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Impact of soil moisture and convectively generated waves on the
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A mesoscale convective system (MCS) case study was observed over northeast
Mali as part of the African Monsoon Multidisciplinary Analysis (AMMA) on
31 July 2006. Observations of this case suggest that the soil-moisture heterogeneity
and atmospheric gravity waves emitted from a ‘parent’ MCS were important trigger
mechanisms for this system. This study uses high-resolution Met Office Unified
Model (MetUM) simulations to assess the importance of the synoptic circulation,
land-surface and gravity waves in the initiation and development of the MCS.
During the early afternoon shallow convection developed over a region of dry soil
within a synoptic-scale convergence zone, which was caused by the confluence of
the southerly monsoon flow with winds associated with the circulation around the
Saharan heat low. Two pronounced waves were emitted from a nearby ‘parent’ storm
and propagated towards the convergence zone. When the second wave reached the
location of the shallow convection, deep convection was immediately initiated.
Further convective cells developed later in the afternoon over dry soil, many
adjacent to strong soil moisture gradients; these aggregated with the main storm,
which later developed into the case study MCS. A comparison of model simulations
with/without the soil-moisture heterogeneity and gravity waves shows that the
synoptic-scale circulation and convergence zones, specified by the atmospheric
analysis, were the most important factors for the successful simulation of the MCS.
If the location of the initiation of the system is to be forecast accurately, the
land-surface, that is, the soil moisture, must be represented adequately. In order to
reproduce the timing of the secondary initiation of convection correctly the model
must be able to capture gravity waves that are emitted by existing systems.
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1. Introduction

1.1. Convection and land-surface interaction over West
Africa

The Sahel region of West Africa receives 80–90% of its
annual rainfall through convective clouds, mainly in the
form of mesoscale convective systems (MCSs) (Laurent
et al., 1998; Mathon et al., 2002). The Sahel has suffered
serious droughts during recent decades (Janicot et al., 2008)
and therefore it is important that rainfall variability can
be predicted on various time-scales. There are currently
problems with rainfall prediction over West Africa, both
at numerical weather prediction (Meynadier et al., 2010;
Agustı́-Panareda et al., 2010c) and at climate scales (Hourdin
et al., 2010). MCSs are a particular problem in global
models because accurate representation of their trajectories,
propagation speed and precipitation distribution requires
the explicit treatment of moist convection.

Taylor et al. (1997) and Koster et al. (2004) show that in
semi-arid regions such as West Africa, soil moisture has a
strong influence on precipitation. Moist convection requires
both a humidity and heat source. Compared with dry soil,
the boundary layer is cooler and moister over wet patches
(Kohler et al., 2010). In a one-dimensional framework, fluxes
of equivalent potential temperature are almost independent
of Bowen ratio (as discussed by Garcia-Carreras, 2011) and
it is therefore unclear, a priori, whether new convection will
form over hot, dry or wet, cool surfaces. Observations
have shown that new convective cells generally initiate
preferentially over surfaces with locally enhanced sensible
heat fluxes, that is, over warm, dry soil (Carleton et al.,
2001; Negri et al., 2004; Taylor and Ellis, 2006; Wang et al.,
2009); in the case of soil moisture, this implies a negative
soil moisture-precipitation feedback. One reason for this is
that although over wet soils the lower sensible heat fluxes
reduce entrainment of low equivalent potential temperature
air, which increases convective available potential energy
(CAPE), the shallower convective boundary layer (CBL)
with a strong lid tends to lead to higher convective inhibition
(CIN; Adler et al., 2011; Garcia-Carreras et al., 2011). Soil
moisture heterogeneity can cause horizontal gradients in
near-surface temperature, which can generate mesoscale
circulations analogous to a land-sea breeze (Segal and Arritt,
1992). These circulations can cause moisture convergence
and a minimum in the entrainment–dilution of CBL air
(Taylor et al., 2007; Adler et al., 2011; Garcia-Carreras et al.,
2011), favouring deep convection during the afternoon
(Emori, 1998). For these reasons, the optimum location
for convection initiation appears to be on dry soil that is
adjacent to strong gradients in soil moisture (Taylor et al.,
2011).

Although the soil moisture–precipitation feedback
appears to be negative in the early stages of convection, when
the system is in its mature stage the feedback can be positive
(Gantner and Kalthoff, 2010). Taylor and Lebel (1998) use
a dense network of rain-gauges to show a strong preference
for increased rainfall at stations where it had rained in
the previous 2–3 days. Similarly, Wolters et al. (2010) show,
using a mesoscale weather model, that precipitation intensity
is greater over wet soil. Convective systems become more
intense over wet soil due to the increased availability of
moisture and CAPE at the surface (Taylor and Clark, 2001;
Gantner and Kalthoff, 2010).

Representation of the soil moisture–precipitation feed-
back in models is uncertain (Gaertner et al., 2010) because
soil moisture is not well represented (Agustı́-Panareda et al.,
2010a, 2010b) and there are large biases in the water bud-
get (Meyandier, 2010). Soil moisture is also not the only
precipitation trigger mechanism. Klüpfel et al. (2011a) used
high-resolution simulations to assess the impact of a num-
ber of soil-moisture fields on precipitation in the Sahel and
Sudan regions. They concluded that although there were
major variations in the precipitation produced in the sim-
ulations, the timing of convection initiation was influenced
mainly by the atmospheric forcing. A similar result was
found by Guichard et al. (2010), who found that the condi-
tions used to initialize both mesoscale and global models had
a significant control on the location of rainfall at synoptic
scales.

1.2. Secondary initiation of storms

There are three possible mechanisms for the secondary
initiation of convection over West Africa: (i) dynamical
lifting by cold pools; (ii) waves in the form of a bore or
solitary wave, which are induced by the cold pool; and (iii)
waves that are generated by the updrafts within a convective
system and propagate horizontally in a waveguide. Storm
outflows, caused by evaporatively cooled downdrafts, are
analogous to gravity currents (Charba, 1974; Mueller and
Carbone, 1987). Cold air slumps downwards to the surface
in the storm and then spreads out radially. The gust front
(leading edge of the cold pool) is marked by a region of low-
level convergence and ascent (Charba, 1974; Goff, 1976).
These fronts can trigger deep convection by dynamically
forcing the top of the boundary layer to ascend (Emanuel,
1994; Xue et al., 1997; Lin et al., 1998; Lothon et al., 2011)
or by the collision of two mature cold pools (Droegemeier
and Wilhelmson, 1985a, 1985b; Tompkins, 2001).

Gravity currents can generate a bore or solitary wave in
front of the current head, which propagates along interfaces
between fluids of different densities (e.g. Crook and Miller,
1985; Rottman and Simpson, 1989; Knupp, 2006). Such
waves have been observed to propagate on the surface
nocturnal inversion layer in US storm case-studies (Koch
et al., 2008), or on the elevated stable layer remaining after
the passage of a sea-breeze flow in Australia (Smith, 1988;
Goler and Reeder, 2004). Such waves can travel faster than
the head of the current and, unlike the cold pool, they are not
directly eroded by the heat fluxes at the surface, which means
the waves can propagate much further in the horizontal than
the gravity current (Ross et al. (2004) describe the erosion
of gravity currents in this way). However, there is currently
no clear evidence of daytime solitary waves in the Sahelian
environment either from observational or model studies.

