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Abstract

A mesoscale convective system (MCS) case studyolvaerved over northeast Mali as part
of the African Monsoon Multidisciplinary Analysi&fIMA) on 31 July 2006. Observations
of this case suggest that the soil-moisture heereiy and atmospheric gravity waves
emitted from a ‘parent’ MCS were important triggeechanisms for this system. This study
uses high resolution Met Office Unified Model (Mé&fly simulations to assess the
importance of the synoptic circulation, land-suefaand gravity waves in the initiation and
development of the MCS. During the early afternsballow convection developed over a
region of dry soil within a synoptic-scale converge zone, which was caused by the
confluence of the southerly monsoon flow with wiredsociated with the circulation around
the Saharan heat low. Two pronounced waves wertteghffom a nearby ‘parent’ storm and
propagated towards the convergence zone. Wheredosnd wave reached the location of the
shallow convection, deep convection was immediateiffated. Further convective cells
developed later in the afternoon over dry soil, ynadjacent to strong soil moisture
gradients; these aggregated with the main stornichMiater developed into the case study
MCS. A comparison of model simulations with/withdbe soil moisture heterogeneity and
gravity waves shows that the synoptic-scale citautaand convergence zones, specified by
the atmospheric analysis was the most importarbfdor the successful simulation of the
MCS. If the detailed location of the initiation tife system is to be forecast accurately, the
land-surface, i.e. the soil moisture, must be adedy represented. In order to reproduce the
timing of the secondary initiation of convection@xtly 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 fica

The Sahel region of West Africa receives 80-90%tofannual rainfall through convective
clouds, mainly in the form of mesoscale convectiystems (MCS'’s) (Laurent et al., 1998;
Mathon et al., 2002). The Sahel has suffered sefitbaughts during recent decades (Janicot
et al., 2008) and therefore, it is important treahfall variability can be predicted on various
timescales. There are currently problems with edinfrediction over West Africa both at
numerical weather prediction (Meynadier et al., @0AgustiPanareda et al., 2010c) and at
climate scales (Hourdin et al., 2010). MCS’s ar@aaticular problem in global models
because accurate representation of their trajestopropagation speed and precipitation

distribution requires the explicit treatment of statonvection.

Taylor et al. (1997) and Koster et al. (2004) shbwat in semi-arid regions such as West
Africa, soil moisture has a strong influence oncppiation. Moist convection requires both a
humidity and heat source. Compared to dry soil,libendary layer is cooler and moister
over wet patches (Kohler et al., 2010). In a omeetisional framework, fluxes of equivalent
potential temperature are almost independent of éBowatio (as discussed by Garcia-
Carreras, 2011) and it is therefore uncleapriori, whether new convection will form over
hot, dry or wet, cool surfaces. Observations hdmve that new convective cells generally
initiate preferentially over surfaces with locaighanced sensible heat fluxes, i.e. over warm,
dry soil (Carleton et al., 2001; Negri et al., 2004ylor and Ellis, 2006; Wang et al., 2009);
in the case of soil moisture, this implies a negatioil moisture-precipitation feedback. One
reason for this is that although over wet soils tbeer sensible heat fluxes reduce
entrainment of low equivalent potential temperatirewhich increases convective available

potential energy (CAPE), the shallower convectiegirimary layer (CBL) with a strong lid
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tends to lead to higher convective inhibition (CINler et al., 2011; Garcia-Carreras et al.,
2011). Soil moisture heterogeneity can cause hotdto gradients in near-surface
temperature, which can generate mesoscale cirontatinalogous to a land-sea breeze (Segal
and Arritt, 1992). These circulations can causestnoe convergence and a minimum in the
entrainment-dilution of CBL air (Taylor et al., Z0D0Adler et al., 2011; Garcia-Carreras et al.
2011), favouring deep convection during the aftem¢{Emori, 1998). For these reasons, the
optimum location for convection initiation appe&wsbe on dry soil that is adjacent to strong

gradients in soil moisture (Taylor et al., 2011).

Whilst the soil moisture-precipitation feedback ears to be negative in the early stages of
convection, when the system is in its mature stagdeedback can be positive (Gantner and
Kalthoff, 2010). Taylor and Lebel (1998) use a denstwork of rain gauges to show that
there was a strong preference for increased raefatations where it had rained in the last
2-3 days. Similarly, Wolters et al. (2010) showngsia mesoscale weather model that
precipitation intensity is greater over wet soibr®@ective systems become more intense over
wet soil due to the increased availability of maistand CAPE at the surface (Taylor and

Clark, 2001; Gantner and Kalthoff, 2010).

Representation of the soil moisture-precipitatieadback in models is uncertain (Gaertner et
al, 2010) because soil moisture is not well represk (AgustiPanareda et al., 2010a;
AgustiPanareda et al., 2010b) and there are large biasthe water budget (Meyandier,
2010). Soil moisture is also not the only preeaipdn trigger mechanism. Klupfel et al.
(2011a) used high-resolution simulations to asffessmpact of a number of soil moisture
fields on precipitation in the Sahel and Sudanawesgi They concluded that although there
were major variations in the precipitation producedthe simulations, the timing of

convection initiation was mainly influenced by thnospheric forcing. A similar result was
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1

2

3 found by Guichard et al. (2010), who found that ttenditions used to initialise both
4

2 mesoscale and global models had a significant abatr the location of rainfall at synoptic
7

8 scales.

9

10 s

11 1.2 Secondary initiation of storms

12

13 . . L .

14 There are three possible mechanisms for the seppmuéation of convection over West
15

16 Africa: 1) dynamical lifting by cold pools, 2) wawven the form of a bore or solitary wave,
17

18 which are induced by the cold pool, and 3) waves #éne generated by the updrafts within a
19

3(1) convective system and propagate horizontally inaaveguide Storm outflows, caused by
5:23 evaporatively cooled downdrafts, are analogousr&vity currents (Charba, 1974; Mueller
24

25 and Carbone, 1987). Cold air slumps downwardsédcsthrface in the storm and then spreads
26

27 out radially. The gust front (leading edge of tledgoool) is marked by a region of low-level
28

gg convergence and ascent (Charba, 1974; Goff, 19T@)se fronts can trigger deep convection
g; by dynamically forcing the top of the boundary laye ascend (Emanuel, 1994; Xue et al.,
33

34 1997; Lin et al., 1998; Lothon et al., 2011) or twe collision of two mature cold pools
35

36 (Droegemeier and Wilhelmson, 1985a, 1985b; Tompkiae1).

