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Abstract
Squall lines dominate rainfall in the West African Sahel, and evidence suggests
they have increased in intensity over recent decades. Stronger wind shear may
be a key driver of this trend and could continue to strengthen with climate
change. However, global numerical models struggle to capture the role of shear
for organised convection, making predictions of changing rainfall intensities in
the Sahel uncertain. To investigate the impact of recent and possible future envi-
ronmental changes, and to isolate thermodynamic effects from shear effects,
idealised squall line simulations were initialised with a profile representative of
the present day: this profile was then modified using trends from reanalyses and
climate projections. Increased shear led to increased storm intensity and rainfall,
but the effects of the thermodynamic changes dominated the effects from shear.
Simulations initiated with future profiles produced shorter-lived storms, likely
due to increased convective inhibition and the absence of large-scale conver-
gence or synoptic variability in the idealised model. A theoretical model based
on the relative inflow of convectively unstable air and moisture was found to pre-
dict bulk characteristics of the storms accurately, including mean rain rates and
area-averaged maximum vertical velocities, explaining the role of shear. How-
ever, the model is not a prognostic tool as rainfall is dependent on the storm
speed, which remains a free parameter. The study shows the importance of shear
to long-term rainfall trends and highlights the need for climate models to include
effects of shear to capture changes in extreme rainfall.
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1 INTRODUCTION

The Sahel has one of the largest and fastest-growing popu-
lations in Africa, large portions of whom are dependent on
subsistence farming and consequently the seasonal rains.
The West African Monsoon (WAM) dominates the cli-
mate of this region, with most of the rainfall delivered by
mesoscale convective systems (MCSs; Lebel et al., 2003).
The MCSs are often in the form of squall lines, and the
Sahel experiences some of the most regular and severe
squall lines on Earth. When these convective events are at
their most extreme, the resulting flooding can be destruc-
tive for both agricultural land and urban areas. Once deep
moist convection has formed in the WAM, it can, to a
large extent, self-organise. On such occasions, long-lasting
deep convective motions can be sustained in the absence
of mesoscale forcing (Fink and Reiner, 2003).

The WAM is a response to the Saharan heat low which
forms during the summer as the Sahara is heated intensely
(Lavaysse et al., 2009). The south-westerly monsoon
winds, which bring moisture from the Gulf of Guinea, are
strongest at night; the cooling surface reduces dry con-
vection, and the wind strengthens as turbulence lessens
and the boundary layer shrinks (Parker et al., 2005a).
Above the monsoon boundary layer, the African Easterly
Jet (AEJ) reaches its maximum at 600–700 hPa (Burpee,
1972). Moist convection is predominant equatorward of
the jet, whereas dry convection, and the markedly warmer
and drier Saharan air layer (SAL), define the region north-
ward (Parker et al., 2005b; Stein et al., 2011). There is an
important transition zone where the shallow monsoon
layer undercuts the SAL, creating a situation of high con-
vective inhibition (CIN) and a build-up of convectively
available potential energy (CAPE). The SAL creates dry
mid-levels which are thought to enhance downdraughts
and so produce stronger cold pools (Parker et al., 2005b;
Takemi, 2006). The transition from the south-westerly
monsoon winds nearer the surface to the AEJ produces
wind shear, which is strongest at night, and which sup-
ports squall-line MCSs, which tend to initiate in the
afternoon or evening and then persist overnight (Brown-
ing and Ludlam, 1962; Ludlam, 1963; Roca et al., 2005;
Lebel et al., 2010). The speed of MCS cloud lines can vary
greatly, and they are categorised as fast-moving and thus
squall lines if they travel at over 7 m⋅s−1. Observations
have suggested that the faster-moving squall lines develop
in environments which have drier mid-levels and where
the vertical shear of the horizontal wind is normal to the
leading edge of the squall line (Barnes and Sieckman,
1984). Taylor et al. (2017) found a correlation between
storm intensity and propagation speed (PS), with MCSs
categorised as the most extreme travelling at mean speeds
of 18.3 m⋅s−1.

The convection parametrisations used in global mod-
els struggle to capture deep moist convection, leading to
systematic errors in both global numerical weather pre-
diction and climate models (Peters et al., 2019; Kniffka
et al., 2020). For the Sahel, this is due to the convec-
tion parametrisation schemes that represent deep moist
convection triggering too easily and typically lacking
any representation of organisation. This results in the
numerical models predicting the rainfall peak too early
in the day and the rain too widespread, not producing
storms which sustain past sunset and failing to capture
the most intense rainfall (Stephens et al., 2010). The
repercussions of an incorrect representation of the diur-
nal cycle impact the entire monsoon system, including
pressure gradients, winds and the water budget (Mar-
sham et al., 2013; Birch et al., 2014). Other aspects of
convection which are not realistically modelled include
organisation, cold pool initiation, land surface impact
(Garcia-Carreras et al., 2013; Taylor et al., 2013; Trzeciak
et al., 2017) and, key to the efforts in this work, the effects of
wind shear.

Panthou et al. (2014) studied climatic trends for the
Sahel by considering data from over 700 weather stations
and validating against 43 that were continuously operated
from 1950 to 2010. They concluded that, over the period
of 2001 to 2010, the Sahelian region was characterized
by a more extreme climate, with a proportion of annual
rainfall associated with extreme rainfall of 21%, compared
with 17% in the 1970–1990 period. The climate was drier
in the sense of a persisting deficit in rainfall occurrence
compared with 1950–1969, while at the same time there
was an increased possibility of extreme daily rainfall. This
was corroborated by Taylor et al. (2017), who used 35 years
of satellite observations and rain gauge readings from the
West African Sahel to reveal a persistent increase in the
frequency of the most intense MCSs over this period: this
was inferred from a trend of −0.78 ◦C/decade in cloud top
temperatures. Intensification of MCSs was restricted to a
narrow Sahelian belt in the months of June to Septem-
ber but extends to the Guinea coast in the spring (Klein
et al., 2021). This increase in the frequency of MCSs is only
weakly related to the multi-decadal recovery of the Sahel
annual rainfall but exhibits a similar trend to global land
temperatures.

Taylor et al. (2017) calculated zonal means across
15 ◦E− −15 ◦W of atmospheric variables from European
Centre for Medium-Range Weather Forecasts (ECMWF)
ERA-Interim Reanalysis data (ERA-I). On considering the
latitudes 5–25 ◦N within the longitudes stated, they found
correlations at both event and inter-annual time scales
between storm intensity and increased Sahelian tempera-
tures, drying at mid-levels and stronger wind shear. The
correlating rising temperatures were within the Saharan
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planetary boundary layer (PBL) as well as the SAL which
overlies the Sahelian PBL. This increase in temperatures
results in a corresponding thermal wind which strength-
ens the AEJ, while the warmer (and deeper) Saharan
heat low strengthens monsoon flow. Taylor et al. (2017)
found no observable accompanying trend of increased
precipitable water or specific humidity and concluded
that the increase in wind shear has contributed to the
observed rise in MCS intensity. Recent work exploring
climate change projections over Africa using convection
permitting, finer resolution (4.5 km) models (CP4A) has
suggested that dry and wet extremes over West Africa
are expected to intensify in the future (Kendon et al.,
2019). Through analysing CP4A data, Fitzpatrick et al.
(2020) found that rain rates scaled with the product of
time-of-storm total column water and in-storm vertical
velocity. However, despite pre-storm wind shear modulat-
ing in-storm vertical velocity and the resulting cloud-top
temperatures, they found no direct correlation between
wind shear and precipitation rates in CP4A, in con-
trast to observations for the Gulf of Guinea (Klein et al.,
2021).