Cloud systems or MCSs generate waves that can either
enhance or suppress further convection in the region
surrounding the ‘parent’ storm (Mapes, 1993; Liu and
Moncrieff, 2004). Tropospheric gravity waves emitted
from mid-latitude MCSs and their impact on convection
triggering and organization is reasonably well documented
(e.g. Raymond, 1983; Uccellini and Koch, 1987; Stobie
et al., 1983; Marsham and Parker, 2006). Over the Tropics
deep convection is at a maximum (Pfister et al., 1993)
and the influence of the resulting gravity waves is larger
due to the reduced effect of the Coriolis force (Liu and
Moncrieff, 2004). Stensrud and Fritsch (1993, 1994) and
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Anabor et al. (2009) suggest that it is the combined effect
of internal gravity waves and cold pools that control the
upstream propagation of MCS events. Gravity waves lead to
the initial upstream development of convection, but once it
is established and cold pools begin to form, it is the cold pools
that dominate the subsequent convective development.

The majority of the previous work on secondary
initiation has been performed using idealized, cloud-
resolving simulations (e.g Lane and Reeder, 2001; Beres
et al., 2002; Song et al., 2003; Lane and Zhang, 2011). There
have been only a handful of observed cases that have been
studied in an atmospheric model (Piani et al., 2000; Lac et al.,
2002; Morcrette et al., 2006; Marsham and Parker, 2006).
None of these cases were over West Africa. Bretherton and
Smolarkiewicz (1989) show that linear tropospheric gravity
waves propagate radially from convective clouds, providing
compensating subsidence for the updrafts within the cloud
system. Mapes (1993) applied this idea to MCSs in the
tropics, where wind shear is weak for much of the time. He
showed that a prescribed heat source (such as an MCS) can
generate horizontally propagating wave-fronts, which have
vertical wavelengths that are harmonics of the depth of the
waveguide. The n = 1 wave mode has a vertical wavelength
equal to twice the depth of the waveguide; it travels fast and
induces deep subsidence. The n = 2 and n = 3 wave modes
can induce ascent in the lower troposphere, which produces
favourable conditions for new convection.

1.3. Case study background

Observations of the mesoscale convective system used
in this case study are described in detail by Taylor
et al. (2010). They describe the initiation and development
of the storm using in situ aircraft, dropsonde and satellite
observations made during the AMMA (African Monsoon
Multi-disciplinary Analysis) field campaign (Redelsperger
et al., 2006). The storm initiated in northeast Mali at
approximately 1300 UTC, 31 July 2006 and propagated
westwards, until it decayed off the west coast of Africa on
2 August.

Taylor et al. (2010) describe two important factors for the
initiation and development of the system: (i) the distribution
of wet and dry soil in the region of the initiation; and (ii)
the influence of an atmospheric wave, emitted by a mature
‘parent’ storm (marked ‘P’ on Figure 1) that was situated
∼250 km to the south. The case study (‘daughter’) storm
initiated at 16.5◦N, 1◦E over an area of dry soil (marked
‘D’ on Figure 1) that was within a wetter region created by
the passage of a MCS on the previous day (30 July 2006).
The initiation point was adjacent to a strong soil moisture
gradient, upwind of a wet patch. Taylor et al. (2010) show
that boundary-layer air over the wet patch was cooler than
over the dry soil and suggest that this induced a mesoscale
circulation similar to a sea breeze, which initiated shallow
convection.

Evidence for the atmospheric wave was found in satellite
retrievals of brightness temperature, in the form of a band
of cloud that was observed to propagate outwards from the
parent storm at a speed of ∼13 m s−1. This wave reached
the daughter storm at approximately 1300 UTC, coinciding
with the development of deep convection and high cloud
(see green lines in Figure 16). It was not clear from the
observations whether the wave took the form of a solitary
wave (bore) or a wave-front. The authors suggest that a bore

could propagate along the stable interface between the CBL
and the near-neutral Saharan air layer (SAL). Any upward
displacement of air caused by the bore could readily generate
new convection because, compared with the stratified free-
troposphere, the neutrality of the SAL means only a small
amount of energy would be needed to produce enough uplift
to bring air to its level of free convection. The temperature
of the cloud band in the satellite observations did, however,
suggest that the observed clouds were at a much higher
altitude than the CBL–SAL interface, suggesting that the
wave feature was not confined to low-levels and could have
taken the form of a wave-front instead.

Klüpfel et al. (2011b) used COSMO (Consortium for
Small-scale Modeling) simulations at 2.8 km resolution,
with explicit deep convection to study the 31 July 2006 MCS
case. The simulations suggest that the important triggering
mechanisms for the daughter storm were: (i) mesoscale
circulations resulting from soil-moisture heterogeneities
and (ii) larger scale convergence zones at the initiation
location. The parent and daughter storms were reproduced
in the simulations, but both appeared approximately 9 h
too late and 100–150 km too far south. The model
simulations showed that a cyclonic vortex to the northeast
caused westerly winds in the CBL over the initiation
location on 31 July. During early afternoon precipitating
cells formed but did not develop into a larger system
because there was no large-scale moisture supply. Later
in the day the parent storm moved in from the west,
and cooling by the evaporation of rainfall generated a
strong density current that propagated northwards. The
easterly/southeasterly winds from the cold pool intensified
the southerly monsoon flow and converged with the westerly
winds associated with the vortex to form a convergence zone
north of the parent storm. The reinforced southerly winds
also transported moist monsoon air northwards, which
reached the daughter initiation location by late evening. At
this time deep convection was initiated, which eventually
developed into the daughter MCS.

Klüpfel et al. (2011b) conclude that the most important
triggering mechanism was the low-level synoptic-scale
convergence, reinforced by the density current. They do,
however, state that the relative importance of the various
triggering mechanisms in the simulations is questionable
due to the 9 h difference in the initiation time between
the observations and model; the mesoscale circulations may
have had a greater influence if the modelled storm had
initiated during the day, as observed in reality.

The aim of this study is to use high-resolution, convection-
permitting model simulations to study the initiation
and development of the daughter storm. One of the
simulations uses realistic soil moisture patterns, derived
from observations, to assess the importance of land-surface
variability on the initiation location of the storm. The
simulations are also used to characterize the observed
atmospheric wave and to determine the importance of
waves as a trigger mechanism.