37

38

39 Gravity currents can generate a bore or solitaryena front of the current head, which
40

41 propagates along interfaces between fluids of diffedensities (e.g. Crook and Miller, 1985;
42

jj Rottman and Simpson, 1989; Knupp, 2006). Such whaee been observed to propagate on
jg the surface nocturnal inversion layer in US stoameestudies (Koch et al., 2008), or on the
47

48 elevated stable layer remaining after the passagesea-breeze flow in Australia (Smith,
49

50 1988; Goler and Reeder, 2004). Such waves carnl fi@ster than the head of the current and
51

gg unlike the cold pool, they are not directly erodsdthe heat fluxes at the surface, which
gg means the waves can propagate much further inghedntal than the gravity current (Ross
56

57 et al. (2004) describe the erosion of gravity ausen this way). However, there is currently
58

59
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no clear evidence of daytime solitary waves in S&helian environment either from

observational or model studies.

Cloud systems or MCS’'s generate waves that carere#imhance or suppress further
convection in the region surrounding the ‘paremdrs (Mapes, 1993; Liu and Moncrieff,

2004). Tropospheric gravity waves emitted from taititude MCS’s and their impact on

convection triggering and organisation is reasonamll documented (e.g. Raymond, 1983;
Uccellini and Koch, 1987; Stobie et al., 1983; M and Parker, 2006). Over the tropics
deep convection is at a maximum (Pfister et al93)%nd the influence of the resulting
gravity waves is larger due to the reduced effédhe Coriolis force (Liu and Moncrieff,

2004). Stensrud and Fritsch (1993, 1994) and Anabaal. (2009) suggest that it is the
combined effect of internal gravity waves and cqldols that control the upstream
propagation of MCS events. Gravity waves lead t® ithitial upstream development of
convection, but once it is established and coldgbegin to form, it is the cold pools that

dominate the subsequent convective development.

The majority of the previous work on secondary iaibn has been performed using
idealised, cloud-resolving simulations (e.g Land Reeder, 2001; Beres et al., 2002; Song et
al., 2003; Lane and Zhang, 2011). There have oabnba handful of observed cases that
have been studied in an atmospheric model (Piaai.,e2000; Lac et al., 2002; Morcrette et
al., 2006; Marsham and Parker, 2006). None of tlieses have been over West Africa.
Bretherton and Smolarkiewicz (1989) show that lineapospheric gravity waves propagate
radially from convective clouds, providing compeirsg subsidence for the updrafts within
the cloud system. Mapes (1993) applied this idel@5’s in the tropics, where wind shear
is weak for much of the time. He showed that a greed heat source (like an MCS) can
generate horizontally propagating bores, which haréical wavelengths that are harmonics

of the depth of the waveguide. The n=1 wave modeaheertical wavelength equal to twice
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the depth of the waveguide; it travels fast anduaes deep subsidence. The n=2 and n=3
wave modes can induce ascent in the lower tropesphehich produces favourable

conditions for new convection.
1.3 Case study background

Observations of the mesoscale convective systerd unséhis case study are described in
detail by Taylor et al. (2010). They describe thiéation and development of the storm using
in-situ aircraft, dropsonde and satellite obseorati made during the AMMA (African

Monsoon Multi-disciplinary Analysis) field campaidRedelsperger et al., 2006). The storm
initiated in northeast Mali at approximately 132>3July 2006 and propagated westwards,

until it decayed off the west coast of Africa df{ Rugust.

Taylor et al. (2010) describe two important factfimsthe initiation and development of the
system: 1) the distribution of wet and dry soilthe region of the initiation and 2) the
influence of an atmospheric wave, emitted by a meafparent’ storm (marked ‘P’ on Figure
1) that was situated ~250 km to the south. The sasdy (‘daughter’) storm initiated at
16.5°N, 1°E over an area of dry soil (marked ‘D’igure 1) that was within a wetter region
created by the passage of a MCS on the previoug3tyJuly 2006). The initiation point
was adjacent to a strong soil moisture gradientjimgh of a wet patch. Taylor et al. (2010)
show that boundary-layer air over the wet patch eader than over the dry soil and suggest
that this induced a mesoscale circulation simitaratsea breeze, which initiated shallow

convection.

Evidence for the atmospheric wave was found inlgateetrievals of brightness temperature,
in the form of a band of cloud that was observeprtpagate outwards from the parent storm
at a speed of ~13 m's This wave reached the daughter storm at apprdglynd3z,

coinciding with the development of deep convectiad high cloud (see green lines in Figure
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16). It was not clear from the observations whetherwave took the form of a solitary wave
(bore) or a wave-front. The authors suggest thhbr@ could propagate along the stable
interface between the CBL and the near-neutral i@ahair Layer (SAL). Any upward
displacement of air caused by the bore could rgagiinerate new convection because,
compared to the stratified free-troposphere, thatrabty of the SAL means only a small
amount of energy would be needed to produce enapift to bring air to its level of free
convection. The temperature of the cloud band & ghtellite observations did however
suggest that the observed clouds were at a mutiehatitude than the CBL-SAL interface,
suggesting that the wave feature was not confinelbw-levels and could have taken the

form of a wave-front instead.

Klipfel et al. (2011b) used COSMO (Consortium fong#l-scale Modeling) simulations at
2.8-km resolution, with explicit deep convectionstoidy the 3% July 2006 MCS case. The
simulations suggest that the important triggerirgchanisms for the daughter storm were: 1)
mesoscale circulations resulting from soil moistumeterogeneities and 2) larger-scale
convergence zones at the initiation location. Takept and daughter storms were reproduced
in the simulations, but both appeared approxima@egipurs too late and 100-150 km too far
south. The model simulations showed that a cyclaaitex to the north-east caused westerly
winds in the CBL over the initiation location on *3Duly. During early afternoon
precipitating cells formed but did not develop irgdarger system because there was no
large-scale moisture supply. Later in the day theept storm moved in from the west, and
cooling by the evaporation of rainfall generatedteong density current that propagated
northwards. The easterly/south-easterly winds ftbm cold pool intensified the southerly
monsoon flow and converged with the westerly wiadsociated with the vortex to form a
convergence zone north of the parent storm. Thdaieied southerly winds also transported

moist monsoon air northwards, which reached theglan initiation location by late
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evening. At this time deep convection was initiatedhich eventually developed into the

daughter MCS.

