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ABSTRACT

Precipitating systems are analyzed during a dust event from 9 to 14 June 2006 over northern Africa.

A common analysis is applied to satellite observations and two Meso-NH simulations: one convection

permitting (grid spacing Dx 5 2.5 km) and the other with parameterized convection (Dx 5 20 km). The

precipitating systems are identified as cloud objects and classified as deep convective clouds (DCCs) or other

clouds according to their infrared signature. Large DCCs [hereafter named mesoscale convective systems

(MCSs)] are tracked, characterized in terms of precipitation and thermodynamic profiles, and analyzed in

southern West Africa (SWA), central Africa, and Ethiopia. Precipitation is mostly observed along 08–158N,

with 71% of the total precipitation produced by all DCCs and 55% by long-lived MCSs. It shows a marked

diurnal cycle with a peak in the evening, mainly due to long-lived MCSs, which are characterized by an

increase in size, zonal speed, and duration from east to west, with the largest, fastest, and longest-lived ones

found over SWA. This is due to an enhancedAfrican easterly jet (AEJ) andmonsoon flow leading to stronger

shear and greater conditional instability. The simulation with parameterized convection fails to distribute

precipitation correctly. The convection-permitting simulation captures most of the observed precipitation

features, but lacks the increase in organization of the long-lived MCSs over SWA. Excess moisture in a too

zonal AEJ flow suggests that the long-livedMCSs in SWA are poorly located with respect to African easterly

waves. The convection-permitting model improves the representation of precipitation but without fully

resolving the long-lived MCSs.

1. Introduction

Precipitation over northern tropical Africa occurs

mainly during the monsoon season. The summer rainfall

can account for up to 95% of the total annual amount

(e.g., in the EthiopianHighlands; Segele andLamb 2005).

Most of the precipitation arises from moist convective

instability (Bayo Omotosho 1985; Janiga and Thorncroft

2014), in the form of local thunderstorms or more orga-

nized systems such as mesoscale convective systems

(MCSs). Precipitating systems start as individual con-

vective cells triggered by the daytime boundary layer

development, convergence lines, or other processes,

preferentially in the lee of high terrain (Laing et al. 2008;

Söhne et al. 2008). Their further growth into MCS is fa-

vored by midlevel dry air and the vertical wind shear

associated with the African easterly jet (AEJ) (Laing

et al. 2008; Janiga and Thorncroft 2014), a seasonal

midlevel jet that results from the meridional temperature

gradient between the Gulf of Guinea and the Sahara.

Precipitation is significantly modulated by African east-

erly waves (AEWs) (Mathon et al. 2002; Fink andReiner

2003; Laing et al. 2008), synoptic-scale disturbances of the

AEJ having periods of 3–5 days andwavelengths of 2000–

3000km, with which the MCSs interact.

Precipitation over tropical Africa exhibits a marked

diurnal cycle. In the first order, this is driven by solar

heating. The morning increase of surface heat fluxes

leads to the convective growth of the boundary layer, the

moisture content of which is enriched by the monsoon

flow. This leads to the generation of precipitating sys-

tems, usually in the afternoon, which is often followed

by a westward propagation, primarily driven by the AEJ

(Zhang et al. 2016). Over eastern Africa, convection is

most commonly triggered in the afternoon along the

western slopes of the Ethiopian Highlands (Laing et al.

2008). Over West Africa, most regions show a single

diurnal peak of precipitation (Zhang et al. 2016). Af-

ternoon peaks are generally associated with topographic

features such as the Jos Plateau, and nocturnal peaks are

due to precipitating systems downstream of high terrain
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(e.g., over Niamey and the northeastern part of Benin;

e.g., Janiga and Thorncroft 2014; Zhang et al. 2016).

The contribution of MCSs to the total rainfall has

been attributed to specific areas so far. Over southwest

Niger, in the semiarid Niamey area (138N, 28E), their
contribution has been estimated to be 90% (Mathon

et al. 2002). Over Benin, in the semihumid Parakou area

(98N, 28E), MCSs contribute to 50% (Fink et al. 2006).