2. Model experiments and set-up

The model simulations were performed using version
7.3 (Parallel Suite 22) of the Met Office Unified Model
(MetUM). The MetUM has a semi-Lagrangian, semi-
implicit and non-hydrostatic formulation and a terrain-
following co-ordinate system (Davies et al., 2005). Many

c© 2012 Royal Meteorological Society Q. J. R. Meteorol. Soc. 139: 1712–1730 (2013)



Impact of Soil Moisture and Waves on MCS Initiation 1715

Longitude (°)

La
tit

ud
e 

(°
)

 
s−1

D

P

−25 −20 −15 −10 −5 0 5 10 15 20 25

−5

0

5

10

15

20

25

30

35

−6

−4

−2

0

2

4
x 10−5

Figure 1. Relative vorticity (shading) and wind vectors at 700 hPa at 1200 UTC, 31 July 2006 from 4 km nest in the control simulation. The thick
black lines mark the 10−5 s−1 relative vorticity contour. The domain sizes of the 4 and 12 km nests are illustrated by the two black boxes. The
locations of the daughter and parent storms at 1200 UTC, 31 July 2006 are marked by the ‘D’ and ‘P’. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

types of process are parametrized, such as the surface
(Essery et al., 2001), the boundary layer (Lock et al., 2000)
and mixed-phase cloud microphysics (Wilson and Ballard,
1999). Convection is parametrized in the global and 12 km
nest using the Gregory and Rowntree (1990) scheme and
convection is explicit in the 4 km simulations.

The global model was initialized using operational
European Centre for Medium-range Weather Forecasts
(ECMWF) analyses and is used to create lateral boundary
conditions for the 12 km resolution (38 vertical levels) nest.
The 12 km nest creates lateral boundary conditions and
initial conditions for the 4 km resolution (70 vertical levels)
nest. The thick black boxes in Figure 1 show the location
and size of the 12 and 4 km domains. Figure 2 illustrates the
various model simulations that were performed. The model
was initialized at 1200 UTC on both 30 and 31 July 2006
and at 0000 UTC on 30 July 2006 using ECMWF analyses.
The best results were obtained using the 1200 UTC, 30 July
analysis (see section 3.1 for more details) and this simulation
is therefore designated as the ‘control’. A restart dump from
the 4 km nest was obtained from the control simulation
at 0600 UTC on the 31 July 2006. A separate experiment
was then initialized with this dump, together with a more
realistic soil-moisture distribution (‘ASSIM’), and run until
2100 UTC on the 31 July 2006.

The fine horizontal resolution ASSIM soil-moisture field
was created by running an off-line simulation of the
MetUM’s land-surface scheme (Joint UK Land Environment
Simulator, JULES; Best et al., 2011), constrained by satellite
observations of land-surface temperature (LST) from the
EUMETSAT Land SAF (Satellite Applications Facility;
Trigo et al., 2008). This JULES simulation was forced
with 0.5◦ near-surface boundary conditions provided by
the AMMA Land Surface Model Intercomparison Project,
ALMIP (Boone et al., 2009), along with satellite-derived

Figure 2. Diagram illustrating the model simulations performed at
4 km horizontal resolution. The dashed line marks the initiation time
of the daughter storm. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

0.1◦ rainfall estimates from EPSAT-SG (Estimation of
Precipitation by Satellite – Second Generation; Bergès et al.,
2010). The model was constrained daily by adjusting non-
zero EPSAT-SG rainfall amounts for each 3 km pixel
to give the root-mean-squared best fit between modelled
and observed LST, yielding a fine resolution soil moisture
estimate on the domain (10–20◦N, 10◦W–10◦E) at 0.0275◦
(∼3 km) resolution. This model-derived estimate was
favoured over the use of a satellite-derived soil moisture
product (e.g. from AMSR-E, Advanced Microwave Scanning
Radiometer – Earth Observing System) for several reasons:
(i) the satellite products provide information on the
moisture content of the uppermost soil layer only, whereas
JULES computes the moisture on all four of the MetUM’s
soil levels; (ii) data from AMSR-E are available typically
once per day, so new soil-moisture features created after the
overpass time are not captured; (iii) AMSR-E soil moisture
resolves features on scales of ∼50 km, but Taylor et al. (2011)
show that the dominant influence of soil moisture on
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convective initiation occurs at finer length scales; and (iv)
the modelled surface energy budget is influenced more by
the soil moisture content relative to model parameters (the
volumetric saturation, critical and wilting points) than by
the absolute amount of water in the soil. Regarding this last
point, the gridded datasets of these soil parameters that are
available for our West African domain are constrained
by few observations compared with other regions in
the world. They exhibit unrealistic, coarse-scale spatial
discontinuities, which, when used in JULES, dominate the
spatial variability in the modelled land surface state and
fluxes over the variability produced by the fine scale variation
in land-cover type and soil moisture. For this reason,
the ASSIM soil moisture was computed by JULES using
spatially uniform values for these parameters (saturation
point = 0.4036 m3m−3, critical point = 0.2175 m3m−3 and
wilting point = 0.1152 m3m−3), and the same uniform
values were used in the subsequent MetUM simulations.
Note that the other soil parameters, such as the soil thermal
conductivity and thermal capacity, were also set to constant,
relevant values as identified during ALMIP. The ASSIM
soil-moisture field was averaged onto the 4 km MetUM
grid, smoothed at the boundaries towards the model soil
moisture values and merged with the 4 km restart dump.
Both the ASSIM soil-moisture field and the MetUM have
four soil layers with thicknesses of 0.1 (uppermost), 0.25,
0.65 and 2.0 m.

3. Results

3.1. Evolution of the simulated MCSs

An overview of the synoptic conditions at 1200 UTC,
31 July 2006 is shown in Figure 1. The African Easterly
Jet is weak at this time and lies at approximately 11◦N. The
trough axis of an African Easterly Wave lies at 4◦E, between
8 and 20◦N. The winds at 700 hPa are predominantly
northeasterly over the MCS initiation location, which is
marked by the ‘D’ in Figure 1.

Figure 3 uses 6 h accumulated precipitation from the
TRMM3B42 satellite rainfall product (TRMM, Tropical
Rainfall Measuring Mission; Huffman et al., 2007) and from
the control simulation to give an overview of the initiation
and development of the systems. The observations show that
an MCS developed on 30 July and produced a large amount
of rainfall during the evening of 30 July and early morning
of 31 July (black circles in Figure 3(a) and (b)). This system
created patches of wet soil in the region 13–18◦N, 4◦W–3◦E.
The parent storm initiated on the afternoon of 30 July
between 10–15◦N and 5–10◦E and tracked westwards until
it dissipated during the afternoon of 31 July between 2◦W
and 2◦E (light grey circles in Figure 3(a)–(d)). Even though
the details of the model rainfall distribution do not agree
well with the observations, the timing, general location and
propagation of these two systems are reproduced well by the
model (i.e. within 1◦ and 1 h, Figures 3(g)–(j)).

The daughter MCS storm initiated during the afternoon
of 31 July at 16◦N, 1◦E, developed into a MCS during
late afternoon and then propagated towards the west on
1 August (marked by the dark grey circles in Figure 3(d)–(f)).
The system reached the west coast of Africa on 2 August
and began to dissipate (not shown). Again, the model
control simulation reproduces the timing, general location
and propagation of this system with good accuracy

(Figure 3(j)–(l)), but the details of the initiation are different
to those suggested by the observations.