Klipfel et al. (2011b) conclude that the most intpot triggering mechanism was the low-
level synoptic-scale convergence, reinforced bydemsity current. They do however state
that the relative importance of the various trigggrmechanisms in the simulations is
guestionable due to the 9 hour difference in thigation time between the observations and
model; the mesoscale circulations may have haeaegrinfluence if the modelled storm had

initiated during the day, as observed in reality.

The aim of this study is to use high-resolutiom\eertion-permitting model simulations to

study the initiation and development of the daugisterm. One of the simulations uses
realistic soil moisture patterns, derived from olagons, to assess the importance of land-
surface variability on the initiation location diet storm. The simulations are also used to
characterise the observed atmospheric wave andtesmdine the importance of waves as a

trigger mechanism.

2 Model experiments and set-up

The model simulations were performed using versidh (Parallel Suite 22) of the Met
Office Unified Model (MetUM). The MetUM has a sefm&grangian, semi-implicit and non-
hydrostatic formulation and a terrain-following oddinate system (Davies et al., 2005).
Many types of process are parameterised, such easutface (Essery et al.,, 2001), the
boundary layer (Lock et al., 2000) and mixed-phasad microphysics (Wilson and Ballard,
1999). Convection is parameterised in the global &B-km nest using the Gregory and

Rowntree (1990) scheme and convection is exphdihé 4-km simulations.
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The global model was initialised using operatioBalropean Centre for Medium-Range
Weather Forecasts (ECMWF) analyses and is useteadeclateral boundary conditions for
the 12-km resolution (50 vertical levels) nest. Th&km nest creates lateral boundary
conditions and initial conditions for the 4-km rkgmn (70 vertical levels) nest. The thick

black boxes in Figure 1 show the location and sizéhe 12 and 4-km domains. Figure 2
illustrates the various model simulations that weeeformed. The model was initialised at
12Z on both 38 and 3% July 2006 and at 00Z on %@uly 2006 using ECMWF analyses..

The best results were obtained using the 12Z 30lysis (see section 3a for more details)
and this simulation is therefore designated asdbetrol’. A restart dump from the 4-km nest
was obtained from the control simulation at 06Zta 3£' July 2006. A separate experiment
was then initialised with this dump, together wathmore realistic soil moisture distribution

(CASSIM’), and run until 21Z on the $uly 2006

The fine horizontal resolution ASSIM soil moistureld was created by running an off-line
simulation of the MetUM’s land surface scheme (JaiK Land Environment Simulator,
JULES; Best et al., 2011), constrained by 3-km Itggmn satellite observations of land
surface temperature (LST) from the EUMETSAT Land=SSatellite Applications Facility;
Trigo et al. 2008). This JULES simulation was fatceith 0.5° near-surface boundary
conditions provided by the AMMA Land Surface Modetercomparison Project, ALMIP
(Boone et al., 2009), along with satellite-deriv@d.° rainfall estimates from EPSAT-SG
(Estimation of Precipitation by Satellite — Sec@eheration; Berges et al, 2010). The model
was constrained daily by adjusting non-zero EPSA&T¢&infall amounts for each 3 km pixel
to give the root-mean-squared best fit between trextiand observed LST, yielding a fine
resolution soil moisture estimate on the domainZ@EN, 10°W-10°E) at 0.0275° (~3 km)
resolution. This model-derived estimate was favdureer the use of a satellite-derived soll

moisture product (e.g., from AMSR-E, Advanced Migewe Scanning Radiometer — Earth
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Observing System) for several reasons: (1) thdlisateroducts only provide information on
the moisture content of the uppermost soil laydrengas JULES computes the moisture on
all four of the MetUM'’s soil levels; (2) data fromVISR-E are available typically once per
day, so new soil moisture features created afteraberpass time are not captured; (3)
AMSR-E soil moisture resolves features on scales58f km, but Taylor et al. (2011) show
that the dominant influence of soil moisture on\@xtive initiation occurs at finer length
scales; and (4) the modelled surface energy budgefluenced more by the soil moisture
content relative to model parameters (the voluroedaturation, critical and wilting points)
than by the absolute amount of water in the sodgarding this last point, the gridded
datasets of these soil parameters that are awailidsl our West African domain are
constrained by few observations compared to otlkgions in the world. They exhibit
unrealistic, coarse scale spatial discontinuitiesich, when used in JULES, dominate the
spatial variability in the modelled land surfacatstand fluxes over the variability produced
by the fine scale variation in land cover type and moisture. For this reason, the ASSIM
soil moisture was computed by JULES using spatiafiiform values for these parameters
(saturation point = 0.4036 Fm®, critical point = 0.2175 fim™ and wilting point = 0.1152
m®m3), and the same uniform values were used in theesjuent MetUM simulations. Note
that the other soil parameters, such as the seihtal conductivity and thermal capacity,
were also set to constant, relevant values asiidehtduring ALMIP. The ASSIM soill
moisture field was averaged onto the 4 km MetUM gsimoothed at the boundaries towards
the model soil moisture values and merged withéthen restart dump. Both the ASSIM soill
moisture field and the MetUM have 4 soil layershatiihicknesses of 0.1 (uppermost), 0.25,

0.65and 2.0 m.
3 Results

3.1 Evolution of the simulated MCS’s
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An overview of the synoptic conditions at 12Z,*31uly 2006 is shown in Figure 1. The
African Easterly Jet is weak at this time and B¢spproximately 11°N. The trough axis of
an African Easterly Wave lies at 4°E, between 8 @08N. The winds at 700 hPa are
predominantly north-easterly over the MCS initiatiocation, which is marked by the 'D' in

Figure 1.