Strong shear at low levels, perpendicular to the convec-
tive line, can encourage squall line intensity and longevity
(Browning and Ludlam, 1962; Ludlam, 1963). Rotunno
et al. (1988) discuss the dynamic role that environmen-
tal wind shear plays in controlling the resulting cold pool
of a thunderstorm and its interaction with the environ-
ment. This interaction produces more vertical lifting and
therefore deeper convection than would be possible with-
out the low-level shear, such that new cells form and
grow more easily as old cells decay. According to this
model, optimal lifting of near-surface parcels requires
a balance between the intensity of the cold pool and
environmental shear. However, although optimal, these
conditions are not necessary for convective systems to
be intense or long lived (Bryan et al., 2006). Additional
considerations which impact the cold pool/wind shear
interaction include: gust front-relative surface (elevated)
rear-inflow jets, which can contribute to (counteract)
the cold pool circulation (Weisman, 1992), the impact
of the cold pool inducing accelerations beyond its con-
fines (Weisman and Rotunno, 2004) and the interaction
of mid- and upper-level shear with convective updraughts
(Fovell and Tan, 1998; Parker and Johnson, 2004). Alfaro
and Khairoutdinov (2015) suggest that variations in the
intensity of squall lines have been wrongly attributed
to vorticity balance, particularly as latent heating often
depends on shear strength. Alfaro (2017) developed the
Layer Lifting Model of Convection (LLMC), a theoretical
model based on the premise that low-level shear modu-
lates the system-relative inflow of both convectively unsta-
ble air and water vapour. This theory places importance

on the thermodynamic role that wind shear can play in
deep moist convection but so far has only been tested for
mid-latitude conditions and for cases of idealised shallow
shear.

Dry air aloft can have a key role in convection, in par-
ticular the influence of mid-level dry air on the production
of cold pools and the overall strength of squall lines. Even
in environments with identical CAPE and vertical wind
shear, varied mid-tropospheric dryness can cause signifi-
cant differences in the morphology and evolution of con-
vective storms. For supercell storms, low relative humidity
above the cloud base aids the formation of strong down-
draughts through evaporation (Gilmore and Wicker, 1998).
However, in the tropics, dry air aloft has been found to
suppress convection due to the detrimental effects of dry
air on entrainment (Brown and Zhang, 1997). Through
idealised large-eddy simulation (LES) experiments, James
and Markowski (2010) found that dry air aloft reduced
the intensity of convection measured by upward mass flux
and total condensation, although this was inconsequen-
tial for high-CAPE (in excess of 4, 000 J⋅kg−1) line-type
scenarios where downdraught mass flux and cold pool
strength were enhanced but only in the trailing stratiform
region. In the Sahel, cold pools are stronger pre-monsoon
than in the monsoon season, and evidence suggests
that drier mid-levels play an important role (Provod
et al., 2016).

Several previous studies have tested the validity of
different spatial resolutions for simulating convection
(Bryan et al., 2003; Bryan and Morrison, 2012) with a
general consensus that, below a horizontal resolution of
(500 m), the peak in the vertical velocity energy spec-
trum is resolved (Lebo and Morrison, 2015). Simula-
tions with horizontal grid spacing of (1 km) produce
systems with larger convective cells that do not entrain
mid-level air and so produce more precipitation and have
higher cloud tops (Bryan and Morrison, 2012). Bryan
et al. (2003) also list precipitation distribution and amount
as well as convective cell structure, system phase speed
and the organisational mode of convective overturning
as inconsistencies between simulations with horizontal
grid spacing (1 km) versus (100 m). The coarser grid
of 1 km is robust for processes such as gravity currents
and net momentum and heat transports (Weisman et al.,
1997).

In summary, past observational studies implicate
decadal trends in Sahelian temperature and its impact on
vertical wind shear in the recent intensification of MCSs
in the Sahel, but previous modelling has not captured
this (Fitzpatrick et al., 2020) and several theories exist
for the role that shear plays in deep moist convection.
In particular different theoretical models disagree over
whether shear plays a dynamical role through balancing
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the cold pool or a thermodynamic one through modulating
the system-relative inflow of convective instability and
moisture. In this study, we use idealised simulations of
squall lines to bridge the gap between observations and
theory and to shed some light on the fundamental pro-
cesses. Through initiating simulations with representative
profiles from observations, modified by changes derived
from long-term trends in reanalyses or future climate
projections, we isolate and examine how changes to the
environmental wind or thermodynamic profile can affect
the intensity of convection. The study has four main
hypotheses that we test: (a) recent increases in shear
from both strengthened monsoon south-westerlies and
the AEJ, caused by Saharan warming, have increased the
intensity of squall lines (Taylor et al., 2017), (b) recent
changes to the environmental thermodynamic profile may
have influenced squall line intensity and could be com-
parable to the effects of shear, (c) the system-relative
inflow of CAPE and water vapour is key to determin-
ing squall line updraught speeds and rainfall so that the
LLMC can explain the modelled impacts of changing
profiles and (d) predicted future increases in shear, tem-
perature and humidity will cause an increase in storm
intensity.

Our study uses idealised LES experiments to inves-
tigate the impact of changing environmental thermody-
namic and wind profiles on squall lines representative of
those seen in the West African Monsoon. Section 2 outlines
the control profile that is used and the sensitivity sim-
ulations based on historical and future climate changes.
The changes considered are those from reanalysis from
the period of 1982 to 2017 to allow comparison with the
results of Taylor et al. (2017). We test whether our ide-
alised simulations produce changes in storm intensity that
are consistent with those discussed in Taylor et al. (2017)
from a small environmental change taken from trends in
reanalyses. Further experiments consider possible future
changes to squall line intensity by adding, to our control
profile, environmental changes predicted by the Coupled
Model Intercomparison Project 5 (CMIP5) for the end of
this century under a high-emissions scenario to explore
possible future impacts on this vulnerable region. The
LLMC is discussed in Section 2.5 and is applied to our LES
results to investigate whether it successfully captures vari-
ations in modelled squall line intensities. This is a recent
theory, and in this paper, we perform a unique test of this
model in tropical conditions. Section 3 discusses the rela-
tive roles of wind shear and thermodynamic environments
on squall lines and whether the LLMC is consistent with
the changes in squall line characteristics seen in the results
from the idealised simulations. Finally, Section 4 presents
some conclusions.

2 METHODS

2.1 Experimental setup

2.1.1 Numerical model: “Cloud
Model 1”

Numerical three-dimensional simulations of idealised
squall lines were performed using Cloud Model version
18 (Bryan and Fritsch, 2002). The advection of velocities
and scalars is integrated with fifth-order horizontal and
vertical advection schemes with implicit diffusion, with
a Klemp–Wilhelmson time-splitting, vertically implicit,
horizontally explicit pressure solver. The domain extends
1,600 × 60 km in the horizontal (across squall line, x,
and along squall line, y, directions) with 1 km grid spac-
ing. Horizontal boundaries are open in the across-line
(west to east) direction and periodic in the along-line
direction. The Durran–Klemp formulation (Durran and
Klemp, 1983) is employed for the open-flow boundaries
and allows gravity waves to exit the computational domain
with minimal reflection. The periodic boundary condi-
tions in the along-line direction allow the squall line to
extend across the entire domain in this direction. In the
vertical, the domain is 23.4 km deep. The vertical grid
stretches from 25 m spacing at the surface to 500 m at
8.4 km and above, resulting in 62 vertical levels. The lower
boundary condition is set to a flat, rigid surface, while
a free-slip boundary condition is applied to the top of
the domain, with a Rayleigh damping sponge layer above
20 km. Micro-physics processes are parametrised with a
version of the Morrison double-moment scheme (Morri-
son et al., 2005) which predicts number concentrations and
mixing ratios of cloud droplets, cloud ice, rain, snow and
hail. No radiation and surface heat and moisture fluxes are
included in simulations shown here, both to aid the iso-
lation of the role of shear and since the simulations were
intended to represent nocturnal squall lines. The simu-
lations were initialised with a horizontally homogeneous
profile (Section 2.2), with storms triggered by a cold line
thermal (Section 2.2.1).

2.2 Control profile

The available historical reanalyses and predictions from
models contain systematic biases. To minimise inaccura-
cies, observational data are used as the basis of the con-
trol profile for the model and only changes over time are
derived from reanalyses and climate projections.

