-
vergent, with convergence strengthening from midnight.
In contrast, Control shows weakened convergence pre-
ceding 1500 UTC, followed by the development of an eye
of strong mean divergence at 1600 UTC that lasts through
the night. This flow pattern is consistent with model and
observational results from Vizy and Cook (2018).

The decrease in convergence at MCS storm-track lat-
itudes in both experiments, simultaneous to the devel-
opment of mature storms, suggests an imposition of
convective downdraughts on the background flow. In
RainEvapOff, where resultant cold-pool outflows are sig-
nificantly suppressed, the effect is more muted and the
overall mean flow remains convergent. In Control, how-
ever, where significant cold pools develop and intensify
overnight (Figure 7), there is mean divergence at low lev-
els. We find little difference in the mean convergence
at 850 hPa (Supporting Information Figure S10), point-
ing to the key role of the strong surface density currents
in Control. However, related changes in the position of

IR

15077 A"~ L w 968 150 5= n THA

—150 -100 -50

03 - T 968 climatology. [Colour figure can be

viewed at wileyonlinelibrary.com]
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the intertropical discontinuity dryline between the models
will also be a significant factor (Vizy & Cook, 2018). The
inhibition of cold-pool development in RainEvapOff main-
tains the background large-scale convergence associated
with MCS initiation (Birch et al., 2014a), and thus condi-
tions suitable for maintenance of MCSs without cold pools
(Crook & Moncrieff, 1988).

The mean flow in Control is, of course, far more
realistic than that in the RainEvapOff sensitivity experi-
ment. Cold-pool density currents weaken the overall mon-
soon flow into the Sahara, and their misrepresentation
is a key source of regional model biases (Garcia-Carreras
et al., 2013; Marsham et al., 2013). For real MCSs,
whose properties and shear responses are well simu-
lated by the Control simulation (Maybee et al., 2024),
our results show the key role of RKW vorticity bal-
ance in determining storm geometry. However, they also
show that mature MCSs could equally be supported in
this strong shear environment without any such bal-
ance (absent in Figures 8 and 10), and that RKW the-
ory does not determine the control of shear on MCS
intensities, as measured by rainfall rates, updraught veloc-
ities, and BT minima. The results in Figure 9 pro-
vide further support to the hypothesis that it is the
modulation of low-level inflow by shear that is key to this
control (Alfaro, 2017; Bickle et al., 2022), by showing that
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the (complementary) reduction of entrainment dilution
in high-shear environments (Mulholland et al, 2021)
remains strong when cold pools are suppressed, maintain-
ing a strong MCS shear response.

6 | CONCLUSIONS

Faced with significant uncertainties in future Sahel rain-
fall projections from models, our conceptual understand-
ing of the underlying mechanisms serves an important
role in guiding decision making. Cold pools play a
pivotal role in the Sahel’s climate through ventila-
tion of the Sahara and transport of moisture (Trzeciak
et al., 2017). Disentangling their role in the observed,
dynamically driven intensification of Sahel MCS rain-
fall (Taylor et al., 2017), and contribution to MCS rain-
fall shear-response in CP models (Maybee et al., 2024),
fills key missing gaps in our knowledge of the region’s
mechanisms.

We have targeted the role of cold pools in Sahel
MCS dynamics through a 40-day CP MetUM simulation,
RainEvapOff, in which rainfall evaporation was switched
off in the CASIM microphysics scheme. Compared with
an unmodified Control experiment, MCSs in RainEvap-
Off show significantly suppressed cold pools, with an
accompanying decrease in the low-level gust front, relative
humidity, and temperature drop associated with the pas-
sage of an MCS. Rainfall rates are increased during the day
and near the regions of most intense convective activity,
but organised cold pools in Control facilitate higher noc-
turnal mean rainfall rates and more widespread regions of
high rainfall within MCS footprints. The former result is
due to an intensification in cold-pool strength overnight
(Figure 7), whereas the latter likely stems from the gener-
ation of linear lines of convection along strong cold-pool
boundaries in Control (Figure 2).