Figure 3 uses 6-hourly accumulated precipitationived from the control model simulation
and from the TRMM3B42 satellite rainfall productRWMM, Tropical Rainfall Measuring
Mission, Huffman et al. (2007)) to illustrate thatiation and development of the systems
associated with this case study. The observatibog ghat an MCS developed on the"30
July and produced a large amount of rainfall dutimgyevening of the 30and early morning
of the 3%' July (black circles in Figure 3a-b). This systereated patches of wet soil in the
region 13-18°N, 4°W-3°E. The parent storm initiatedthe afternoon of the 8etween 10-
15°N, 5-10°E and tracked westwards until it dissigaduring the afternoon of the %31
between 2°W and 2°E (red circles in Figure 3a-d)erEthough the details of the model
rainfall distribution do not agree well with thesalsvations, the timing, general location and
propagation of these two systems are reproducddowéhe model (i.e. within 1° and 1 hour,

Figures 3g-j).

The daughter MCS initiated during the afternoothef3£' July at 16°N, 1°E, developed into
a MCS during late afternoon and then propagateadsvthe west on®lAugust (marked by
the green circles in Figure 3d-f). The system reddhe west coast of Africa of®2August
and began to dissipate (not shown). Again, the modatrol simulation reproduces the
timing, general location and propagation of thisteyn with good accuracy (Figure 3j-1), but

the details of the initiation are different to tbagiggested by the observations.
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Hovmoller plots of hourly precipitation rates, aaged between 11 and 18°N, for both the
TRMM3B42 and EPSAT-SG (Estimation of Precipitation SATellite Second Generation,
Bergés et al. (2010)) satellite products, and tAgous model simulations are shown in
Figure 4. The TRMM3B42 product illustrates the westd propagation of the parent storm
(P) between 12Z 3band 12z 3% July, followed by the initiation and propagatioh the
daughter storm (D). The system to the west (WP)chviproduced the patches of wet soil
between 4°W and 3°E is also shown in the satgiliezipitation. The EPSAT-SG data has a
higher temporal and spatial resolution than the MBB42 data and it is derived from a
combination of TRMM data, GPCP-1dd (Global Preaitiitn Climatology Project) data and
multiple channels from the SEVIRI (Spinning Enhahceisible and Infrared Imager)
instrument on the MSG (Meteosat Second Generasiatg)lite. The propagation of the three
systems in the EPSAT-SG product is very similathet in the TRMM3B42 product, giving

confidence in the use of TRMM3B42 data for the cangons with the model.

Figure 4c and d show rainfall rates from the cdnared ASSIM simulations. As shown in
Figure 3, the control simulation successfully rejuces the initiation and propagation of the
parent and daughter storms. Rainfall from the madaulation that was initialised with an
analysis 24 hours later (12Z 3st July) than thaduis the control simulation is shown in
Figure 4e. The daughter storm is reproduced inrimsbut the parent storm is absent: the
rainfall develops approximately 5 hours too latal ahe system propagates too slowly
westwards on *1 August. Figure 4f shows rainfall diagnostics fréime simulation initialised
at 00Z 31" July. This run is less successful than the ruitiglised at 12Z; the rainfall pattern

does not resemble the signature of the daughten stoall.

The reasons for the differences between the siroolare illustrated using plots of 925 hPa
potential temperature, specific humidity, winds aodvergence at 127, 31st July (Figure 5).

In the control simulation and the simulation ifisad at 12Z 31st July the daughter storm



O©CoO~NOUTA,WNPE

Quarterly Journal of the Royal Meteorological Society Page 14 of 56

develops in a region of synoptic scale convergdgntarked by the black contour lines and
the 'D' in Figures 5a and b respectively). This vesgence zone forms through the
confluence of the moist, southerly winds associatgith the parent storm ('P') and the
westerly winds associated with the cyclonic cirtolaaround the heat low. The leading edge
of the simulated cold pool produced by 'P' is mthran 100 km to the southeast of the
daughter storm initiation point at 12Z, 31st Judyg( see Figure 16 and associated discussion)
and therefore cannot directly influence this cogeace zone. Klipfel et al. (2011b)
conducted a sensitivity simulation of this casewhrich the evaporative cooling is removed
from their simulation, which suppresses the coldblpfsom the parent storm. They
demonstrate from this that the parent storm do#gsed modify the southerly monsoon flow
and is a significant factor in the developmentto$ tow-level convergence zone, but this is

not caused directly by the cold pool.

The synoptic circulation in the simulation initsdid at 00Z 31st July (Figure 5e,f) is different
to the two simulations described above. Neithergheent storm nor the southerly winds
north of it are reproduced by the model and theegfthe large-scale convergence zone does

not develop. Without this convergence zone the ldeargtorm is not reproduced (Figure 4f).
3.2 Land-atmosphere interaction

In this section the influence of soil moisture dre tinitiation of the daughter MCS is
investigated through a comparison between the cbatrd ASSIM simulations. Figure 6a
shows soil moisture at 13Z, %J]uly 2006, derived from the EPSAT-SG rainfall prodand

the AMSR-E brightness temperatures (Pellarin et2009). This product is produced by
estimating soil moisture from a high spatial andgeral resolution rainfall product and then
the AMSR-E brightness temperatures are used tauatdor uncertainties in the rainfall. The

satellite product shows mainly wet soil south ofSERl, a patch of wet soil in the region 13-
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18°N, 3°W-2°E and drier soil around 16.5°N, 0.5°WWHal3-15°N, 1-4°E. The control run
has a distinctive large-scale north-south gradiansoil moisture that is a result of the
ECMWEF analysis (Figure 6e); soil moisture decredsdsieen 10 and 13°N, there are very
low values between 13 and 17°N and larger valu¢iseémorth-east of the sub-domain, which
is associated with a region of slightly elevatedgoaphy. The wet patch at 14-16°N, 5°W-
1.5°E was created by the MCS on the previous ddytlaa wet patch at 11-13°N, 3-5°E was
created by the parent MCS. The ASSIM soil mois{ligure 6i) bears more resemblance to
the observations than that in the control run duth¢ large amount of satellite data used to
produce the ASSIM soil moisture product. The obsémorth-south gradient and the wet
patch centred at 13-18°N, 3°W-2°E is reproduced|dedthe satellite-derived soil moisture,
there is a dry patch centred at 14.5°N, 2°E anchallsdry patch, surrounded by wet solil at

16.5°N, 0.5°W.