The initial conditions used as a control, see Figure 1,
were taken from radiosonde measurements made during
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F I G U R E 1 Tephigram and hodograph of the control profile created from selecting the top 25% of profiles with the highest CAPE and
lowest CIN and finding the average. The selections were made from evening, night and early morning (1800, 0000 and 0600 UTC) radiosonde
profiles from 12 hrs before cold pools were recorded at Niamey in July and August 2006. On the tephigram, the units are hPa for the y-axis,
g⋅kg−1 for the x-axis and ◦ for all temperatures shown. Wind direction on the hodograph represents winds from that direction

the AMMA 2006 field campaign (Parker et al., 2008). The
data used in this project are from Niamey in Niger, lat-
itude 13◦ 29′N and longitude 02 ◦10′E. Niamey lies in
a flat region west of mountains and so is fairly, but not
completely, representative of the wider Sahel. However,
these are by far the most comprehensive observations of
the atmospheric profile over West Africa, a region where
analyses exhibit major biases (Roberts et al., 2015).

As the simulations are idealised and it is the variations
from the control run that are of real interest, we deemed
that a realistic profile based on observations that are repre-
sentative of the wider Sahel was the best approach for the
control run. Furthermore, as sustained MCSs are mainly
initiated in the evening and continue overnight, only noc-
turnal and early morning profiles (1800, 0000 and 0600
UTC) from July and August were considered. As simula-
tions are only run for 8 hrs these profiles are representative
of this period. To produce an atmospheric profile repre-
sentative of those in which squall lines were observed to
occur, only soundings from the 12 hrs immediately before
cold pools passed over Niamey, as identified by Provod
et al. (2016), were considered. Finally, the control profile
was created from selecting the top 25% of pre-storm noc-
turnal profiles with the highest CAPE and lowest CIN

and finding the average. This mean profile, Figure 1, has
a CAPE of 1,860 J⋅kg−1 and CIN of 52 J⋅kg−1. There is a
decrease in humidity from 750 to 600 hPa which is indica-
tive of the SAL. The hodograph shows south-westerly
winds above the surface with the nocturnal low-level jet
spanning from 960 to 900 hPa with a peak in westerlies
at 950 hPa. Above 900 hPa there is a continuous decrease
in westerly winds while southerly winds sustain around
3.8 m⋅s−1 until 800 hPa, when they start to weaken. The
AEJ spans from 725 hPa to a maximum at 600 hPa, which
can more easily be seen in Figure 2. It is also worth not-
ing the easterly winds above 250 hPa as these control the
spread of the cloud anvil.

The CAPE and CIN (calculated for parcels of air at
different height levels of the profile) and water vapour
mixing ratio (WVMR) are shown in Figure 2. There is
moist air with CAPE from the surface to above the sur-
face air’s Lifting Condensation Level (LCL) at 900 hPa and
just below the surface air’s Level of Free Convection (LFC).
The system-relative wind speed is also plotted and shows
that the majority of the inflowing air comes from below
750 hPa and particularly at the height of the low-level jet.
Although the CAPE of the air above 800 hPa is zero, there
is still moisture flowing into the storm at this level.
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F I G U R E 2 The CIN, CAPE and WVMR at different heights for the control profile. The LCL, LFC and equilibrium level (EL) for a
parcel at the surface are marked. The system-relative wind speed at each level is relative to a system speed of −10.7 m⋅s−1

2.2.1 Initiation

The squall line is initiated with an elevated north–south
line thermal, to produce a line of convection. The pertur-
bation has a maximum amplitude of −2 K located at 3 km
above ground and at 910 km on the x-axis. The perturba-
tion has a horizontal half-width, xr, in the x-direction of
40 km and a vertical half-width of zr = 3 km. The temper-
ature perturbation of the line thermal is at a maximum
at the centre, (x0, z0), and decreases to zero at the edges
with a sinusoidal shape determined by cos2( 𝜋

2
𝛽) where

𝛽 =
√

( x−x0
xr

)2 + ( z−z0
zr

)2. A random seed number genera-
tor is used to add random noise of maximum amplitude
0.2 K to the line thermal perturbation at every point to
allow three-dimensional flows to develop. Simulations
were repeated five times with different random seeds
so that each experiment had unique small-scale random
noise within the same overall line thermal temperature
perturbation. This allowed separation of effects of random
variations from those resulting from changes to the envi-
ronmental profile. Over the remainder of the domain, the
initial conditions are horizontally homogeneous.

There was some difficulty in producing squall lines that
reached a steady state for the thermodynamic profile mea-
sured during the AMMA campaign with average CMIP5
changes added on. Warm and cold line thermals of varying
temperatures were tested to explore whether the unex-
pectedly quick demise of the storms was a consequence
of the initiation or could be considered a characteristic of
the environmental changes predicted across the CMIP5
models. We conclude that the thermodynamic profile with
the predicted CMIP5 changes applied is not conducive
to producing long-lasting storms in this simple experi-
ment, which could be due to a lack of large-scale flows to

sustain convergence and triggering, although lack of rep-
resentation of radiation or synoptic variability may also
be important. The triggering that was eventually chosen
for all the results discussed in this paper is the single cold
line thermal of 2 K perturbation described in the previous
paragraph, which produced the longest-lasting storms.

As there were concerns over the validity of using
a horizontal grid spacing of 1 km, the control and the
ERA-Interim cases were run on a finer grid where the
horizontal spacing was 200 m with a vertical resolution of
15 m at the surface that stretched to a constant spacing
of 250 m from 8.5 km. Due to computational constraints,
only one of the random seeds was tested. The statistics
from these experiments were then compared with experi-
ments using the standard grid and a coarser version still:
2 km in the horizontal. The limited effects of the varied
grid spacings, which are discussed further in Section 3.3,
gave reassurance that our conclusions are not affected by
such variations in grid spacing.

2.3 Past decadal trends
in thermodynamics and shear from
ERA-Interim analyses

Having obtained a realistic and representative profile of
the Sahel region from radiosondes taken at Niamey, we
now consider how that profile may have changed over
recent decades. To allow comparison with Taylor et al.
(2017) and test hypothesis 1, changes in the mean pro-
files of WVMR, potential temperature and horizontal
winds over the period 1982–2017 were calculated using
the months of June to September at 1200 UTC across
15 ◦E–15 ◦W and 16–17 ◦N from ERA-I reanalysis data.
Higher latitudes than that of Niamey were used for the
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T A B L E 1 The number of repeated experiments run for
each wind and thermodynamic profile combination

Thermodynamics

Control
(2000s)

ERA-I
(1980s)

CMIP5
(2100s)

Winds Control (2000s) 5 5 5

ERA-I (1980s) 5 5 —

CMIP5 (2100s) 5 — 5

Note: Each profile combination was run five times with a different random
seed generator to produce unique random noise at every point in the line
thermal perturbation.

reanalysis data as the strongest trends in variables and
strongest correlations with MCS intensity exist between
15 and 20 ◦N. Applying these changes to our control
allows direct comparison with the changes considered by
Taylor et al. (2017) and a means of testing their sugges-
tion that increases in westerly wind speeds of 0.4 m⋅s−1

decade−1 in the lower troposphere from 15 to 22 ◦N caused
higher wind shear and correlated most significantly with
MCS intensity across the region. Additionally, the high-
est correlation between increases in mid-level tempera-
tures and MCS intensity were found at similar latitudes.
Once the linear ERA-Interim changes were calculated
for each of the variables, the profiles were interpolated
onto the finer grid of the AMMA control profile using
cubic interpolation. A profile representing the 1980s con-
ditions was then obtained by deducting the change from
the control profile. The experiments run are listed in
Table 1.

Figure 3 shows changes in winds and humidity in
ERA-Interim from 1982 to 2017 at selected pressure
levels across the wider region. Low-level moisture has
increased north of Niamey while decreasing around
Niamey (Figure 3a), consistent with an increase in the
low-level south-westerly monsoon winds north of Niamey
(Figure 3d). Changes in the AEJ west of 10 ◦E are small,
with a weak, 1.4 m⋅s−1 increase in the AEJ north of
Niamey (Figure 3b). There is an increase in the mag-
nitude of the shear vector (Figure 3c) of 0.9× 10−3 s−1

north of Niamey (16 to 18 ◦N) and a smaller change
of 0.2× 10−3 s−1 around Niamey (10 to 14 ◦N). Within
the marked white box, (15 ◦E–15 ◦W and 16–17 ◦N),
there is an increase in low-level WVMR and shear
(Figures 4a and 5).