Over Nigeria, their contribution varies from 70% at

128N down to 20% along the Guinean coast (Bayo

Omotosho 1985). This southward decrease in contribu-

tion to precipitation has been explained by a decrease in

the organization of MCSs (e.g., Bayo Omotosho 1985;

Fink et al. 2006). The contribution of MCSs to rainfall

over other regions, particularly over eastern tropical

Africa, remains unknown, as does their contribution to

the diurnal cycle of precipitation.

The aim of this paper is to examine the precipitating

systems over northern Africa, particularly the charac-

teristics and organization of MCSs. A combined analysis

of MCSs and their dynamical and thermodynamical

properties is attempted. It is impossible to guarantee the

consistency between the cloud systems identified from

satellite observations and the properties matched to

them, taken from the European Centre for Medium-

Range Weather Forecasts (ECMWF) operational ana-

lyses (which do not provide us with hydrometeor con-

tents). Therefore, two simulations were run with the

nonhydrostatic mesoscale atmospheric Meso-NH model

(Lafore et al. 1998): one convection-permitting and the

other with parameterized convection and different hori-

zontal resolution. The difference in the simulation setup

was not motivated by the desire to separate the effect of

resolution and the effect of the representation of con-

vection. The intention was rather to contrast two simu-

lations: one typical of regional climate models and the

other representative of convection-permitting models.

A rain-attribution methodology that associates rain-

fall with MCSs has been applied here to both satellite

observations and simulations in the same way. In addi-

tion, profiles of thermodynamic quantities are de-

termined for each MCS. The objectives are threefold:

first, to give a comprehensive view of the sources of

precipitation over northern tropical Africa; second, to

show the performance of the Meso-NH model for each

simulation, assessing, in particular, the ability of the

simulations to reproduce the mechanisms controlling

rain; and third, to analyze the properties of the MCSs

and their degree of organization.

Rain has commonly been attributed to MCS by

combining infrared imagery and rainfall information

from rain gauges (e.g., Mathon et al. 2002; Fink et al.

2006) or from satellite observations, (e.g., Futyan and

Del Genio 2007; Goyens et al. 2012). In the present

study, deep convective clouds (DCCs) are identified by

individual pixels with infrared brightness temperatures

(BTs) lower than an arbitrary threshold. Contiguous

DCCs are then clustered. Depending on their size, some

DCC clusters are categorized as MCSs (and tracked

in time) or as other convective systems. Rainfall in-

formation from satellite retrievals is matched with the

DCC clusters, which enables the contribution of MCSs

to precipitation to be estimated.

Our methodology is applied to the period from 9 to

14 June 2006, during a well-documented, intense dust

outbreak (Flamant et al. 2009; Lemâıtre et al. 2010;

Crumeyrolle et al. 2011). As shown in the following, the

case of this relatively short, rainy period was selected

because of the presence of propagating MCSs. More-

over, the presence of dust may modulate the AEJ

through its direct radiative effect (e.g., Tompkins et al.

2005; Chaboureau et al. 2007). The radiative impact of

dust on the MCS distribution over northern tropical

Africa is, as yet, unstudied; however, it will be the sub-

ject of a companion paper. Here, our focus is on the

characteristics of the precipitation distribution.

The article is structured as follows. The model and

data, and the rain-attribution approach are described in

sections 2 and 3, respectively. The overall distribution of

clouds and precipitation and the diurnal cycle of pre-

cipitation are presented in section 4, where we show that

MCSs contribute the most to precipitation. The propa-

gation properties of MCSs and the environmental

conditions in which they propagate are examined in

section 5. The conclusions and some suggestions for

further work are given in section 6.

2. Model and data

Two simulations are run using the anelastic, non-

hydrostatic regional model Meso-NH (Lafore et al.

1998), version 5-1-3, over a domain of 3840 3 7680 km2

(Fig. 1). Such a large domain over northern Africa al-

lows both theAEWs propagation and the dust emissions

in Chad and Sudan (Flamant et al. 2009) to be fully

described. A regional run with a 20-km horizontal grid

spacing (hereafter LowRes) is compared with a cloud-

resolving run with a 2.5-km horizontal grid spacing

(hereafter HiRes). Both runs use 72 vertical levels up

to a height of 30 km, with vertical grid spacing between

60 and 600m. HiRes uses about a third of a billion grid

points, which is made possible by the large parallel

computing capability of Meso-NH (Pantillon et al.