Figure 6b-d shows MSG brightness temperatures, eviadiite shading depicts cold, high
cloud. At 13z, 31 July 2006 the parent storm is clearly visible e tsatellite imagery
(marked with a blue ‘P’); it then tracked westwadiging the afternoon, reaching 3°W by
18Z. The location of the daughter storm is illutdaon Figure 6¢ and d (marked with a blue
‘D"); it initiated over relatively dry soil, with avet patch of soil immediately to the southeast
and an additional wet patch approximately 80 knth# northwest (shown in more detail in
Figure 3, Taylor et al. (2010)). By late afterno@figure 6d) the daughter storm had
increased in size and most of the subsequent cbomen the system occurred over wet soil

(Taylor et al., 2010).

The position and propagation of the parent storirglar in the control and ASSIM runs.
Between 13Z and 15Z the simulated parent storn2@160 km to the east of the observed
parent storm and dissipates too early in the aftain The daughter storm in both of the

model simulations initiates at 13Z over dry soillL&fN, 1-3°E, approximately 170 km to the
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south-east of the observed storm. The subsequesiutien of the storm in the model
simulations differs to that in the observationse Batellite imagery suggests that the daughter
storm initiates at a single point and then develdpsthe model simulations the daughter
storm grows in size by the accumulation of manywiddial convective cells, which develop
later than the main daughter storm (Figure 6h andiHese additional cells form on the dry
soil but mainly close to the boundaries of the tarttsal wet patch. The exact location of
these cells differs in the control and ASSIM sintidlas because the wet patches differ in

their position.

The initiation times and locations of the new cartixe cells in relation to the soil moisture
heterogeneity is shown in more detail in FigureTiie times were diagnosed subjectively
using hourly plots of model rainfall rate. When tiaénfall rate associated with a particular
cell became continuous over two 1-hour time intlsvand prevailed over a region with a
radius greater than ~20 km, an initialisation tieme location was noted on the plot. The
preference for initiation over soil-moisture grad®is similar in the two runs, but slightly

less widespread in the ASSIM run, which is moreststent with the observations.

In Figure 7, the initiation point of the main datgyhstorm is marked by ‘147’ at 14.8°N, 2°E
in both the control and ASSIM simulations. The kima of the parent storm at 12Z is shown
on the plots by the thick white contour at 12-14IN3°E. The daughter storm initiates over a
region of dry soil, which is in the same locatios the significant boundary-layer
convergence cause by the confluence of the maighsdy monsoon winds with the westerly

winds to the south of the Saharan heat low.

The differences in boundary-layer structure over wet and dry soil are illustrated by a
tephigram of model diagnostics at 11Z'3uly (Figure 8). Over the dry soil (at 15°N, 1.7°E

solid lines) the boundary layer is deeper (extend850 hPa, compared with 925 hPa) and
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~6°C warmer than over the wet soil (16°N, 1°E). Cany to what would be expected, the
lower atmosphere (925 to 650 hPa) is more humiér twe dry soil than over the wet soil.
This increase in low-level humidity is caused bg thonsoon flow, which transports moist
air from the south. The monsoon flow does not reaehocation of the wet soil (16°N, 1°E
in Figure 8) and thus the humidity at that locat®iower. The higher temperatures (and to a
much lesser extent the humidities) over the dry saiise the CAPE to be approximately
double that of the wet soil (1074 Jkgompared to 529 J Ry CIN is also much lower over
the dry soil (16 J k§ compared to 163 J Ki The low CIN, high CAPE combination of the
monsoon air over the dry soil provides suitableditions for the development of deep
convection. It was this thermodynamic profile ahé uplift provided by the convergence

zone that initiated the convection that later depetl into the daughter storm.

The other convective cells initiate later (maintyld and 18Z, Figure 7), over dry soil, with

many developing adjacent to strong gradients it swisture. These cells occur due to
boundary-layer convergence that develops as at i@fsiiie mesoscale circulations, which are
caused by the difference in boundary-layer tempesatover the wet and dry soil. These
cells initiate later than the daughter storm beeahsy are largely outside the synoptic-scale

convergence zone and therefore, the mesoscalédations require time to develop.

Figure 9 illustrates the change in a number of rhati@gnostics along a southeast to
northwest transect (shown by the straight lineBigures 5 to 7). This transect was designed
to incorporate both the parent and daughter stooations, as well as the wet patch at 16°N.
The location of the parent storm at 11Z in both doatrol and ASSIM simulations is
between 11 and 13°N, which is shown by the modeliome cloud fraction in Figure 9a. This
storm is precipitating and thus there is wet seidnath it (Figure 9b). The region of wet soll
produced by the MCS on the previous day is at 161 soil moisture gradients are greater

in the control run; the wet patch spans only ~160 &ompared to more than 300 km in the
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ASSIM experiment. Moisture at the surface has anstrinfluence on the surface turbulent
heat fluxes (Figure 9c). In the control run thessigle heat flux (H) is low over the wet soil
patch at 16°N and higher over the drier soil to tieeth. The latent heat flux shows the
opposite trend; it is higher over the wet patcHl@tN and lower over the drier soil. The
fluxes in the ASSIM simulation are more similar@s the soil moisture gradients; both the

sensible and latent heat fluxes vary by less tf@\V¥ m? over the wet and dry soil.

The differences in soil moisture and surface tiebtuheat fluxes induce variations in surface
and near-surface temperature. In both simulatibestéemperatures are higher over the dry
soil (Figure 9d), although there is a southeastexdhwest gradient in temperature between
13.5 and 15.5°N. The variations in specific hunyidire less distinct; the soil moisture

patches appear to have less of a control on thediyrand the main trend is a southeast-to-

northwest decrease, which is due to moisture aghefriom the south. (Figure 9e).
3.3 The cold pool outflow generated by the parentem