Baroclinicity and day-to-day variability are character-
istic of the Sahel region. Both factors matter and can
cause changes in the environmental profile in the same
zone on the same day. Given the innate uncertainty across
the region, the changes calculated from the ERA-Interim

data for 16–17 ◦N can be interpreted as plausible ranges
for each parameter over this period. Additionally, they
are some of the more extreme variations within the
ERA-Interim data for the Sahel area and thus provide a
higher signal-to-noise ratio in our idealised simulations.
The validity of the ERA-Interim data will be considered in
Section 3.4 when compared with alternative reanalyses for
the same region.

The AMMA control profile is compared against
the same with the ERA-Interim changes subtracted
in Figure 4a. The buoyancy profile change is negative
throughout, such that the 2006 profile has both higher
CIN and lower CAPE compared with the 1980s. This sug-
gests that storms are more likely in the 1980s profile and
could also be more intense. Figure 5 shows that, from the
1980s to the 2006 control profile, there is an increase in
the westerly component of the low-level monsoon winds
of 1.8 m⋅s−1 as well as a slight increase of 0.4 m⋅s−1 in the
AEJ at 600 hPa. Also evident is an increase in shear since
the 1980s. The changes to the southerly component of the
winds are less marked with only an increase of 0.18 m⋅s−1

in the monsoon winds and a decrease of 0.57 m⋅s−1 in
the northerly component of the AEJ. To conclude, the
2006 profile has higher CIN, lower CAPE and increased
shear compared with the profile representative of
the 1980s.

2.4 CMIP5 predicted change

Monthly profiles were obtained from 34 CMIP5 mod-
els (Taylor et al., 2012) representing both the histor-
ical (1950–1999 average) case and a predicted future
(2070–2099 average) case from Representation Concentra-
tion Pathways scenario 8.5 (RCP8.5). The RCP8.5 scenario
was chosen as it represents high future emissions and
large global temperature change and thus provides a good
signal-to-noise ratio.

The CMIP5 models provide our best current estimate of
possible changes for this emissions scenario and our best
method of testing hypothesis 4. The changes from CMIP5
were applied to the control profile; this is preferred to
studying the actual profiles as the CMIP5 models have sig-
nificant biases. Thermodynamic and wind changes were
applied individually and together to study the effect each
has independently and when combined.

The CMIP5 profiles studied are averages for the
months of July and August for a 3× 3 grid box around
Niamey for the two time periods, using the temperature,
specific humidity and horizontal winds at 11 pressure
levels and the temperature and specific humidity at the
surface. The average across models for each time period
was calculated, and the mean change predicted found
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F I G U R E 3 Linear trend calculated from an annual mean from 1982 to 2017 of ECMWF ERA-Interim reanalysis data at 1200 UTC over
the months of June to September. The white box, 15 ◦W–15 ◦E and 16 ◦–17 ◦N, defines the region used to determine the final change applied
to the control profile

from these averages. The average changes for potential
temperature, humidity and wind were interpolated onto
the higher-resolution grid of the AMMA control profile
using cubic interpolation. The different variations of the
control profile with the CMIP5 environmental changes
applied were simulated and repeated with five different
random seeds (Table 1).

The AMMA control profile is plotted against the con-
trol with the CMIP5 changes applied in Figure 4b. The
buoyancy profile change is negative near the surface
but positive above the level of free convection, showing

increased CAPE and increased CIN in our future profile.
From this, it can be anticipated that convection is less
likely to occur in the future, but when it does it will
be more extreme. At the same time, Figure 6 shows an
increase in the low-level monsoon winds of 1.8 m⋅s−1 in
the westerlies of the future profile as well as an increase
of 1 m⋅s−1 in the AEJ at 500 hPa. There is an increase
in both wind magnitudes, in opposite directions, at the
altitudes mentioned, and thus shear increases compared
with the current profile. There is also some indication
that the maximum of the AEJ may extend higher in the
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F I G U R E 4 Average equivalent potential temperatures across past (red) and future (black) for the Niamey region. The comparisons
include the 2006 control profile obtained from the AMMA campaign and (a) the linear trend of ECMWF from 1982 to 2017 deducted from it
and (b) the average calculated change across CMIP5 models applied. The saturated equivalent potential temperature is plotted dashed, while
the vertical lines indicate the equivalent potential temperature of a surface parcel. The horizontal dotted lines mark the lifting condensation
level. The blue dashed line represents the change in buoyancy profile (buoyancy calculated as the difference between a surface parcel’s 𝜃e and
the environment 𝜃es at levels above the LCL)

F I G U R E 5 Control profile (black) for u and v with the ERA-Interim reanalysis trend from 1982–2017 deducted (red). The change
between profiles is shown in blue (dashed)

future or that the maximum is predicted at varied alti-
tudes between CMIP5 models. However, as can be seen
from the standard error of the average across the different
models, there is uncertainty in these predictions. In some
cases, this includes disagreement between models over
whether the change in a variable will be of positive or
negative sign.

2.5 Layer lifting model of convection

In this section, we describe the LLMC developed in Alfaro
(2017), which is tested, with hypothesis 3, in Section 3.2.
The model provides an indication of the intensity of deep
convection given initial thermodynamic and dynamic
conditions.
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F I G U R E 6 CMIP5 average across models of period 1950–1999 versus future (2070–2099) of u (westerlies) and v (southerlies)
respectively (dashed). The AMMA control profile (red dotted) and the same with CMIP5 changes applied (black dotted). The mean
interpolated change across models is also plotted with standard deviation shown

2.5.1 Vertical velocities

Integrated CAPE (ICAPE) measures the latent heating per
unit area accomplished collectively by all unstable parcels
as they ascend from their level of free convection to their
equilibrium level:

ICAPE = ∫
ztr

0
𝜌(z)CAPE(z) dz , (1)

where CAPE(z) represents the CAPE of a parcel originat-
ing at z, while ztr marks the height of the troposphere. A
layer lifting index is then defined to measure the mean
convective instability of the storm-relative inflowing tro-
pospheric air by

CAPEll =
(
∫

ztr

0
𝜌(z) |uenv − PS| CAPE(z) dz

)

×
(
∫

ztr

0
𝜌(z) |uenv − PS| dz

)−1

. (2)

The propagation speed of the storm is defined as PS,
while uenv is the environmental wind profile. Alfaro (2017)
defines an index for updraught strength as

wll =
√

2CAPEll. (3)

2.5.2 Precipitation

Alfaro and Khairoutdinov (2015) find that precipitable
water is related to the surface precipitation rate. For

constant low-tropospheric wind shear, the rate of water
vapour processed by a squall line is the main factor affect-
ing precipitation rate. However, Alfaro and Khairoutdinov
(2015) also discuss that precipitation efficiency decreases
with weaker shear, drier mid-tropospheric conditions and
thus lower vertical velocities within the storm. The fol-
lowing equation (Alfaro, 2017) describes a diagnostic
for the precipitation rate which depends on the factors
discussed:

PRll =
(wll

W

)2
Ly

(
∫

ztr

0
𝜌qv|uenv − PS| dz

)
, (4)

where qv is the WVMR and Ly is the length of the squall
line in the along-line direction such that PRll represents
the total rainfall across the domain in kg⋅s−1. The constant
W should be selected such that the term (wll

W
)2 accounts for

the efficiency of convection, the speed of upward-moving
air, entrainment and the fraction of precipitable water that
falls as precipitation. Thus, PRll defines a diagnostic for
the precipitation rate which depends on the water vapour
inflow rate per unit length in the along-line direction.

The precipitation rate scaling in Equation 4 is
expanded below and is proportional to the system-relative
inflow of moist air and CAPE divided by the total
system-relative inflow of total air mass:

PRll =

2Ly

(
∫

ztr

0
𝜌 |uenv − PS| qv dz

)

×
(
∫

ztr

0
𝜌(z) |uenv − PS| CAPE(z) dz

)

W2
(∫ ztr

0 𝜌(z) |uenv − PS| dz
) . (5)



BICKLE et al. 993

As PRll describes the total rainfall rate for the domain,
to convert this value into a mean rainfall rate in mm⋅hr−1,
it is necessary to divide by an area A. In this study we have
divided by Ly and the y-averaged storm width (that is the
y-width of rain rates greater than 1 mm⋅hr−1).