2011). The two simulations are run for the 6-day period

from 0000 UTC 9 June to 0000 UTC 15 June 2006. The

initial and boundary conditions are provided by the
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ECMWF operational analysis. Model variables are

output every 3 h.

Both runs use the Surface Externalisée (SURFEX)

scheme for surface fluxes (Masson et al. 2013), a 1.5-

order closure scheme for turbulence (Cuxart et al. 2000),

and a parameterization of dry thermals and shallow

cumuli (Pergaud et al. 2009). They further include a

microphysical scheme for mixed-phase clouds (Pinty

and Jabouille 1998), a subgrid statistical cloud scheme

(Chaboureau and Bechtold 2005), and a dust prognostic

scheme (Grini et al. 2006) to allow online interaction

with radiation (the indirect effects of dust, i.e., the role

of dust as cloud condensation nuclei or ice nuclei, are not

considered here). The radiative scheme employed is the

Rapid Radiative Transfer Model (Mlawer et al. 1997)

for longwave radiation and the two-stream scheme

(Fouquart and Bonnel 1986) for shortwave radiation. A

subgrid deep convection scheme (Bechtold et al. 2001)

is activated for LowRes while no deep convection

parameterization is used for HiRes.

The capability of the Meso-NH simulations to capture

the atmospheric dynamics is assessed by examining their

kinetic energy spectrum following Skamarock (2004).

Spectra of vertical velocities for HiRes and LowRes are

computed at the end of the simulation (0000 UTC 15 June

2006), across the full domain and averaged between 3 and

9km of altitude (Fig. 2). For the large scales, with wave-

lengths longer than 500km corresponding to synoptic

motions, both spectra show a wavenumber dependence

of k23, while they exhibit a k25/3 dependence in the me-

soscale. They both depart from the observational slope,

but at different wavelengths: 200km for LowRes against

20km for HiRes. This is due to too large a removal of

energy, which produces an energy removal grid-scale

dependency. Each wavelength thus defines the effective

resolution of each simulation (Skamarock 2004). This

shows the added value offered by HiRes in resolving ki-

netic energy at convective scales.

Cloud systems are defined in terms of BT at 10.8mm

and 3-hourly accumulated precipitation is associated

with them. From the model outputs, synthetic BTs cor-

responding to the Meteosat Second Generation (MSG)

FIG. 1. Domain of simulation and analysis, with altitude color shaded. Topographic features

are the GuineaHighlands (G), the HoggarMountains (H), the Jos Plateau (J), the Cameroon

Highlands (C), the Darfur Plateau (D), and the Ethiopian Highlands (E).

FIG. 2. Kinetic energy spectra of vertical velocities for HiRes

(Dx5 2.5 km) and LowRes (Dx5 20 km) at 0000UTC 15 Jun 2006,

between 3 and 9 km of altitude. The theoretical power laws

at 23 and 25/3 are shown with black lines.
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observations are computed offline using the Radiative

Transfer for the Television and Infrared Observation

Satellite (TIROS) Operational Vertical Sounder

(RTTOV) code, version 8.7 (Saunders et al. 2005), as

previously used by Chaboureau et al. (2008). Two ob-

servation datasets are used to assess the simulations: the

globally merged 4-km-resolution BT data (Janowiak

et al. 2001), merged from all available geostationary

satellites and provided by the Climate Prediction Cen-

ter, and the 3-hourly product 3B42, version 7 (Huffman

et al. 2007), from the Tropical Rainfall Measuring Mis-

sion (TRMM) available in 0.258 spatial resolution. The
gridded BT data eases the comparison with the model

outputs while the temporal sampling of the TRMM

3B42 product is convenient for the analysis of the di-

urnal cycle of precipitation, a feature that results in the

TRMM 3B42 product being widely employed (e.g.,

Janiga and Thorncroft 2014; Zhang et al. 2016).