The parent storm generated a cold pool outflowhin model, as observed by Taylor et al.
(2010). The cold pool can be identified in sevefalhe model diagnostics in Figure 9. The
head of the cold pool is associated with a peaknm wind speed, decrease in surface
temperature and medium level cloud centred at N3(5fgures 9f, d and a respectively) and
with a reduction in specific humidity and an ingeain surface fluxes behind this
(approximately 0.25° to the south). These pertimbatare similar to those observed by
Taylor et al. (2010) (see Figure 6 of their paem those observed in other tropical oceanic
cold pools (e.g. Fig. 18 in Tompkins (2001)). Tlesgage of the current head decreases the
CAPE and increases the CIN of the near-surfacgFagure 9g and h), which is largely
caused by the changes in near-surface temperatdrbumidity that are induced by the cold

pool.
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Figure 10 shows Hovmoller plots of virtual potehtemperature, ,, and specific humidity,

g, at 20 m above ground level, along the southeasorthwest diagonal transect marked in
Figures 5-7. The thick white contour shows 100 %gdimm@ cloud fraction, thus illustrating
the location of the parent storm. In the regiordof soil (13-15.5°N) , generally increases
through the morning due to increased solar healihg.cold pool decreases the temperature
of the near-surface air, it has a lifetime of ~3ufsoand travels approximately 60 km at a
speed of 6.9+0.5 m'stowards the northwest (white dashed line). By 13 large turbulent
heat fluxes at the surface have greatly reducedstisngth and north of 14.25°N any
buoyancy decrease from the cold pool is undetextdbls possible that the cold pool does
not progress far past the edge of the wet soiBa°N because the large sensible heat flux

over the dry soil leads to a rapid mixing awayra tlensity gradient.

The specific humidity Hovmoller plot (Figure 10W)asvs that at 06Z the boundary-layer air
over the dry soil (13.5-15°N) is more humid thariothe wetter soil to the north. This is due
to the strong southerly monsoon flow shown in Fégba. The high humidity persists through
to the afternoon, except for the south-eastern ,eabere the humid air is replaced by drier

air in the cold pool.
3.4 The role of waves generated by the parent storim triggering convection

The influence of the atmospheric waves emittedhey garent storm was found to be very
similar in the control and ASSIM simulations. Fbist reason the remainder of the section
uses diagnostics from only the control run to itigede the role of waves in the triggering of
the daughter storm. Figure 11 shows plots of vartikelocity in the initiation region of the

daughter storm at 09 and 11Z, 31st July 2006. Doation of the parent storm ('P') is
indicated by the region of significant up and dovaits south of 13°N. The daughter storm

initiation location is to the north of this and nsarked on the plot by the black 'X'. Two



O©CoO~NOUTA,WNPE

Quarterly Journal of the Royal Meteorological Society

significant waves are emitted from the parent storrthe early hours of the morning. The
first wave (W1, indicated by the line of positivertical velocity and the black dashed line) is
emitted at approximately 06Z and propagates awayn fthe parent storm, towards the
northwest. By 09Z it is approximately 100 km awagni the daughter storm initiation

location (Figure 1la). The second wave (W2) is tmitfrom the parent storm at

approximately 09Z and also propagates towards tihwest. By 11Z W1 has reached the
daughter storm initiation location and W2 is apjpmetely 100 km to the southeast (Figure

11b).

The structure, propagation and effect of the wasedlustrated using plots of,, vertical
velocity and medium cloud fraction along the diagjomansect (Figures 12 and 13). At 08Z,
31% July 2006 the parent storm is between 12 and M3.&hich is shown by the high levels
of medium cloud in Figure 12a and the region oémse up and downdrafts in Figure 12b.
The wet soil associated with the parent stormlustitated by the dashed line in Figure 12a

and the wet patch to the northwest is also showwdsn 15.7 and 16.4°.

Away from the parent storm the boundary layer &t0.1 km deep at 08Z (Figure 12b). The
peak in boundary-layer temperatures at the daugtdem initiation location (~14.9°N) and

the minimum in boundary-layer temperatures overwe¢ soil patch (~16°N) are already
evident. W1 is emitted from the parent storm atrapipately 06Z and propagates towards
the northwest (left to right in the diagonal tractgglots) between 08Z and 10Z (Figures 12b-
d). W1 extends from the top of the CBL up to asteakm and is most prominent in the parts
of the atmosphere with higher stability, i.e. 148 land above 5.5 km, on either side of the
near-neutrally stratified SAL. W1 does not produdeud as it propagates towards the

northwest (solid lines, Figure 12a).
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By 11Z a cooler, shallower boundary layer is evidever the wet patch between 15.5 and
16.5°N and the shallow convection associated whth daughter storm is readily seen at
14.9°N (Figure 13b). The extent of the cold podcasated with the parent storm is also
shown in Figure 12d and Figure 13b-d. It does mopagate further north of 13.9°N. W1
reaches the region of shallow convection at appmaiely 11Z (14.8°N, Figure 13b). Cloud
begins to form over this region between 11 and ({f##dck and red solid lines respectively,
Figure 13a) but deep convection is not initiatedh#& time. W2 is emitted from the parent
storm at approximately 09Z and is visible in Figurfgb at 14°N. This second wave also
propagates towards the northwest and reaches gianref shallow convection at 14.8°N at

13Z. At this point deep convection is initiated ankhrge amount of cloud begins to form.

The structure of W1 and W2 is reasonably similaithByvaves cause upward displacement of
air in the lower atmosphere (below 4 km for W1 dedow 5.5 km for W2) and downward
displacement of air in the upper troposphere. This the potential to lift air parcels above

their level of free convection and initiate deep\ection.

Hovmodller plots of , and medium cloud fraction, along the diagonal gesh marked in
Figures 5-7, at 2 and 6 km above mean sea levebearsed to illustrate the propagation of
the waves and their effect on the initiation of gleenvection (Figure 14). The dashed white
lines (labelled W1 and W2) indicate the propagatbrihe two waves, diagnosed from the
Hovmodller plots themselves and an animation of sisEction plots at 5-minute intervals,
similar to those in Figures 12 and 13. The par¢ons is illustrated by the solid white
contours between 11 and 13°N and the initiatiothefdaughter storm is shown by the white
contours and black crosses at 14.9°N. W1 travel$at+0.5 m S (compared to Taylor et al.
(2010)’s observed speed of ~13 H) and reaches the region of shallow convectionlat 1

The propagation of W1 causes upward displacemeair ah the lower atmosphere (< 4km);
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this is illustrated by the, cross-sections in Figure 12 and by the lower \salfe , behind

the wave in Figure 14a.