Hovmöller plots of hourly precipitation rates, averaged
between 11 and 18◦N, for both the TRMM3B42 and
EPSAT-SG (Bergés et al., 2010) satellite products, and the
various model simulations are shown in Figure 4. The
TRMM3B42 product illustrates the westward propagation
of the parent storm (P) between 1200 UTC on 30 July
and 1200 UTC on 31 July, followed by the initiation
and propagation of the daughter storm (D). The system
to the west (WP), which produced the patches of wet
soil between 4◦W and 3◦E is also shown in the satellite
precipitation. The EPSAT-SG data have a higher temporal
and spatial resolution than the TRMM3B42 data and they
are derived from a combination of TRMM data, GPCP-
1dd (Global Precipitation Climatology Project) data and
multiple channels from the SEVIRI (Spinning Enhanced
Visible and Infrared Imager) instrument on the MSG
(Meteosat Second Generation) satellite. The propagation
of the three systems in the EPSAT-SG product is very similar
to that in the TRMM3B42 product, giving confidence in
the use of TRMM3B42 data for the comparisons with the
model.

Figure 4(c) and (d) show rainfall rates from the control
and ASSIM simulations. As shown in Figure 3, the
control simulation successfully reproduces the initiation
and propagation of the parent and daughter storms. Rainfall
from the model simulation that was initialized with an
analysis 24 h later (1200 UTC 31 July) than that used in the
control simulation is shown in Figure 4(e). The daughter
storm is reproduced in this run but the parent storm is
absent: the rainfall develops approximately 5 h too late and
the system propagates too slowly westwards on 1 August.
Figure 4(f) shows rainfall diagnostics from the simulation
initialized at 0000 UTC on 31 July. This run is less successful
than the runs initialized at 1200 UTC; the rainfall pattern
does not resemble the signature of the daughter storm at all.

The reasons for the differences between the simulations
are illustrated using plots of 925 hPa potential temperature,
specific humidity, winds and convergence at 1200 UTC,
on 31 July (Figure 5). In the control simulation and the
simulation initialized at 1200 UTC on 31 July the daughter
storm develops in a region of synoptic-scale convergence
(marked by the black contour lines and the ‘D’ in Figures 5(a)
and 5(b) respectively). This convergence zone forms through
the confluence of the moist, southerly winds associated with
the parent storm (‘P’) and the westerly winds associated
with the cyclonic circulation around the heat low. The
leading edge of the simulated cold pool produced by ‘P’ is
more than 100 km to the southeast of the daughter storm
initiation point at 1200 UTC, on 31 July (e.g. see Figure 16
and associated discussion) and therefore cannot directly
influence this convergence zone. Klüpfel et al. (2011b)
conducted a sensitivity simulation of this case, in which
the evaporative cooling is removed from their simulation,
which suppresses the cold pool from the parent storm. They
demonstrate from this that the parent storm does indeed
modify the southerly monsoon flow and is a significant
factor in the development of this low-level convergence
zone, but this is not caused directly by the cold pool.

The synoptic circulation in the simulation initialized at
0000 UTC on 31 July (Figure 5(e) and (f)) is different to the
two simulations described above. Neither the parent storm
nor the southerly winds north of it are reproduced by the
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Figure 3. Six-hourly accumulated precipitation (mm 6 h−1) from TRMM3B42 ((a)–(f)) and the model control run ((g) and (l)) from 1800 UTC on
30 July 2006 to 0600 UTC on 1 August 2006. The black circles mark the MCS on 30 July that produced the wet soil patches, the light grey circles mark
the parent storm and the dark grey circles mark the daughter storm. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

model, and therefore the large-scale convergence zone does
not develop. Without this convergence zone the daughter
storm is not reproduced (Figure 4(f)).

3.2. Land–atmosphere interaction

In this section the influence of soil moisture on the initiation
of the daughter MCS is investigated through a comparison
between the control and ASSIM simulations. Figure 6(a)
shows soil moisture at 1300 UTC, 31 July 2006, derived from
the EPSAT-SG rainfall product and the AMSR-E brightness
temperatures (Pellarin et al., 2009). This is produced by
estimating soil moisture from a high spatial and temporal
resolution rainfall product and then the AMSR-E brightness
temperatures are used to account for uncertainties in the
rainfall. The satellite product shows mainly wet soil south of
12.5◦N, a patch of wet soil in the region 13–18◦N, 3◦W–2◦E
and drier soil around 16.5◦N, 0.5◦W and 13–15◦N, 1–4◦E.
The control run has a distinctive large-scale north–south
gradient in soil moisture that originates the ECMWF analysis

(Figure 6(e)); soil moisture decreases between 10 and
13◦N, there are very low values between 13 and 17◦N and
larger values in the northeast of the subdomain, which are
associated with a region of slightly elevated orography. The
wet patch at 14–16◦N, 5◦W–1.5◦E was created by the MCS
on the previous day and the wet patch at 11–13◦N, 3–5◦E
was created by the parent MCS. The ASSIM soil moisture
(Figure 6(i)) bears more resemblance to the observations
than that in the control run due to the large amount of
satellite data used to produce the ASSIM soil-moisture
product. The observed north–south gradient and the wet
patch centred at 13–18◦N, 3◦W–2◦E is reproduced, and
like the satellite-derived soil moisture there is a dry patch
centred at 14.5◦N, 2◦E and a small dry patch surrounded by
wet soil at 16.5◦N, 0.5◦W.

Figure 6(b)–(d) shows MSG brightness temperatures,
where white shading depicts cold, high cloud. At 1300 UTC,
31 July 2006 the parent storm is clearly visible in the satellite
imagery (marked with a ‘P’); it then tracked westwards
during the afternoon, reaching 3◦W by 1800 UTC. The
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Figure 4. Hovmöller plots of precipitation rate (averaged between 11 and 18◦N) for (a) TRMM3B42, (b) EPSAT observations and (c)–(f) various
MetUM runs. The diagonal lines mark the track of the parent (P) and daughter (D) storms in the observations, the storm that produced the wet patches
on 30 July is marked by ‘WP’ in the observations and the dots mark the commencement of deep convection in the observations. This figure is available
in colour online at wileyonlinelibrary.com/journal/qj

location of the daughter storm is illustrated on Figure 6(c)
and (d) (marked with a ‘D’); it initiated over relatively dry
soil, with a wet patch of soil immediately to the southeast
and an additional wet patch approximately 80 km to the
northwest (shown in more detail in Figure 3; Taylor et al.,
2010). By late afternoon (Figure 6(d)) the daughter storm
had increased in size and most of the subsequent convection
in the system occurred over wet soil (Taylor et al., 2010).

The position and propagation of the parent storm is
similar in the control and ASSIM runs. Between 1300 and
1500 UTC the simulated parent storm is 120–150 km to
the east of the observed parent storm and dissipates too
early in the afternoon. The daughter storm in both of the
model simulations initiates at 1300 UTC over dry soil at
15◦N, 1–3◦E, approximately 170 km to the southeast of the
observed storm. The subsequent evolution of the storm in
the model simulations differs to that in the observations. The
satellite imagery suggests that the daughter storm initiates at
a single point and then develops. In the model simulations
the daughter storm grows in size by the accumulation
of many individual convective cells, which develop later
than the main daughter storm (Figure 6(h) and (l)). These
additional cells form on the dry soil but mainly close to the
boundaries of the substantial wet patch. The exact location

of these cells differs in the control and ASSIM simulations
because the wet patches differ in their position.