3. Rain-attribution approach

Clouds and their associated precipitation are ana-

lyzed in a grid mesh of 20 km for all the datasets. Such a

common grid mesh is necessary to analyze the obser-

vation datasets, which have a different resolution (4 km

for MSG against 0.258 for TRMM). The sensitivity of

the cloud size distribution to the resolution further

requires the same grid mesh to be used. We then define

two cloud categories. Following many others (e.g.,

Mathon et al. 2002; Tian et al. 2004; Laing et al. 2008;

Söhne et al. 2008), DCCs are diagnosed for BT less

than 230K while cirrus anvil clouds (CACs) are iden-

tified for BTs ranging between 230 and 260K. Because

the simulated BTs are biased toward higher values

(mostly because of model errors in the location and

height of cloud cover; Fig. 3a), we use different BT

thresholds for the simulations. They are defined in

such a way that each cloud category is equally repre-

sented over the 6-day period whatever the dataset.

In other words, the thresholds are adjusted so that the

number of DCCs and CACs is the same in both

the observations and the simulations. This leads to the

thresholds of 243 and 266K for HiRes and 246 and

264K for LowRes. From Fig. 3a, it can be noted that

the simulated BTs corresponding to the DCC category

are generally higher than observed. This is more pro-

nounced for LowRes. It suggests that DCCs may be

shallower for LowRes with respect to HiRes, and may

present a lower content of iced hydrometeors. This

could eventually lead to a reduction of precipitation.

The 3-hourly accumulated precipitation is attributed

to each 20-km grid point. Note that daily amounts of

precipitation of less than 0.2mmare considered as traces

(WMO 2014) and are excluded from the analysis.

Figure 3b shows that they are very frequent (52% for

TRMM, 56% for HiRes, and 36% for LowRes). Ruling

out these grid points with trace values nevertheless al-

lows us to consider 99.5% of the total precipitation

whatever the dataset. The frequency of grid points in the

range between 0.2 and 10mmday21 is approximately

40% for TRMM and HiRes, and 57% for LowRes. The

production of many cells with low intensity rainfall is a

well-known failure of parameterized convection. Grid

points with precipitation in this range produce 48% of

total precipitation for TRMM and about 10% more for

the simulations. Precipitation rates between 10 and

50mmday21 represent 5%, 7%, and 8% for HiRes,

LowRes, and TRMM, respectively. In TRMM, this

represents 51% of total precipitation, approximately

12% greater than in the simulations. Precipitation rates

over 50mmday21 are more frequent for HiRes (0.08%)

than for TRMM (0.03%) or LowRes (0.05%) and they

produce more precipitation for HiRes (2%) than for

TRMM (0.5%) or LowRes (1%). Still, the precipitation

rates shown in Fig. 3b present a lower cutoff for HiRes

as a consequence of precipitation being regridded to

a 20-km resolution. Regridding precipitation acts to

smooth the extreme values, which also explains the less

frequent precipitation rates over 50mmday21 found for

TRMM compared to LowRes.

DCC and CAC grid points are then aggregated into

clusters. We define clusters as contiguous grid points of

the same cloud category. Grid points are considered

contiguous only if they share a common face. Each DCC

cluster is further associated with 3-hourly accumulated

precipitation and vertical profiles of thermodynamic

variables. For the observed clusters, the precipitation is

obtained from TRMM while the vertical profiles are

taken from the ECMWF analysis at 0000, 0600, 1200,

and 1800 UTC and from the ECMWF 3-h forecasts at

0300, 0900, 1500, and 2100 UTC. For the simulated

clusters, the precipitation and profiles are taken from

the model outputs. The profiles associated with each

DCC cluster are computed in the volume generated

when the envelope of the cluster is projected into the

vertical. They are calculated both at the time of the

detection and 6h before at the same location. This al-

lows us to analyze the properties of the DCC clusters

and of their environmental conditions prior to their

detection, respectively. An example of the rain-

attribution method applied to the observation is shown

at 2100 UTC 11 June (Fig. 4). This time is selected be-

cause DCCs of different sizes are located all over

northern tropical Africa (Fig. 4a). The 3-hourly accu-

mulated precipitation is attributed to all of them

(Fig. 4b).
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Finally, a tracking method is used to follow DCCs

and their characteristics over time. Geographical

overlapping between successive BT images has been

extensively used (e.g., Machado et al. 1998; Mathon

et al. 2002; Fink et al. 2006), with different surface

overlapping ratios. After testing several overlapping

ratios in the range between 5% and 35%, we set the

ratio to 20%. This produces the most realistic trajec-

tories (i.e., trajectories that match results found in the

literature in terms of number, propagation speed, and

duration of the tracked cloud systems) (e.g., Machado

et al. 1998; Goyens et al. 2012). Machado et al. (1998)