Using the simpleTrack storm tracking algorithm (Stein
et al., 2014), we find sustained nocturnal propagation of
MCSs where cold pools are suppressed. Similar numbers of
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very long-lived (> 10 hr) storms are found in both experi-
ments, whereas the number of MCSs in RainEvapOff only
declines significantly versus Control after 0300 UTC in
the morning, but still with, on average, four storms a day
persisting at 0900 UTC within the Sahel. The primary
afternoon initiation of storms is unaffected by cold-pool
suppression due to elevated environmental CAPE val-
ues stemming from the wetter, warmer boundary layer
in RainEvapOff (Supporting Information Figure S2), and
the continued presence of local convergence features inde-
pendent of cold pools. There is an overall decrease in the
distribution of MCS propagation speeds, which we find is
explained by a decrease in the speed of the AEJ. Decreased
sub-cloud cooling in RainEvapOff raises air temperatures
in the Sahel, decreasing the temperature gradient with
the Sahara and thus decreasing the geostrophic easterly
flow. The suppression of cold-pool outflows enhances the
strength of the Saharan heat low. The changes in the mean
state in RainEvapOff are fully consistent with, and pro-
vide a test of, results from the Cascade project highlighting
the upscale impacts of convective cold pools on African
climate (Birch et al., 2014b; Garcia-Carreras et al., 2013;
Marsham et al., 2013).

Suppressing cold pools drastically changes MCS
updraught geometry (Figure 8), as anticipated by RKW
theory (Rotunno et al., 1988), but yields no significant
change in the control of environmental wind shear on
MCS rainfall. Viewed together with our knowledge of
storm life cycles in the two experiments, we conclude
that cold pools play a pivotal role in Sahelian MCS
structure—but are not fundamental to their maintenance,
and do not control their environmental interactions.
Tellingly, storms in both simulations show the midlevel
pressure decrease across their updraughts (Figure 10) that
is characteristic of mesoscale circulations (Houze, 2004;
Moncrieff, 1992). Suppressing cold pools enables other
dynamical mechanisms to maintain mature storms, con-
tinuing to enable the propagation of the long-lived MCSs
that dominate the Sahel’s climate.

In particular, our results point to the role of large-scale
low-level convergence (Figure 11), and thereby gravity
wave dynamics (Crook & Moncrieff, 1988). Divergent flow
from cold-pool development weakens the background con-
vergent flow that is crucial for convective initiation (Birch
et al., 2014a; Vizy & Cook, 2018) and propagation (Klein
& Taylor, 2020) in the Sahel; eliminating rainfall evapo-
ration suppresses this negative feedback and maintains a
flow state conducive to MCS maintenance without RKW
vorticity balance, as previously documented in other trop-
ical and midlatitude domains (Grant et al., 2018; Stoelinga
et al., 2003). In the Sahel, Tulich and Kiladis (2012) have
shown fast-propagating squall lines can be better described
as convectively coupled equatorial gravity waves—the

detailed interactions between gravity waves and MCSs in
our simulations are an important topic for future research.
Meanwhile, it would be interesting to explore similar CP
experiments to RainEvapOff in other MCS hotspots glob-
ally; for example, building on sensitivity experiments con-
ducted over Taiwan (Miao & Yang, 2020).

The cold-pool sensitivity experiment presented here
holds two important real-world conclusions. The first
is a reinforcement of the role of the AEJ in guid-
ing MCS propagation in the Sahel: the thermodynamic
mean-state consequences of suppressing rainfall evapora-
tion weakens the jet, causing a decrease in MCS propa-
gation speeds. The second physical conclusion is that the
intensification of MCS rainfall in stronger shear environ-
ments occurs independently of cold pools. The physics
of updraught entrainment, and thus convective low-level
inflow (Alfaro, 2017; Mulholland et al., 2021), are the
dominant mechanism. The nuanced interactions between
real MCSs and vertical shear cannot be reduced solely to
cold-pool dynamics.

ACKNOWLEDGEMENTS

This research was conducted through the NERC funded
LMCS project (NE/W001888/1). CK also acknowledges
funding from the NERC independent research fellow-
ship COCOON (NE/X017419/1). We thank Kilian Hermes,
Mitch Moncrieff, Fran Morris, Simon Peatman, Alison
Stirling, and Lorenzo Tomassini for discussions that con-
tributed to this work’s progress, and Jennie Bukowski
and an anonymous reviewer for thorough reviews that
strengthened the manuscript. BM further thanks the Royal
Meteorological Society for the award of a Rupert Ford
travel grant that facilitated the development and dissemi-
nation of our results. Special thanks go to the providers of
the Python packages scipy, xarray, and metpy. This work
used JASMIN, the UK national collaborative data analysis
facility, and the Met Office MASS data archive.

DATA AVAILABILITY STATEMENT
Access to simulation data can be provided through the
JASMIN data analysis facility. The simpleTrack MCS
tracking code is available at https://github.com/thmstein
/simple-track, and output MCS tables and other support-
ing code are at https://github.com/BMaybee/MCS_shear
_evaluation/tree/main/Cold_pools.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

ENDNOTE

1CASIM parameters I_prevp and L_arevp enabling the evapora-
tion of rainfall were switched to False.
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