The initiation times and locations of the new convective
cells in relation to the soil-moisture heterogeneity is shown
in more detail in Figure 7. The times were diagnosed
subjectively using hourly plots of model rainfall rate. When
the rainfall rate associated with a particular cell became
continuous over two intervals of 1 h, and prevailed over a
region with a radius greater than ∼20 km, an initialization
time and location was noted on the plot. The preference for
initiation over soil-moisture gradients is similar in the two
runs, but slightly less widespread in the ASSIM run, which
is more consistent with the observations.

In Figure 7 the initiation point of the main daughter
storm is marked by ‘14’ at 14.8◦N, 2◦E in both the control
and ASSIM simulations. The location of the parent storm at
1200 UTC is shown on the plots by the thick white contour at
12–14◦N, 1–3◦E. The daughter storm initiates over a region
of dry soil, which is in the same location as the significant
boundary-layer convergence cause by the confluence of the
moist southerly monsoon winds with the westerly winds to
the south of the Saharan heat low.

The differences in boundary-layer structure over the
wet and dry soil are illustrated by a tephigram of model
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Figure 5. (a), (c) and (e) 925 hPa potential temperature (shading), a contour of 925 hPa convergence (black lines) and 925 hPa wind vectors for the
model simulations initialized at 1200 UTC on 30 July (control), 1200 UTC on 31 July and 0000 UTC on 31 July respectively. The contour of convergence
in (a) and (e) is at 3 × 10−5 s−1 and in (c) is at 1 × 10−5 s−1. 925 hPa specific humidity (shading) and 925 hPa wind vectors are shown in (b), (d) and
(f). All model diagnostics are at 1200 UTC, 31 July 2006. The black diagonal line shows the transect used in other plots. This figure is available in colour
online at wileyonlinelibrary.com/journal/qj

diagnostics at 1100 UTC, 31 July (Figure 8). Over the dry
soil (at 15◦N, 1.7◦E, solid lines) the boundary layer is deeper
(extends to 850 hPa, compared with 925 hPa) and ∼6◦C
warmer than over the wet soil (16◦N, 1◦E, dashed lines).
Contrary to what would be expected, the lower atmosphere
(925 to 650 hPa) is more humid over the dry soil than over
the wet soil. This increase in low-level humidity is caused
by the monsoon flow, which transports moist air from the
south. The monsoon flow does not reach the location of the
wet soil (16◦N, 1◦E in Figure 8) and thus the humidity at that
location is lower. The higher temperatures (and to a much
lesser extent the humidities) over the dry soil cause the CAPE
to be approximately double that of the wet soil (1074 J kg−1,
compared with 529 J kg−1). CIN is also much lower over
the dry soil (16 J kg−1, compared with 163 J kg−1). The low
CIN, high CAPE combination of the monsoon air over the
dry soil provides suitable conditions for the development of
deep convection. It was this thermodynamic profile and the
uplift provided by the convergence zone that initiated the
convection that later developed into the daughter storm.

Other convective cells initiate later (mainly at 1700 and
1800 UTC, Figure 7), over dry soil, with many developing
adjacent to strong gradients in soil moisture. These cells
occur due to boundary-layer convergence that develops as
a result of the mesoscale circulations, which are caused by
the difference in boundary-layer temperatures over the wet
and dry soil. These cells initiate later than the daughter
storm because they are largely outside the synoptic-scale
convergence zone and therefore, the mesoscale circulations
require time to develop.

Figure 9 illustrates the change in a number of model
diagnostics along a southeast to northwest transect (shown
by the straight lines in Figures 5–7) at 1100 UTC. This
transect was designed to incorporate both the parent and
daughter storm locations, as well as the wet patch at 16◦N.
The location of the parent storm in both the control and
ASSIM simulations is between 11 and 13◦N, which is shown
by the model medium cloud fraction in Figure 9(a). This
storm is precipitating and thus there is wet soil beneath it
(Figure 9(b)). The region of wet soil produced by the MCS
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Figure 6. The top panels show soil moisture in the uppermost layer at 1300 UTC, 31 July for (a) the satellite observations, (e) the control simulation and
(i) the ASSIM simulation. Note the difference in units between the observed and simulated soil moisture. Panels (b)–(d) show observed soil moisture
(contour at 5%) and MSG brightness temperatures. Panels (f)–(h) and (j) – (l) show model soil moisture (contour at 10 kg m−2) and medium cloud
fraction (shading). The diagonal line shows the transect used in the other plots. The ‘P’ and ‘D’ labels mark the locations of the parent and daughter
storms respectively. This figure is available in colour online at wileyonlinelibrary.com/journal/qj

on the previous day is at 16◦N. The soil moisture gradients
are greater in the control run; the wet patch spans only
∼100 km, compared with more than 300 km in the ASSIM
experiment. Moisture at the surface has a strong influence
on the surface turbulent heat fluxes (Figure 9(c)). In the
control run the sensible heat flux (H) is low over the wet soil
patch at 16◦N and higher over the drier soil to the north.
The latent heat flux shows the opposite trend; it is higher
over the wet patch at 16◦N and lower over the drier soil.
The fluxes in the ASSIM simulation are more similar across
the soil-moisture gradients; both the sensible and latent heat
fluxes vary by less than 150 W m−2 over the wet and dry soil.

The differences in soil moisture and surface turbulent
heat fluxes induce variations in surface and near-surface
temperature. In both simulations the temperatures are
higher over the dry soil (Figure 9(d)), although there is

a southeast-to-northwest gradient in temperature between
13.5 and 15.5◦N. The variations in specific humidity are less
distinct; the soil moisture patches appear to have less of a
control on the humidity and the main trend is a southeast-
to-northwest decrease, which is due to moisture advection
from the south. (Figure 9(e)).

3.3. The cold pool outflow generated by the parent storm

The parent storm generated a cold pool outflow in the
model, as observed by Taylor et al. (2010). The cold pool
can be identified in several of the model diagnostics in
Figure 9. The head of the cold pool is associated with a peak
in 10 m wind speed, decrease in surface temperature and
medium level cloud centred at 13.5◦N (Figures 9(f), 9(d) and
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9(a) respectively) and with a reduction in specific humidity
and an increase in surface fluxes behind this (approximately
0.25◦ to the south). These perturbations are similar to those
observed by Taylor et al. (2010, figure 6) and those observed
in other tropical oceanic cold pools (e.g. Tompkins, 2001,
fig. 18). The passage of the current head decreases the CAPE
and increases the CIN of the near-surface air (Figure 9(g)

and (h)), which is largely caused by the changes in near-
surface temperature and humidity that are induced by the
cold pool.