suggest considering only clusters larger than 10 000 km2

when the temporal resolution of the satellite images is

greater than 3 h. Because the tracking is done on a

3-hourly basis, it is applied only to clusters with an ef-

fective diameter larger than 120 km, equivalent to an

area of 11 300 km2. The effective diameter is defined as

the diameter of a circle having an area equal to that of

the DCC. In the following, DCCs that satisfy this

threshold on the effective diameter are called MCSs,

and the rest small DCCs. Then, MCSs are divided into

two categories according to their lifetime. Long-lived

MCSs last at least 6 h and short-lived MCSs last less

than 6h. Three subregions (Fig. 4a) are considered to

cover most of the continental tropical band within the

domain while contrasting in the atmospheric conditions

in which MCSs developed, as will be shown later:

southern West Africa (SWA), central Africa (CAF),

and Ethiopia (ETH).

4. Overview of clouds and precipitation

a. Distribution

The spatial distribution of DCCs and precipitation is

shown in Fig. 5. DCCs are observed south of 158N in a

zonal band that extends from the Atlantic Ocean to

408E, the monsoon trough. DCCs are also visible over

Algeria, near the foothills of the Hoggar Mountains

(Fig. 5a). They are the most frequent over the eastern

Atlantic and the Ethiopian Highlands. Precipitation is

also observed over the zonal band but not over Algeria

(Fig. 5d). Accumulated rainfall values are highest over

the eastern Atlantic and the Ethiopian Highlands, con-

sistent with the locations found for the highest fre-

quencies of DCCs. Over the continent, precipitation is

mainly found south of the intertropical discontinuity

(ITD) defined as the continental boundary that sepa-

rates the northeasterly dry, warm harmattan flow and

the southwesterly cold, moist monsoon flow.Most of the

continental precipitation occurs inside the three sub-

regions previously defined (Fig. 5d). In SWA, the pre-

cipitation presents the greatest values west of the Jos

Plateau, over the center of Benin and over the flatter

regions around the border of Ivory Coast, Ghana, and

Burkina Faso. In CAF, the precipitation is maximum

around the northern border of Democratic Republic of

Congo, the southwestern region of central Africa and in

southern Chad. In ETH, precipitation is mostly distrib-

uted over the EthiopianHighlands, where themaximum

values appear on the western slopes.

FIG. 3. (a) Cumulative distribution function of brightness temperature at 3-h resolution on a 20-km grid forMSG,

HiRes, and LowRes. (b) Distribution function of total accumulated precipitation over the 6-day period by class of

1mmday21 on a 20-km grid for TRMM, HiRes, and LowRes.
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In both simulations, the zonal patterns of DCCs and

precipitation are reproduced well. DCCs are, however,

missing over the Gulf of Guinea close to the southern

limit of the simulation domain. The development of

clouds is inhibited there by the strong southwesterly

monsoon inflow. DCCs are overestimated over the Gulf

of Guinea along almost all of the coast. DCCs and pre-

cipitation show a reduced extension over the eastern

Atlantic, with DCCs being too frequent and pre-

cipitation too weak. This is more marked in HiRes than

in LowRes. Moreover, in the HiRes simulation, pre-

cipitation exceeds 40mmday21 over the coast of Sierra

Leone and Liberia, whereas, for TRMM, we find lower

values, of up to 30mmday21. Finally, simulated DCCs

are more frequent over the Ethiopian Highlands and

much more widespread over Algeria than observed.

Furthermore, LowRes produces more precipitation

over Algeria than TRMM and HiRes.

The total precipitation caused by different cloud cat-

egories is computed by associating 3-hourly accumu-

lated precipitation with the clusters of different cloud

categories (Fig. 6). In the observations, 71% of total

precipitation comes from DCCs and 19% is due to

CACs. The remaining precipitation (10%) is attributed

to clouds other than DCCs or CACs. Long-lived MCSs

account for 55% of precipitation, short-lived MCSs for

FIG. 4. (a) Example of the identification of DCC clusters at 2100 UTC 11 Jun 2006. A color

is assigned to each cluster. (b) The attribution of 3-h accumulated precipitation from TRMM

product 3B42 to each cluster in (a). The solid gray lines represent the orography at 600-m

altitude. In (a), the black squares delimit three subregions: southern West Africa (SWA),

central Africa (CAF), and Ethiopia (ETH).