3 RESULTS

In this section, we first describe the control simulation and
whether the squall line produced is consistent with obser-
vations of Sahelian MCSs during the WAM (Section 3.1).
Once we have determined this, in Section 3.2 we then con-
sider hypothesis 1 that recent increases in shear from both
strengthened monsoon south-westerlies and the AEJ have
increased the intensity of squall lines and hypothesis 2 that
recent changes to the environmental thermodynamic pro-
file may have influenced squall line intensity and may have
been comparable to the effects of shear. Using the same
set of simulations from profiles representative of wind
and thermodynamic profiles from the 1980s and 2000s in
Section 3.3, we test hypothesis 3 regarding whether the
system-relative inflow of CAPE and water vapour is key
to determining squall line updraught speeds and rainfall
so that the LLMC can explain the modelled impacts of
changing profiles. Finally, in 3.5, we consider hypothesis 4
that predicted future increases in shear, temperature and
humidity will cause an increase in storm intensity.

3.1 2006 AMMA campaign control
profile simulation

The simulation resulting from the control profile
(Figure 1) is shown in Figure 7. The cold bubble results in
two separate updraughts that can be seen to merge com-
pletely by hour 3. After this, the squall line begins to enter
a more mature and steady state. The main convective
updraught moves towards the front edge of the storm and
appears to shrink slightly from around 20 to 10 km wide.
The system speed is defined as the speed of the front edge
of the cold pool moving at the front of the storm. A max-
imum surface pressure perturbation of 1.6 hPa occurs at
around 4 hrs, which coincides with the squall line moving
at its maximum speed and the main convective updraught
jumping forward. The updraught appears to extend over
the whole troposphere, and an overshoot can be seen at
around 13 km while there is weak mesoscale ascent in the
anvil. The anvil spreads out mainly westwards as a result
of the strong Tropical Easterly Jet (around 100 hPa in
Figure 1) to be hundreds of kilometres wide. There is an
area of descending flow at the rear of the convective zone,
but this appears to be moving at the same speed as the

storm rather than providing a system-relative inflow. The
area of precipitation of the storm spreads to about 80 km
behind the front at 6 hrs and then shrinks slightly again.

We considered whether our simulated storm was con-
sistent with those found in the West African Sahel. The
control profile produced cold pools with an average prop-
agation speed of 10.7 m⋅s−1 across repeated experiments
when in a steady state. This speed is consistent that of con-
vective cloud clusters which have been found to propagate
over the Sahel at 8–12 m⋅s−1 (Mathon and Laurent, 2001).
For composite Sahelian squall lines observed at Niamey in
AMMA 2006, Provod et al. (2016) show mean rainfall rates
between 10 mm⋅hr−1 at the leading edge to 1 mm⋅hr−1 at
the trailing edge, with the storms taking on average an
hour to pass. The mean rainfall rate of the storms simu-
lated using the control profile is 7.2 mm⋅hr−1, which is con-
sistent with these measurements from 2006. Finally, the
maximum surface pressure and minimum potential tem-
perature perturbations for the control profile are 2.8 hPa
and 6.8 ◦C, respectively, which are consistent with the
storm composites of Provod et al. (2016) from the mon-
soon period, which show around 2 hPa and 6 ◦C for these
quantities, respectively.

3.2 Effects of past decadal changes
in thermodynamics and shear from
ECMWF ERA-Interim analyses

Simulations were run with thermodynamic and wind pro-
files produced by deducting recent decadal changes in
ERA-Interim data from the 2006 control profile, to isolate
the effect of recent thermodynamic changes from those
within the wind profile and to test hypotheses 1 and 2.
This allows for the comparison of four simulation configu-
rations with two different thermodynamic environments,
each with two wind profiles (Table 1). Maximum verti-
cal velocities, wmax and ŵmax, maximum rain rates R̂max
and mean rain rates (where raining), R, are described in
Table 2 and plotted in Figure 8. All storms can be consid-
ered long lived and can be categorised as being in a steady
state from 4 to 6.25 hrs. It appears as if the control case with
1980s winds begins to die after this point, and so times after
6.25 hrs were not considered.

In Figure 8, the thermodynamic change dominates
the wind-shear change: the cases with 1980s thermody-
namics (with higher CAPE and lower shear: red lines)
have wmax and R values of over 3 m⋅s−1 and 5 mm⋅hr−1

higher, respectively, than those with 2006 thermodynam-
ics (i.e., with lower CAPE and higher shear: black lines).
This supports hypothesis 2 that changes to the thermody-
namic profile may have influenced squall-line intensity
and could be comparable to the effects of shear. While
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F I G U R E 7 Simulation with the
control profile from the 2006 AMMA
campaign. A slice through the storm in
the x–z plane is shown with y-averaged
values shown ( y-average is indicated by
a bar, for example w). Vertical velocity
is shaded, pressure perturbation (hPa)
in white contours, total liquid and solid
water (dashed) and precipitation (solid)
from 1 hr after initiation to 8 hrs in
hourly intervals. The arrows represent
ūr-w where ur are the system-relative
wind speeds. Only (a) had vertical
velocities higher than 4.5 m⋅s−1, where
the highest magnitude reached was 15.0

the impact of increasing wind shear for a constant ther-
modynamic profile (i.e., solid versus dashed lines) is less
dramatic, it does result in higher rain rates and verti-
cal velocities, approximately 2.5 mm⋅hr−1 and 0.5 m⋅s−1

respectively. This supports hypothesis 1 that stronger
wind shear has strengthened the intensity of squall lines.
The bulk indicators, wmax and R (Table 2, Figure 8a,b)
involve first averaging over the y domain and so lose the
detail of extreme cases of velocity/rainfall in single con-
vective cells. However, they tend to show more distinct

differences between experiments. The difference in the
noisier ŵmax and R̂max (Table 2, Figures 8c–8d) is less obvi-
ous, as expected, but there is still an increase in ŵmax with
constant thermodynamic environments but increased
wind shear. The standard error bars in Figure 8 show that
the variation between the repeated experiments with dif-
ferent random seeds is less significant than the variations
from different initial environments.

We next examine vertical cross-sections through the
simulated squall lines (Figure 9) to provide a qualitative
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T A B L E 2 Diagnostics and variables

Variable Description

ICAPE From Alfaro (2017), the system-relative inflow of CAPE integrated over all z (Equation 1)

CAPEll From Alfaro (2017), a diagnostic which describes the system-relative inflow of CAPE (Equation 2)

PRll From Alfaro (2017), an indicator of precipitation rate (see Equation 4)

ŵmax The maximum vertical velocity (in the x–z plane) averaged over (the along-squall-line) y-direction

wmax The vertical velocity is averaged over the y domain (along the line of the storm). The maximum in the x–z plane of this
average is then found

wmax The maximum value of vertical velocity across the entire domain

R Mean rain rate where raining. The mean value of all rain rates above a threshold of 1 mm⋅hr−1

R̂max The maximum rain rate (in the x–z plane) averaged over (the along squall-line) y-direction

(a) (b)

(c) (d)

F I G U R E 8 The top two figures show (a) the maximum vertical velocity and (b) the mean rain rate (where raining) in the y-averaged
profile. See Table 2 for further descriptions of variables. The bottom figures show (c) y-averaged values of the maximum velocity, ŵmax and (d)
maximum rain rate, R̂max in the x–z plane. The mean of the five repeated experiments for each environmental profile is marked with the
standard error of the mean shown by a vertical bar. This includes the control, control with ERA-Interim winds deducted, control with
ERA-Interim thermodynamics deducted and control with both deducted. The dashed vertical lines indicate the period during which the
storms are considered to be in a steady state from 4 to 6.25 hrs
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examination of changes of squall-line structure as a func-
tion of the changes in thermodynamics and shear. All
cases show squall lines with cold pools and a spread-
ing anvil cloud to the west. The area usually associated
with the rear inflow jet has downward movement with
a horizontal velocity similar to that of the system. If the
2006 control thermodynamic cases (Figure 9a,b; lower
CAPE/higher shear) are compared with the 1980s cases
(Figure 9c,d; higher CAPE/lower shear), we see weaker
updraughts, a wider precipitation area, a drier rear inflow
jet (0.5–3 km), lower overshoots, a moister cold pool and
a weaker meso-low ahead of the squall line. These differ-
ences are consistent with what we would expect for storms
which occur in environments with lower CAPE.