Figure 10 shows Hovmöller plots of virtual potential
temperature, θv, and specific humidity, q, at 20 m above
ground level, along the southeast to northwest diagonal
transect marked in Figures 5–7. The thick white contour
shows 100% medium cloud fraction, thus illustrating the
location of the parent storm. In the region of dry soil
(13–15.5◦N) θv generally increases through the morning
due to increased solar heating. The cold pool decreases
the temperature of the near-surface air, it has a lifetime
of ∼3 h and travels approximately 60 km at a speed of
6.9 ± 0.5 m s−1 towards the northwest (white dashed line).
By 1300 UTC the large turbulent heat fluxes at the surface
have greatly reduced its strength and north of 14.25◦N any
buoyancy decrease from the cold pool is undetectable. It is
possible that the cold pool does not progress far past the
edge of the wet soil at 13.5◦N because the large sensible heat
flux over the dry soil leads to a rapid mixing away of the
density gradient.

The specific humidity Hovmöller plot (Figure 10(b))
shows that at 0600 UTC the boundary-layer air over the dry
soil (13.5–15◦N) is more humid than over the wetter soil to
the north. This is due to the strong southerly monsoon flow
shown in Figure 5(a). The high humidity persists through to
the afternoon, except for the southeastern edge, where the
humid air is replaced by drier air in the cold pool.

3.4. The role of waves generated by the parent storm in
triggering convection

The influence of the atmospheric waves emitted by the parent
storm was found to be very similar in the control and ASSIM
simulations. For this reason the remainder of the section uses
diagnostics from only the control run to investigate the role
of waves in the triggering of the daughter storm. Figure 11
shows plots of vertical velocity in the initiation region of
the daughter storm at 0900 and 1100 UTC, 31 July 2006.
The location of the parent storm (‘P’) is indicated by the
region of significant up- and downdrafts south of 13◦N. The
daughter storm initiation location is to the north of this
and is marked on the plot by the black ‘X’. Two significant
waves are emitted from the parent storm in the early hours
of the morning. The first wave (W1, indicated by the line
of positive vertical velocity and the black dashed line) is
emitted at approximately 0600 UTC and propagates away
from the parent storm, towards the northwest. By 0900 UTC
it is approximately 100 km away from the daughter storm
initiation location (Figure 11(a)). The second wave (W2) is
emitted from the parent storm at approximately 0900 UTC
and also propagates towards the northwest. By 1100 UTC,
W1 has reached the daughter storm initiation location and
W2 is approximately 100 km to the southeast (Figure 11(b)).

The structure, propagation and effect of the waves are
illustrated using plots of θv, vertical velocity and medium
cloud fraction along the diagonal transect (Figures 12
and 13). At 0800 UTC, 31 July 2006 the parent storm is
between 12 and 13.5◦N, which is shown by the high levels
of medium cloud in Figure 12(a) and the region of intense
up- and downdrafts in Figure 12(b). The wet soil associated
with the parent storm is illustrated by the dashed line in
Figure 12(a) and the wet patch to the northwest is also
shown between 15.7 and 16.4◦N.
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Away from the parent storm the boundary layer is
0.8 to 1 km deep at 0800 UTC (Figure 12(b)). The
peak in boundary-layer temperatures at the daughter
storm initiation location (∼14.9◦N) and the minimum
in boundary-layer temperatures over the wet soil patch
(∼16◦N) are already evident. The first wave, W1, is emitted
from the parent storm at approximately 0600 UTC and
propagates towards the northwest (left to right in the transect
plots) between 0800 and 1000 UTC (Figures 12(b)–12(d)).
The first wave, W1, extends from the top of the CBL up
to at least 8 km and is most prominent in the parts of the
atmosphere with higher stability, that is, 1–3 km and above
5.5 km, on either side of the near-neutrally stratified SAL. As
it propagates towards the northwest W1 does not produce
cloud (solid lines, Figure 12(a)).

By 1100 UTC a cooler, shallower boundary layer is evident
over the wet patch between 15.5 and 16.5◦N and the shallow

convection associated with the daughter storm is readily
seen at 14.9◦N (Figure 13(b)). The extent of the cold
pool associated with the parent storm is also shown in
Figures 12(d) and 13(b)–(d). It does not propagate further
north of 13.9◦N. The first wave, W1, reaches the region
of shallow convection at approximately 1100 UTC (14.8◦N,
Figure 13(b)). Cloud begins to form over this region between
1100 and 1200 UTC (black and red solid lines respectively,
Figure 13(a)) but deep convection does not initiate at this
time. The second wave, W2, is emitted from the parent storm
at approximately 0900 UTC and is visible in Figure 13(b)
at 14◦N. This second wave also propagates towards the
northwest and reaches the region of shallow convection
at 14.8◦N at 1300 UTC. At this point deep convection is
initiated and a large amount of cloud begins to form.

The structure of W1 and W2 is reasonably similar.
Both waves cause upward displacement of air in the lower

c© 2012 Royal Meteorological Society Q. J. R. Meteorol. Soc. 139: 1712–1730 (2013)



Impact of Soil Moisture and Waves on MCS Initiation 1723

C

T
im

e 
on

 3
1s

t (
U

T
C

)

(a) θv 20 m
 

θv (K)

298

300

302

304

306

308

310

312

314

C

T
im

e 
on

 3
1s

t (
U

T
C

)

(b) q 20 m

Latitude (°)

 
q (g kg−1)

11 12 13 14 15 16 17

06

08

10

12

14

16

18

06

08

10

12

14

16

18

9

10

11

12

13

14

15

16

17

18
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atmosphere (below 4 km for W1 and below 5.5 km for W2)
and downward displacement of air in the upper troposphere.
This has the potential to lift air parcels above their level of
free convection and initiate deep convection.

Hovmöller plots of θv and medium cloud fraction, along
the diagonal transect marked in Figures 5–7, at 2 and
6 km above mean sea level can be used to illustrate the
propagation of the waves and their effect on the initiation
of deep convection (Figure 14). The dashed white lines
(labelled W1 and W2) indicate the propagation of the two
waves, diagnosed from the Hovmöller plots themselves and
an animation of cross-section plots at 5 min intervals, similar
to those in Figures 12 and 13. The parent storm is illustrated
by the solid white contours between 11 and 13◦N and the
initiation of the daughter storm is shown by the white
contours and black crosses at 14.9◦N. The first wave travels
at 15.7 ± 0.5 m s−1 (compared with Taylor et al. (2010)’s
observed speed of ∼13 m s−1) and reaches the region of
shallow convection at 1100 UTC. The propagation of W1
causes upward displacement of air in the lower atmosphere
(< 4 km); this is illustrated by the θv cross-sections in
Figure 12 and by the lower values of θv behind the wave in
Figure 14(a).

Figure 15(a) shows a Hovmöller plot of CIN along the
diagonal transect. Northwest of the parent storm (> 13◦N)
CIN is reduced during the morning due to increased mixing
caused by diurnal heating. The first wave also decreases

Figure 11. 700 hPa vertical velocity at (a) 0900 UTC and (b) 1100 UTC,
31 July 2006. The single black contour is at 0.1 m s−1. The black dashed
lines indicate the leading edge of the two waves (W1 and W2). The ‘P’
indicates the location of the parent storm, the black cross the daughter
storm initiation point and the black line the diagonal transect.