Figure 15a shows a Hovmodller plot of CIN along ttiagonal transect. Northwest of the
parent storm (>13°N) CIN is reduced during the nmayrdue to increased mixing caused by
diurnal heating. W1 also decreases CIN, althoughctienges are only significant between
13 and 14.5°N. By the time W1 reaches the daugtitem initiation point (14.8°N) CIN is
already very close to zero. Very low CIN is howeveot the only prerequisite for the
initiation of deep convection; a source of upkftrequired. W1 does provide uplift but it does
not provide enough to initiate deep convectionhé& time. It does however bring air to its
lifting condensation level (LCL) and cloud begins form (Figure 13a, red line). The
influence of W1 on the LCL is illustrated in Figut&b, which shows the actual pressyxe,
at 3000 m above MSL, minus the pressure at whielathat 3000 m would have to be lifted
to in order to reach its LClp.c. i.e. whenp - p.c. is large the air at 3000 m is much lower
(in altitude) than its LCL. Ap - p.cL decreases the air at 3000 m becomes closer t€its L
until p - pL.c. = 0, at which point water in the air is able to dense and form clouds. This
plot shows that W1 brings air at 3000 m to itdritcondensation level, i.e. provides enough

uplift to allow shallow convection to commence.

The second wave (W2) propagates north-westwardkeafaster speed of 19.3+0.5 M. s

Like W1, this wave also causes upward displacerokatr in the lower atmosphere (Figure
14a) It reaches the region of shallow convectionldZ, coinciding exactly with the

development of deep convection (shown by the blagésses on Figure 14 and the
development of a significant amount of medium cl@aid14.9°N). Compared to the first
wave, the second wave arrives at a time when tkegiin the boundary layer is deeper and
where shallow, moist convection already exists. 8/therefore able to provide enough uplift

to trigger deep convection.
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An additional instance of wave-generated seconafatigtion at 16.3°N at 16Z is illustrated
in Figure 14b. A wave is emitted from the daughsésrm between 14 and 15Z and
propagates towards the region of shallow convediob6.5°N (W3), which is over dry soil
on the far side of the wet patch (shown in Figusg When this wave reaches the shallow
convection at 16Z, the appearance of cloud in leigl4b shows that deep convection is
triggered. This wave is not evident in thefield at 2 km because the waves only propagate

in stratified regions of the atmosphere and by aftdrnoon the CBL extends to above 2 km.

3.5 The character of the convectively-generated was

The schematic in Figure 16 summarises the propagafithe observed and simulated waves
and cold pools. Deep convection in the observediut@u storm initiated in the region around

16.5°N, 1°E at 13Z. Taylor et al. (2010) suggesit tthis coincided with the arrival of a

gravity wave that was emitted from the parent sttorthe southeast (Figure 16, green lines).
The only evidence for this wave was a band of higd cloud that was observed in the
satellite imagery, which propagated north-westwédrois the parent storm. There was also a
cold pool associated with the observed parent stovhich also propagated towards the

northwest, but at a slower rate compared to theewigght grey dashed lines).

In the model simulation, deep convection associai#itl daughter storm developed at 13Z in
the region 14.5°N, 2°E. Like the observations, ttwéncided with the arrival of a gravity
wave (W2) from the simulated parent storm (Figuée Hue lines). A cold pool was also
simulated by the model, which like the observatigm®pagated towards the northwest but
did not directly affect the initiation of deep caution in the daughter storm (dark grey

dashed lines).

There are two main differences between the obsemaa features and those simulated by

the model. Firstly, the earlier wave in the modéll( red lines) is not evident in the
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observations. Either it did not occur in reality, ibdid not produce sufficient cloud to be
visible in the satellite imagery. Secondly, thealson of the daughter storm and associated
waves all occur approximately 100 km to the sowtheawhere they occurred in reality. The
parent MCS in the model simulation was also appnately 100 km further south than the
observed parent MCS at the time the waves werdgesr(not shown). Although the location
of the entire model parent-daughter system wadatied by some distance compared to ther
observations, the speed of the model waves, thandis between the parent and daughter
storm and the arrival time of the second wave (t2he daughter storm initiation location

was in very good agreement with the observations.

Taylor et al. (2010) speculate about the type ofevthat propagated outwards from the
parent storm. The wave could have been eitherrgrdinear ‘bore’ or solitary type wave,
that was caused by the cold pool and propagatedydtte CBL and SAL interface, or 2) a
wave-front that was not confined to the lower atpiese. The , and vertical velocity
sections (Figures 12 and 13) and the Hovmoller pldtigure 14b show that neither of the
model waves were confined to low levels. They hpthduced upward displacement of air in
the lower atmosphere (< 5 km) and downward dispiesce of air in the free troposphere (>
5.5 km). The waves in the model appear to takddima of a wave-front, rather than a bore
that resides on the CBL-SAL interface. It is nosgible to determine the exact structure of
the wave from the satellite observations, althoUghlor et al. (2010) suggest that the cloud
associated with the wave is too cold (and therefore high) to reside on the CBL-SAL
interface. The model wave does not produce anydcésuit propagates northwestwards until
is reaches the region of shallow convection astetiaith the parent storm. It is possible
that either a) the model reproduces the wave sirei@s it occurred in reality but it does not
produce the associated cloud or b) the wave steigtuthe model does not represent the

exact observed structure.
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The W1 and W2 waves in the simulation performedlics paper travel at similar speeds and
appear to take the form of an n=2 mode wave. Lileert=2 mode in Lac et al (2002), but
opposite to the n=2 waves in Lane and Reeder (280d)Marsham and Parker (2006), the
waves W1 and W2 cause upward displacement in therl@tmosphere and downward
displacement in the upper atmosphere. The vertiaalelength () of a wave can be

estimated using the equation:

wheren is the wave modeg is the phase speed amdis the Brint-Vaisala frequency.
Assumingn = 2,¢ = 17.5 m s* (mean of the W1 and W2 speeds) and a mean vaNewér
the troposphere of ~0.01 sgives a vertical wavelength of ~11 km, which jp@ximately

equal to the depth of the troposphere in this case.