3.3 Testing the layer lifting model
of convection

The LLMC, and thus hypothesis 3, was tested by plot-
ting diagnostics wll and PRll against statistics calculated
from the different simulations and time-averaged over
the period when the storms were considered steady
(Figure 10). The PS used was the speed of the cold pool
for each storm averaged over the period when the MCS
is considered to be in a steady state (from 4 to 6.25 hrs
in the ERA-Interim experiments). The increased wind
shear of the 2006 profile (circles versus squares) produces
higher velocities, wmax in Figure 10a, and rainfall, R̂max
in Figure 10b; this change is small when compared with
that from the thermodynamics (red versus black). The
mean rain rate above a threshold of 1 mm⋅hr−1, R, con-
sistently increases for higher wind shear across constant
thermodynamic profiles (Figure 10c). However, the impact
of changing wind shear on R̂max is less clear for the cases of
constant 1980s thermodynamics (high CAPE). We suggest
that R̂max is more thermodynamically controlled as it cap-
tures the rain rate of the most intense cumulonimbus cell,
and thus less sensitive to MCS structure (and so to shear)
than R. The LLMC is therefore a useful indicator of vertical
velocities and mean rainfall rates in these idealised exper-
iments. This is particularly true for the bulk indicators of
storm intensity.

The precipitation rate diagnostic, Equation 4, can
not necessarily be universally used across thermody-
namic profiles as the constant W may vary. We use a
constant value of W= 58.5 m⋅s−1 for all cases, and despite
this PRll is still a clear indicator of mean rainfall rates
(Figure 10c). The value of W was chosen to fit the mag-
nitude of PRll for the control profile experiments in
Figure 10d to R. The constant does not affect correla-
tion, only the gradient of the best-fit line. PRll is also
a useful indicator of storm intensity for cases of varied

wind shear in a constant thermodynamic profile (cir-
cles versus squares). Furthermore, considering the linear
relationship shown in Figure 10c, W can be concluded
to be almost constant between these relatively similar
environments. The average storm widths (where rain-
ing along y) were calculated for each individual storm
(when considered steady). The width of raining area var-
ied from 46 km for the higher shear/higher CAPE case
to 70 km for the lower shear/lower CAPE case. These
values were then used to calculate PRll/A in mm⋅hr−1;
Figure 10d displays how the diagnostic loses some skill
through including this time-averaged value, with the
correlation coefficient of the mean values falling
from 0.98 to 0.97.

As discussed in Section 2, experiments were repeated
to investigate the integrity of the results when changing
the horizontal resolution. Figure 10a,c were reproduced
for cases with horizontal resolution of both 200 m and
2 km. The gradient of the best-fit straight line in both cases
was within 10% of that of the 1 km case, the LLMC con-
tinues to accurately predict the relative intensity of the
storms, and the results support the conclusions made from
our lower-resolution simulations. However, the vertical
velocities were consistently slightly higher for the 200 m
and lower for the 2 km resolution, consistent with the
effects of the vertical velocity energy spectrum being bet-
ter resolved. Interestingly, the gradient in both cases was
steepest for the 200 m runs and least steep for the 2 km
runs, suggesting that large grid spacings can decrease the
modelled effects of shear, consistent with a lack of shear
effects in the 4 km simulations used in Fitzpatrick et al.
(2020) when compared with observations. Given the need
to run long-duration large-domain convection-permitting
simulations for future climate projections, this potential
sensitivity merits future investigation.

The difference in cloud tops (maximum height reached
by the cloud) can be viewed in the cross-sections shown
in Figure 9. The 1980s (higher CAPE/lower shear) experi-
ment in Figure 9d shows a higher overshoot, with a cloud
top difference of 3 km, than the 2006 thermodynamics
equivalent in Figure 9b (low CAPE/low shear). However,
an increase in wind shear (from the 1980s to 2006) with
the constant 1980s thermodynamics also results in a 1 km
increase in cloud top height. This impact of increasing
shear is representative of the results of Taylor et al. (2017),
which have been corroborated by Fitzpatrick et al. (2020),
whereby satellite data reveal growing numbers of clouds
with colder cloud top temperatures and thus higher cloud
top height over time, as shear increases.

PRll was expanded in Section 2.5 Equation 5, and the
terms of interest are plotted in Figure 11. The first three
figures explore the relative inflow of mass, CAPE and
moisture at each height for the different environments.
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F I G U R E 9 y-averaged values for the ECMWF ERA-I set of experiments shown at 5 hrs. Vertical velocities (left) and relative humidity
(right) shown by shaded contours, total liquid and solid water content (dashed) and precipitation (solid black). White contours indicate
perturbations from the original pressure profile. The arrows represent ūr-w, where ur are the system-relative wind speeds
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(a) (b)

(c) (d)

F I G U R E 10 Time-averaged statistics for the duration the storms are steady in the ECMWF ERA-Interim experiments. The mean of
the five repeated experiments for each environmental profile is marked with the standard error of the mean shown by a cross. (a) The index
for updraught strength, wll =

√
CAPEll, plotted against wmax, (b) wmax against Rmax, (c) the precipitation rate diagnostic PRll against the mean

rain rate R and the same with (d) PRll/A, calculated through division by raining area width (where raining) for each individual case

The strong south-westerly nocturnal winds dominate
for mass with a maximum inflow of 17.5 kg⋅m−2⋅s−1

in Figure 11a at 975 hPa and only begin to decrease
at 925 hPa. This is also true for inflowing CAPE and
moisture, both of which have secondary maxima at the
low-level jet.

The higher CAPE near the surface in the 1980s
thermodynamic cases results in maximum inflows of
10,000 J⋅m−2⋅s−1 higher than their equivalent 2006 wind
profiles (red versus black in Figure 11b). Increasing
the low-level winds for a constant thermodynamic pro-
file (solid versus dashed lines) results in a smaller but
still significant increase of inflowing CAPE. Above the
near-surface maximum, the inflowing CAPE in Figure 11b
then drops more dramatically than the mass in Figure 11a,
which corresponds to a similar drop in CAPE at 920 hPa
in Figure 2. The inflowing mass is a dominant factor
here as it controls the fraction of convectively unstable
air within the storm. As the fractional change in WVMR
from the 1980s to 2000s is less substantial than that of the
CAPE, the wind profile is more important for changes in
the system-relative inflow of water (Figure 11c) than for

CAPE (Figure 11b). In fact, for the system-relative inflow
of water, the change in shear dominates the change in
thermodynamics. However, lower values of specific and
relative humidity at mid-levels in the 2006 profile could
also be responsible for suppressing convection through
entrainment. These processes are not directly captured by
the LLMC.

To calculate the layer lifting indices such as CAPEll
and PRll, the propagation speed of the MCS is required,
and this is not predicted with the conceptual model of
Alfaro (2017). Different choices for PS are considered
and the resultant PRll plotted for each of the experiments
against R as in Figure 10c (not shown). The different
PS investigated included the speed of the storm when
steady for each individual experiment, the average speed
across repeated experiments with the same environment
but unique small-scale random noise and the average
across all experiments over all environments. The cor-
relation coefficient was similar, approximately 0.98, for
cases looking at the same environment and 0.97 for the
average over all environments. To summarise, although
environment-specific PS values result in more accurate
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(a) (b)

(c) (d)

F I G U R E 11 System relative inflows of: (a) mass, (b) CAPE and (c) water vapour at different heights for the different profiles. (d)
Explores the relationship between the chosen propagation speed PS and the resultant PRll for the control profile. The red dotted line
represents the mean speed of the control profile storm when it is in a steady state

values for PRll, there is no stark change in results since
variations in PS are small throughout our experiments
where we simply modify one control profile.