CIN, although the changes are only significant between 13
and 14.5◦N. By the time W1 reaches the daughter storm
initiation point (14.8◦N) CIN is already very close to zero.
Very low CIN is, however, not the only prerequisite for the
initiation of deep convection; a source of uplift is required.
The first wave does provide uplift but it does not provide
enough to initiate deep convection. It does, however, bring
air to its lifting condensation level (LCL) and cloud begins
to form (Figure 13(a), red line). The influence of W1 on the
LCL is illustrated in Figure 15(b), which shows the actual
pressure, p, at 3000 m above MSL, minus the pressure at
which the air at 3000 m would have to be lifted to in order
to reach its LCL, pLCL, that is, when p − pLCL is large the
air at 3000 m is much lower (in altitude) than its LCL. As
p − pLCL decreases, the air at 3000 m becomes closer to its
LCL, until p − pLCL = 0, at which point water in the air is
able to condense and form clouds. This plot shows that W1
brings air at 3000 m to its LCL, that is, provides enough
uplift to allow shallow convection to commence.

The second wave propagates northwestwards at the
faster speed of 19.3 ± 0.5 m s−1. Like W1, this wave also
causes upward displacement of air in the lower atmosphere
(Figure 14(a)). It reaches the region of shallow convection at
1300 UTC, coinciding exactly with the development of deep
convection (shown by the black crosses on Figure 14 and
the development of a significant amount of medium cloud
at 14.9 ◦N). Compared with the first wave, the second wave
arrives at a time when the mixing in the boundary layer is
deeper and where shallow, moist convection already exists.
Therefore, W2 is able to provide enough uplift to trigger
deep convection.

An additional instance of wave-generated secondary
initiation at 16.3◦N at 1600 UTC is illustrated in Figure 14(b).
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A wave is emitted from the daughter storm between 1400
and 1500 UTC and propagates towards the region of shallow
convection at 16.5◦N (W3), which is over dry soil on the
far side of the wet patch (shown in Figure 13). When W3
reaches the shallow convection at 1600 UTC, the appearance
of cloud in Figure 14(b) shows that deep convection is
triggered. This wave is not evident in the θv field at 2 km
because the waves only propagate in stratified regions of the
atmosphere and by mid-afternoon the CBL extends to above
2 km.

3.5. The character of the convectively generated waves

The schematic in Figure 16 summarizes the propagation
of the observed and simulated waves and cold pools. Deep
convection in the observed daughter storm initiated in the
region around 16.5◦N, 1◦E at 1300 UTC. Taylor et al. (2010)
suggest that this coincided with the arrival of a gravity wave
that was emitted from the parent storm to the southeast

(Figure 16, green lines). The only evidence for this wave
was a band of high, cold cloud that was observed in the
satellite imagery, which propagated northwestwards from
the parent storm. There was also a cold pool associated with
the observed parent storm, which also propagated towards
the northwest, but at a slower rate compared with the wave
(light grey dashed lines).

In the model simulation, deep convection associated with
the daughter storm developed at 1300 UTC in the region
14.5◦N, 2◦E. Like the observations, this coincided with
the arrival of a gravity wave (W2) from the simulated
parent storm (Figure 16, blue lines). A cold pool was
also simulated by the model, which like the observations,
propagated towards the northwest but did not directly affect
the initiation of deep convection in the daughter storm (dark
grey dashed lines).

There are two main differences between the observed
wave features and those simulated by the model. First, the
earlier wave in the model (W1, red lines) is not evident
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Figure 13. Same as Figure 12 but for 1100, 1200 and 1300 UTC. The black, red and blue lines in (a) represent the medium cloud fraction at 1100, 1200
and 1300 UTC respectively.

in the observations. Either it did not occur in reality, or it
did not produce sufficient cloud to be visible in the satellite
imagery. Second, the location of the daughter storm and
associated waves all occur approximately 100 km to the
southeast of where they occurred in reality. The parent MCS
in the model simulation was also approximately 100 km
further south than the observed parent MCS at the time the
waves were emitted (not shown). Although the location of
the entire model parent–daughter system was displaced by
some distance compared with the observations, the speed
of the model waves, the distance between the parent and
daughter storm and the arrival time of W2 at the daughter
storm initiation location was in very good agreement with
the observations.

Taylor et al. (2010) speculate about the type of wave
that propagated outwards from the parent storm. The wave
could have been either: (i) a nonlinear ‘bore’ or solitary type
wave, that was caused by the cold pool and propagated along

the CBL and SAL interface; or (ii) a wave-front that was
not confined to the lower atmosphere. The θv and vertical
velocity sections (Figures 12 and 13) and the Hovmöller
plot in Figure 14(b) show that neither of the model waves
were confined to low levels. They both produced upward
displacement of air in the lower atmosphere (< 5 km)
and downward displacement of air in the free troposphere
(> 5.5 km). The waves in the model appear to take the
form of a wave-front, rather than a bore that resides on
the CBL–SAL interface. The model wave does not produce
any cloud as it propagates northwestwards until it reaches
the region of shallow convection associated with the parent
storm. It is possible that either: (i) the model reproduces
the wave structure as it occurred in reality but it does not
produce the associated cloud; or (b) the wave structure in
the model does not represent the exact observed structure.

The W1 and W2 waves in the simulation performed for
this study travel at similar speeds and appear to take the
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(b) 6 km above mean sea level. The white contour shows 100% medium
cloud fraction. The white dashed lines indicate the waves (W0–W3).
The time of the initiation of deep convection in the daughter storm is
marked by the black cross. This figure is available in colour online at
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form of an n = 2 mode wave. Like the n = 2 mode in Lac
et al. (2002), but opposite to the n = 2 waves in Lane and
Reeder (2001) and Marsham and Parker (2006), W1 and
W2 cause upward displacement in the lower atmosphere
and downward displacement in the upper atmosphere. The
vertical wavelength (λz) of a wave can be estimated using
the equation:

λz = nπc

N
(1)

where n is the wave mode, c is the phase speed and N is the
Brünt–Väisälä frequency. Assuming n = 2, c = 17.5 m s−1

(mean of the W1 and W2 speeds) and a mean value of N over
the troposphere of ∼0.01 s−1, gives a vertical wavelength of
∼11 km, which is approximately equal to the depth of the
troposphere in this case.

A third wave is indicated on the θv Hovmöller plot at
6 km in Figure 14(b) (W0). It is emitted from the parent
storm at approximately the same time as W1, but it travels
faster (33.5 ± 0.5 m s−1, compared with 15.7 ± 0.5 m s−1

for W1 and 19.3 ± 0.5 m s−1 for W2). The maximum
displacement occurs aloft and is therefore visible only in the
6 km Hovmöller plot. This wave may be the n = 1 mode
because it is approximately twice as fast (33.5 m s−1) as the
W1 and W2 waves.
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white contour shows 100% medium cloud fraction. The dashed white line
indicates the propagation of the cold pool (C) and the white lines indicate
the two waves (W1 and W2). The time of the initiation of deep convection
in the daughter storm is marked by the black cross.