A third wave is indicated on the Hovmoller plot at 6 km in Figure 14b (WO0). It iméted
from the parent storm at approximately the same tsW1, but it travels faster (33.5£0.5 m
s', compared with 15.7+0.5 m*sfor W1 and 19.3+0.5 msfor W2). The maximum
displacement occurs aloft and is therefore onlibiesin the 6 km Hovmadller plot. This wave
may be the n=1 mode since it is approximately tvaisdast (33.5 m™ as the W1 and W2

waves.
4 The relative importance of the different triggerng mechanisms

The model control simulation shows that the landesie and gravity waves are influential in
the development of new convection. One of the @midit simulations described in section
3.1, which was initialised at 12Z 31st July (24 rolater than the control), is a good test of
the importance of these trigger mechanisms becauk®s not reproduce the soil moisture

heterogeneity or the gravity waves associated thighparent storm.
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Figure 17a shows the model soil moisture diagn@gtit3Z, one hour after the initialisation.
The large-scale north-south soil moisture gradesimilar to that in the control, but the wet
patch that was created by the MCS on th8 i8missing (compare to Figure 6e). Figure 17b
to d show the development of the parent and daughtems in this simulation. The parent
storm is in the south of the domain and the daugttgm develops over the dry soil, in a
location approximately 150 km to the northwestlaf taughter storm in the control and in a
position that is closer to that observed (compdgarE 17c¢ with Figures 6¢ and g). The
location is more accurate because the analysis @giVieetter representation of the synoptic-
scale convergence zone. A sensitivity test wasopadd on the control, where the soil
moisture was smoothed to its mean value over themevhere the daughter storm initiated
(not shown). In this case the daughter storm diddeoelop because the surface was not hot
enough to produce deep mixing. It seems that thergmsture patterns determine the exact
structure of the developing storm but as long asetlis some dry soil present, the synoptic-

scale dynamics are a more important trigger meshani

The daughter storm in Figure 17 develops approxipd hours later in the day than in the
control run and the observations. Although the plastorm is present in the simulation, no
significant gravity waves are emitted from it (rebtown). Time is required for convective-
scale circulations to “spin-up” in the 4-km simidais, but this 5-hour delay in the formation
of deep convection highlights the important roletlodé convectively-generated waves that
triggered the storm in the control run. The analysisection 3.4 shows that the arrival of a
gravity wave coincides exactly with the initiatioh deep convection. These waves may not
be the determining factor in whether a storm isiated or not, but they do influence the
timing of the initiation of deep convection andréfere the timing of the development of a

storm into a MCS.



Page 27 of 56

O©CoO~NOUTA,WNPE

Quarterly Journal of the Royal Meteorological Society

These findings are in agreement with Guichard g{28110) who show that the initial and
boundary conditions significantly control the ldoat of rainfall over West Africa and that
explicit moist convection improves the precipitati@istribution, MCS trajectory and
propagation speed but cannot correct for weaknaast® analysis. Klupfel et al. (2011b)
also suggest that the boundary-layer convergenoe n@s the most important triggering
mechanism for this case. It seems that as longeae s some dry soil present, the synoptic-
scale dynamics is the most important trigger mecanwith the gravity wave from the
parent storm and the soil moisture patterns beihgeagondary influence. If the model
captures the large-scale environment accuratedy stiil moisture heterogeneity determines
the exact location of the initiation of the stormdahe gravity waves determine the timing of

the development of deep convection.
5 Summary

This study shows that the MetUM, run with exploinvection at 4-km horizontal resolution,
is able to reproduce the key aspects of a mesosoaiective system (MCS) observed in the
Sahel during summer (Taylor et al., 2010). The 4rkodel simulations were very sensitive
to the analyses used in the initialisation; twahaf runs produced the case study well and one
was unsuccessful. This appears to be due to diifeein the way the analyses represent
convergence zones caused by the confluence ofrigatarculations around the Saharan heat

low with the moist, southerly monsoon flow.

Similar to the observations, an MCS develops indiwetrol simulation on the 0July and
creates the wet soil patches in the case studystotiation region, before dissipating during
the early hours of the 31A second MCS (the ‘parent’ storm) also developstiee 3¢,
although this persists through the night until #fiernoon of the 31 In the model the main

‘daughter’ storm develops at ~13Z on thé'3dver dry soil, in a synoptic-scale convergence
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zone, enhanced by the circulation created by thenpdICS. Although this initiation appears
less related to soil-moisture boundaries than endbservations of Taylor et al. (2010), other
convective cells develop later in the afternoonghd 18Z) on dry soil, but adjacent to strong
soil moisture gradients: the locations of thesdscale consistent with boundary-layer
convergence associated with mesoscale circulatéansed by soil-moisture variations.
During the evening the daughter storm and the atbevective cells merge to form the case
study MCS, whereas the observations show thatake study MCS initiated at one point and

then grew in size.

Taylor et al. (2010) suggest that a gravity wavdcths emitted from the parent storm
played a part in the development of deep conveatidhe daughter. In the model simulations
two pronounced waves are emitted from the paremtmsbetween 06 and 09Z on the®31

The first wave is emitted from the parent stornagproximately 06Z, it propagates towards
the northwest and reaches the region of shallowexiion associated with the daughter
storm at 11Z. This wave generates shallow clouthatinitiation location of the daughter
storm but does not initiate deep convection. Theoiseé wave is emitted from the parent
storm at approximately 09Z and reaches the daughten at 13Z. Boundary-layer mixing is
more intense by this time and the arrival of theeveoincides exactly with the development

of deep convection in the daughter storm.

Both these waves appear to be wave-fronts thatagaip throughout the depth of the free
troposphere, rather than a bore-like wave whichlaragt al. (2010) suggest may have
propagated along the stable interface betweendheective boundary layer and near-neutral
Saharan Air Layer aloft. The model waves cause upwdesplacement of air in the lower half
of the troposphere and downward displacement ahdte upper troposphere. This suggests
that the waves are of n=2 mode, with a vertical elevgth equal to the depth of the

troposphere. This interpretation is supported bgkee evidence of a deep n=1 mode in the
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model, which travels approximately twice as fastthe n=2 waves that trigger the

convection.

This study suggests that there are three aspedts whed to be accurately represented in a
model in order to be able to predict this kind ygtem. Firstly, the large-scale circulation and

thermodynamic profile must be representative, whiefuires a good quality atmospheric

analysis to initialise the forecast. Secondlyh# tocation of the initiation of the system is to

be forecast accurately, the spatial variabilityaofd surface properties (notably soil moisture)

must be accurate. Finally, in order to reproduaetiiming of secondary initiation correctly

the model must be able to capture gravity wavesdieemitted by existing systems.
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