Although the PS did not vary greatly in our experi-
ments, it is not clear that this would hold in general as
squall lines can travel both slower and faster than our
experiments have shown (Barnes and Sieckman, 1984).
Therefore, the sensitivity of PRll to PS in Equation 5 was
further investigated in Figure 11d for the control run,
where it is evident that an accurate value of PS is required.
If the PS used is multiplied by a factor of 2 or 0.5, this
results in the PRll being out by a factor of 1.5 and 0.3,
respectively. If PS is set to zero, the PRll is 1/11 of the
original value. This complicates the process of parametris-
ing convection as the resultant rainfall of the storm is a
function of not only the environmental thermodynamics
but also storm motion, which may be a function of storm
dynamics as well as the profile.

The line plot in Figure 11d is somewhat artificial as
not all propagation speeds are realistic for this profile.
Figure 12 more fully explores sensitivities to shear and
propagation speed within the layer lifting model. The
shear has been varied by multiplying the entire wind
profile by factors of 0.5 to 1.5, and the resultant magnitude

of the AEJ is plotted on the y-axis of the figure. The sensi-
tivity of rainfall to shear is much lower than the sensitivity
to propagation speed. Overall Figure 12 suggests that, the-
oretically, we expect shear to increase rain, consistent with
Taylor et al. (2017), unless the PS barely increases with
shear, in which case the quantity of air entering the storm
from above the LFC (Figure 2) will increase at a greater rate
as |uenv −PS| will no longer be near zero at the AEJ. More
air from above the LFC results in a reduction in the total
fraction of convectively unstable air entering the storm.
However, Taylor et al. (2017) showed that systems with
colder cloud top temperatures (i.e. of higher intensity)
were indeed associated with significant increases in PS.
Whether a faster system facilitates increased storm inten-
sity or is a consequence of it is unclear, but fundamentally
PS and system intensity are coupled. The solid line in
Figure 12 marks the AEJ as the steering level of the storm
(e.g. the PS is equal to the maximum of the AEJ), which is
supported by the black markers (indicating the PS of our
experiments with the control wind profile). If the AEJ does
control the PS of storms, then an increase in the AEJ could
result in more rainfall and a correlating increase in shear.
Although the model appears to support the hypothesis that
shear has increased storm intensity, it is worth noting that,
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F I G U R E 12 Sensitivity test of Equation 4 for propagation
speed versus shear using the 2006 temperature and humidity
profiles. For each case, the environmental wind profile has been
multiplied by a factor so that, although only the value of the AEJ is
shown, the nocturnal jet has also been increased. The black line
indicates where the AEJ maximum is equal to the propagation
speed. The experiments with the 2006 wind profile are plotted:
control (circle) and ECMWF thermodynamics (square)

in a potential scenario with a strengthening LLJ but con-
stant shear (weakening AEJ), the fraction of moisture and
convectively unstable air entering the storm would also
increase.

In conclusion, we quantified the effects of plausible
past decadal changes in humidity and shear, to test our
hypothesis 1 that increased shear may have increased
severe storms in the Sahel over the period from 1982 to
2017, while also testing hypothesis 3 regarding whether the
LLMC can explain the modelled impacts of changing envi-
ronmental profiles through calculating the system-relative
inflow of CAPE and water vapour. We cannot reject either
hypothesis, and increased shear is seen to increase both
measures of convective intensity (i.e. updraughts and rain-
fall), although for the changes used temperature and
humidity changes are the dominant drivers of the total
rainfall changes. Given the innate variability across the
Sahel region, including on a daily scale, understanding the
potential effects caused by these changes in wind profile
and thermodynamics is enlightening.

3.4 Uncertainty in past trends from
reanalyses

Section 3.2 shows how stronger shear increases storm ver-
tical velocities and rainfall, consistent with Alfaro (2017)
and supporting the conclusions of Taylor et al. (2017).
However, the results of a decrease in storm intensity from
the 1980s profile to the 2006 control profile do not reflect

the increase in storm intensity discussed in Taylor et al.
(2017), likely due to our decrease in the WVMR with time
at low and mid-levels, which results in our 1980s profile
having higher CAPE and lower CIN than our 2006 profile.

Considering the sparsity of weather stations and
radiosondes which regularly measure atmospheric con-
ditions across the African continent, it is necessary to
view reanalysis such as ERA-Interim for these regions
with caution (Roberts et al., 2015). Additionally, changes
in satellite observation systems may have adversely
affected the ECMWF reanalyses, making trend analysis
difficult. This is particularly true for temperature and
humidity in the tropics (Trenberth et al., 2001). To gain
some perspective, data from The Modern-Era Retrospec-
tive analysis for Research and Applications version 2
(MERRA-2) for the months of June to September at all
times across 15 ◦E–15 ◦W and 16–17 ◦N were compared
with ECMWF ERA-Interim and ECMWF ERA-5 analyses
for the same region. On a direct comparison of variables
at set heights, it can be seen that, not only do the three
reanalyses disagree on mean values, but they also give dif-
ferent magnitudes and indeed signs in trends over time.
For instance, Figure 13a shows similar values for specific
humidity at 850 hPa in all models after the year 2000,
but the higher values of 0.011 kg⋅kg−1 in ERA-Interim
compared with 0.009 kg⋅kg−1 in MERRA-2 at the start
of 1990s and particularly the low of 0.008 kg⋅kg−1 in
ERA-5 ensure a slight increasing trend in humidity in
MERRA-2, a somewhat more significant one in ERA-5 and
a decrease in ERA-Interim. Similarly, ERA-Interim and
MERRA-2 show slight increases in temperature at 850 hPa
in Figure 13b, while ERA-5 remains fairly constant. It is
the trend in thermodynamics that dominates our results
in Section 3.2, but significantly these trends, taken from
reanalyses, are uncertain. Figure 3 reveals large spatial
variability in WVMR over the region we have averaged
over, which creates added complexity. Although decadal
trends for the region could be obtained directly from
radiosondes, we do not pursue this as it is unclear how
representative that would be. Humidity measurements
are sensitive to the type of radiosonde used (as seen in the
spurious diurnal cycle in AMMA sondes Agustí-Panareda
et al., 2009). Additionally, observations would be from
a single location. Taylor et al. (2017) considered what
trends could be inferred from different collections of
radiosonde observations from across the Sahel region and
summarised them to be a warming of the SAL relative to
the underlying Sahelian PBL and increased easterlies at
700 hPa, since the 1980s.

The trends in wind speeds can also be compared
between reanalyses. The magnitude of the AEJ increases
at 600 hPa by approximately 1.5 m⋅s−1 for ERA-5
and MERRA-2 while remaining fairly constant for



BICKLE et al. 1001

(a) Specific Humidity at 850hPa (b) Temperature at 850hPa

(c) Westerlies at 600hPa (d) Westerlies at 850hPa

(e) Westerlies at 925hPa (f) Westerlies Wind Shear (925 -600hPa)

.

F I G U R E 13 Comparison of mean annual values from 1982 to 2017 of ECMWF ERA-Interim data against MERRA-2 and ECMWF
ERA-5 reanalysis for June to September monthly averages for the region 15 ◦W-15 ◦E and 16 ◦–17 ◦N (all times of the day included)

ERA-Interim (Figure 13c). The lack of a marked increase
in westerlies at both 850 hPa (Figure 13d) and 925 hPa
(Figure 13e) in MERRA-2 and ERA-5 is also notable
compared with ERA-Interim. When the wind shear is
compared in Figure 13f however, despite the disparities
between wind speeds at different heights between the
two ECMWF cases, the shear increase is similar com-
pared with the fairly constant shear in MERRA-2. These
differences highlight that the uncertainty in past trends

in both thermodynamics and shear is large enough that it
may change their relative roles for storm trends.