4. The relative importance of the different triggering
mechanisms

The model control simulation shows that the land surface
and gravity waves are influential in the development of new
convection. One of the additional simulations described in
section 3.1, which was initialized at 1200 UTC 31 July (24 h
later than the control), is a good test of the importance of
these trigger mechanisms because it does not reproduce the
soil-moisture heterogeneity or the gravity waves associated
with the parent storm.

Figure 17(a) shows the model soil-moisture diagnostic
at 1300 UTC, 1 h after the initialization. The large-scale
north–south soil moisture gradient is similar to that in
the control, but the wet patch that was created by the
MCS on 30 July is missing (compare with Figure 6(e)).
Figures 17(b)–17(d) show the development of the parent
and daughter storms in this simulation. The parent storm
is in the south of the domain and the daughter storm
develops over the dry soil, in a location approximately
150 km to the northwest of the daughter storm in the
control and in a position that is closer to that observed
(compare Figure 17(c) with Figures 6(c) and (g)). The
location is more accurate because the analysis gives a better
representation of the synoptic-scale convergence zone. A
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Figure 16. Schematic of the gravity waves and cold pools associated with
this case study. The observed gravity wave is shown by the solid green
lines and the observed cold pool by the light grey dashed lines. The first
and second model gravity waves are shown by the solid red and blue lines
respectively and the dark grey dashed lines show the model cold pool.

sensitivity test was performed on the control, where the soil
moisture was smoothed to its mean value over the region
where the daughter storm initiated (not shown). In this
case the daughter storm did not develop because the surface
was not hot enough to produce deep mixing. It seems that
the soil moisture patterns determine the exact structure of
the developing storm but as long as there is some dry soil
present, the synoptic-scale dynamics are a more important
trigger mechanism.

The daughter storm in Figure 17 develops approximately
5 h later in the day than in the control run and the
observations. Although the parent storm is present in
the simulation, no significant gravity waves are emitted
from it (not shown). Time is required for convective-scale
circulations to ‘spin-up’ in the 4 km simulations, but this
5 h delay in the formation of deep convection highlights
the important role of the convectively generated waves that
triggered the storm in the control run. The analysis in section
3.4 shows that the arrival of a gravity wave coincides exactly
with the initiation of deep convection. These waves may not
be the determining factor in whether a storm is initiated or
not, but they do influence the timing of the initiation of deep
convection and therefore the timing of the development of
a storm into a MCS.

These findings are in agreement with Guichard
et al. (2010), who show that the initial and boundary con-
ditions significantly control the locations of rainfall over
West Africa, and that explicit moist convection improves
the precipitation distribution, MCS trajectory and propaga-
tion speed but cannot correct for weaknesses in the analysis.
Klüpfel et al. (2011b) also suggest that the boundary-layer
convergence zone was the most important triggering mech-
anism for this case. It seems that as long as there is some
dry soil present, the synoptic-scale dynamics is the most
important trigger mechanism, with the gravity wave from
the parent storm and the soil moisture patterns being of
secondary influence. If the model captures the large-scale
environment accurately, the soil-moisture heterogeneity
determines the exact location of the initiation of the storm
and the gravity waves determine the timing of the develop-
ment of deep convection.

Figure 17. (a) Soil moisture at 1300 UTC, (b)–(d) medium cloud fraction
at 18, 20 and 2200 UTC and a contour of soil moisture at 10 kg m−2 for the
model run initialized at 1200 UTC, 31 July 2006. The diagonal line marks
the transect used in the analysis of the control; ‘Dc’ marks the location
of the initiation of the daughter storm in the control; ‘D’ and ‘P’ mark
the locations of the daughter and parent storms in this run. This figure is
available in colour online at wileyonlinelibrary.com/journal/qj
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5. Summary

This study shows that the MetUM, run with explicit
convection at 4 km horizontal resolution, is able to
reproduce the key aspects of a mesoscale convective system
(MCS) observed in the Sahel during summer (Taylor et al.,
2010). The 4 km model simulations were very sensitive to the
analyses used in the initialization; two of the runs produced
the case study well and one was unsuccessful. This appears
to be due to differences in the way the analyses represent
convergence zones caused by the confluence of cyclonic
circulations around the Saharan heat low with the moist,
southerly monsoon flow.

Similar to the observations, a MCS develops in the control
simulation on 30 July and creates the wet soil patches in the
case-study storm initiation region, before dissipating during
the early hours of 31 July. A second MCS (the ‘parent’
storm) also develops on 30 July, although this persists
through the night until the afternoon of 31 July. In the
model the main ‘daughter’ storm develops at ∼1300 UTC
on 31 July, over dry soil, in a synoptic-scale convergence
zone, enhanced by the circulation created by the parent MCS.
Although this initiation appears less related to soil-moisture
boundaries than in the observations of Taylor et al. (2010),
other convective cells develop later in the afternoon (1700
and 1800 UTC) on dry soil, but adjacent to strong soil-
moisture gradients: the locations of these cells are consistent
with boundary-layer convergence associated with mesoscale
circulations caused by soil-moisture variations. During the
evening the daughter storm and the other convective cells
merge to form the case study MCS, whereas the observations
show that the case study MCS initiated at one point and
then grew in size.

Taylor et al. (2010) suggest that a gravity wave that
is emitted from the parent storm played a part in the
development of deep convection in the daughter. In the
model simulations two pronounced waves are emitted
from the parent storm between 0600 and 0900 UTC on
31 July. The first wave is emitted from the parent storm
at approximately 0600 UTC, it propagates towards the
northwest and reaches the region of shallow convection
associated with the daughter storm at 1100 UTC. This
wave generates shallow cloud at the initiation location of
the daughter storm but does not initiate deep convection.
The second wave is emitted from the parent storm at
approximately 0900 UTC and reaches the daughter storm at
1300 UTC. Boundary-layer mixing is more intense by this
time and the arrival of the wave coincides exactly with the
development of deep convection in the daughter storm.

Both these waves appear to be wave-fronts that propagate
throughout the depth of the free troposphere, rather than
a bore-like wave which Taylor et al. (2010) suggest may
have propagated along the stable interface between the
convective boundary layer and near-neutral SAL aloft. The
model waves cause upward displacement of air in the lower
half of the troposphere and downward displacement of air
in the upper troposphere. This suggests that the waves are of
n = 2 mode, with a vertical wavelength equal to the depth of
the troposphere. This interpretation is supported by weaker
evidence of a deep n = 1 mode in the model, which travels
approximately twice as fast as the n = 2 waves that trigger
the convection.

This study suggests that there are three aspects that need
to be represented accurately in a model in order to be able to

predict this kind of system. First, the large-scale circulation
and thermodynamic profile must be representative, which
requires a good quality atmospheric analysis to initialize
the forecast. Second, if the location of the initiation of the
system is to be forecast accurately, the spatial variability
of land surface properties (notably soil moisture) must
be accurate. Finally, in order to reproduce the timing of
secondary initiation correctly the model must be able to
capture gravity waves that are emitted by existing systems.
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