3.5 Implications for future rainfall

The previous sections have shown that shear changes can
drive intensification of rainfall. Under climate change,
warming allows for higher WVMR, leading to increased
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F I G U R E 14 Maximum y-averaged (bulk measure) of vertical velocity and the mean rain rate (where raining). Mean values are plotted,
and the error bars mark the standard error of the mean for all CMIP5 experiments including the control, control with CMIP5 winds applied,
control with CMIP5 thermodynamics applied and control with both applied. The dashed vertical lines indicate where the storms are
considered to be in a steady state

rain rates (Kendon et al., 2019). The Sahara is expected to
continue to warm faster than the Gulf of Guinea under cli-
mate change (Dong and Sutton, 2015), which is expected
to increase shear. It is important to question the extent to
which such changes in shear may affect future Sahelian
MCSs, alongside effects from the change in the thermo-
dynamic profile. Given the success of the LLMC indices
in Section 3.2, we investigate the possible role of shear
changes versus thermodynamic changes under climate
change.

Figure 14 shows that the future climate thermo-
dynamic change imposed dominates the shear change
imposed. When compared with the current climate ther-
modynamic profile (black), the future thermodynamic
profile (red) results in higher bulk measures of vertical
velocities and rainfall in the spin-up, but the storm does
not remain sustained for as long and dies off earlier. This
results in a shorter period during which the storms can
be considered as “steady”. During the period of 3–4.5 hrs
which has been marked, the future thermodynamic storms
(red) are “dying” and thus the vertical velocities and rain
rate are lower than for the current period.

A time progression of vertical cross-sections of the
experiments is shown in Figure 15. Again, all cases
show squall lines with cold pools and anvil clouds
spreading to the west. In the 2006 control case (lower
CIN/lower CAPE/lower shear) compared with the future
(higher CIN/higher CAPE/higher shear), we see: stronger
updraughts, a drier rear inflow jet (0.5–3 km), drier cold
pool and a weaker meso-low ahead of the squall line. The
difference in CIN explains these variations, in that after the
spin-up the lower CIN in the control 2006 profile allows a
more sustained storm.

Figure 14 shows that increased wind shear (dashed
lines) produces an increase in vertical velocities and rain

for the control run thermodynamics; this is only seen
for rain in the future thermodynamic experiments, and
here it is smaller and more short lived (consistent with
the earlier demonstrated greater role of shear for the
system-relative inflow of water than for the system-relative
inflow of CAPE). In both thermodynamic environments,
the future wind profile causes the storms to die ear-
lier. Similarly to our analysis of experiments investigating
recent ERA-Interim trends in Section 3.2, the thermody-
namic changes dominate compared with applied environ-
mental wind changes, although the effects of shear can
still be seen. It is also worth noting that, although the
ERA-Interim experiments are longer lived than the future
climate cases, the control with ERA-Interim wind case
begins to die out after 6.25 hrs and thus does not sustain
for that much longer.

4 CONCLUSIONS

Previous studies have suggested that increased shear in the
Sahel has caused a recent intensification of Sahelian squall
lines (Taylor et al., 2017) while predicting that a warm-
ing Sahara (through climate change) will result in stronger
wind shear over the Sahel (Dong and Sutton, 2015). To
investigate the suggested role of shear for past and future
change, we analysed idealised LES of squall lines in an
environmental setting representative of night conditions
in the Sahel during the West African Monsoon. Initial pro-
files were based on soundings from the 2006 AMMA cam-
paign observations made at Niamey. This control profile
was then modified using environmental thermodynamic
and wind profile changes calculated from ERA-Interim
data for the period of 1982–2017, giving a 1980s profile
with decreased shear, increased CAPE and decreased CIN
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F I G U R E 15 y-averaged
values for the CMIP5
experiments shown at 3 hrs:
relative humidity (shaded
contours), total liquid and solid
water content (dashed black) and
precipitation (solid black). White
contours indicate perturbations
from the original pressure
profile. The arrows represent
ūr-w, where ur are the
system-relative wind speeds

when compared with the control 2006 environment. Addi-
tionally, the profile was also modified with long-term pre-
dictions from CMIP5 for the Niamey region. The CMIP5
mean predicts increased low-level south-westerly winds, a
stronger AEJ whose maximum extends higher than cur-
rently and an increase in both CAPE and CIN.

In the idealised experiments, for constant thermo-
dynamic profiles, the increased wind shear of the 2006
control caused greater values of storm vertical veloci-
ties and rainfall, which supports our hypothesis 1 that

recent increases in shear from both strengthened mon-
soon south-westerlies and the AEJ caused by Saharan
warming have increased the intensity of squall lines.
However, in our simulations, the effects of the thermo-
dynamic changes imposed dominated the effects of the
shear changes imposed: for the 1980s cases, the higher
CAPE and lower CIN resulted in higher vertical veloci-
ties and mean rainfall. Comparison of the ERA-Interim,
MERRA-2 and ERA-5 showed that there were signifi-
cant differences between the three datasets, including in
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the signs of decadal trends in both humidity and shear
(although shear tends to increase). Our results, therefore,
support the conclusions made in Taylor et al. (2017) that
increased wind shear could be the main driver of decadal
changes in storm intensity in the Sahel. Our results also
do not allow us to reject our hypothesis 2, that recent
changes to the environmental thermodynamic profile may
have influenced squall line intensity and could be compa-
rable to the effects of shear, but we note that an increase
in humidity might be expected to increase moderate and
severe storms, whereas shear is more compatible with the
increase in severe but not moderate storms seen in Taylor
et al. (2017). We conclude that quantifying the past ther-
modynamic change is vital to understanding past trends
in squall line intensity. This highlights the need for an
improvement in measurements for the region.

The LLMC (Alfaro, 2017) including indices for verti-
cal winds and rain was tested to gain an understanding of
changes in shear and thermodynamics. It was found that
the diagnostics of Alfaro (2017) were an excellent indicator
of squall line average ascent and rain rate, with maximum
ascents and rain rates less well predicted, as expected. This
agreement with the theory is an indicator that rainfall and
heating in mature squall lines are primarily determined by
the system-relative inflow of the environmental air, consis-
tent with our hypothesis 3 that the LLMC can explain the
modelled impacts of changing environmental profiles. The
relative inflow of mass, CAPE and moisture for each of the
environments were considered at different heights. The
maximum inflow of all the properties entered the storms
with the low-level jet, showing the importance of the jet
for Sahelian MCSs. The precipitation rate diagnostic was
found to be dependent on the propagation speed of the
storm, which is not predicted in the model presented in
Alfaro (2017). This suggests that using the environmen-
tal thermodynamic profile alone to parametrise convective
events is problematic since the resultant rainfall of the
storm is also a function of the storm’s motion, and so inter-
nal dynamics and wind speeds, and that to predict storm
intensity we have to be able to also predict storm speed.
Finally, the accuracy of the LLMC raises questions over
whether increases in storm intensity are correlated with
stronger shear or the congruent increase in the low-level
jet.

Simulations perturbed with the future thermodynam-
ics predicted by CMIP5 models resulted in shorter-lived
squall lines. This is consistent with the increase in CIN
predicted across the CMIP5 models and accordant with
large-domain convection-permitting future climate simu-
lations (Kendon et al., 2019; Fitzpatrick et al., 2020). These
short-lived storms suggest that large-scale convergence
and synoptic variability may play an important role for
storms in a future climate, and more work is needed to

understand this relationship. Similar to the ERA-Interim
experiments, the thermodynamic changes dominated the
wind shear changes. Increased wind shear did increase
rain, however, but also caused storms to die earlier for both
thermodynamic profiles. It is important to note that there
are large disparities across the different CMIP5 model pre-
dictions, not only in the magnitude of future changes,
including wind shear, but whether they will be negative
or positive. However, positive feedback between changes
in temperature and water vapour are generally expected to
enhance the Saharan heat low and so increase shear (Dong
and Sutton, 2015; Evan et al., 2015), which is consistent
with our hypothesis 4 that predicted future increases in
shear, temperature and humidity will cause an increase in
storm intensity.

Finally, we note that our simulations are idealised sit-
uations and so ignore influences such as large-scale con-
vergence, variations in the synoptic state, and the diurnal
cycle including surface fluxes and radiation. Thus, further
study is required on testing the layer-lifting scalings in
less idealised settings, to more fully understand squall-line
dynamics, and controls on past and future trends in squall
line properties.
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