802 MONTHLY WEATHER REV IEW VOLUME 146

Unauthenticated | Downloaded 10/23/23 10:49 AM UTC



11% and the remaining 5% comes from small DCCs.

Therefore, MCSs produce 66% of total precipitation,

which is in the range of contributions found for different

regions in West Africa (e.g., Mathon et al. 2002; Fink

et al. 2006; Bayo Omotosho 1985). HiRes reproduces

this distribution well, with 66% of precipitation coming

from DCCs, 17% from CACs, and 17% from other

clouds. Long-lived MCSs produce 50% of precipitation,

short-livedMCSs contribute to 10%, and small DCCs to

6%. Thus, long-lived MCSs in HiRes are the first con-

tributors to precipitation as observed. LowRes is not

able to reproduce this feature as long-lived MCSs pro-

duce only 29% of precipitation, a contribution similar to

that of CACs (24%) and other clouds (33%). In fact,

clouds other than DCCs are the main contributors to

precipitation. In LowRes, for which deep convection is

parameterized, 70% of the total precipitation is pro-

duced by the parameterization while the DCCs only

produce 43% of precipitation. One reason is that the

parameterization inhibits the vertical development of

the DCCs, which present too low a hydrometeor con-

tent. This was previously pointed out from Fig. 3a.

The observed MCSs cover a surface of almost 11

million km2 over the 6 days and they produce 66% of

total precipitation (Fig. 6). In the simulations, the MCSs

cover about the same surface area (98% of what is ob-

served) but contribute less to total precipitation. In fact,

HiRes produces 6% less precipitation. This means that

precipitation caused by MCSs in HiRes is less intense

than observed, with less precipitation produced per unit

area. In LowRes this is more pronounced, with 30% less

precipitation.

b. Diurnal cycle of precipitation

The diurnal cycle of precipitation is examined in

Fig. 7. Over land, the observed diurnal cycle has an

amplitude of 0.37mmday21 and a maximum value of

0.56mmday21 at 2100 LST (Fig. 7a). For HiRes the

FIG. 5. (left) Frequency of occurrence of DCCs during 9–14 Jun 2006 for (a) MSG, (b) HiRes, and (c) LowRes.

(right) Mean total accumulated precipitation during the same period for (d) TRMM, (e) HiRes, and (f) LowRes.

The solid black lines show the orography at 600-m altitude. In (d), the red squares delimit the subregions as in

Fig. 4a. The orange lines in (d)–(f) show the ITD defined as where the average water vapor mixing ratio at 2m

equals 10 g kg21 (Chaboureau et al. 2016).
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observed amplitude, the maximum rainfall rate, and the

time of peak precipitation are well reproduced

(0.34 mm day21, 0.55 mm day21, and 2100 LST, re-

spectively). However, HiRes lacks precipitation between

0000 and 0900 LST, up to 0.2mmday21. LowRes also

shows a diurnal cyclewith similar amplitude andmaximum

values (0.38 and 0.60mmday21) but it peaks earlier, at

1500 LST, a common feature of parameterized convection

in the tropics. Over the ocean (Fig. 7b), the diurnal cycle is

less pronounced than over land, with amplitudes of 0.12,

0.10, and 0.08mmday21 for the observations, HiRes, and

LowRes, respectively. This result can be explained by the

fact that the ocean has a greater thermal inertia than the

land. The maxima over the ocean occur at 0900 LST and

the simulations lack precipitation (as shown previously in

the southern limit of the simulation domain).

Because continental precipitation explains the diurnal

cycle of total precipitation at first order, the diurnal cycle

over land is further analyzed by partitioning it according to

the different cloud categories (Figs. 7c,d). For the obser-

vations, long-lived MCSs show the largest values for pre-

cipitation, larger than 0.1mmday21. This is expected as the

observed long-livedMCSs contribute the most to the total

precipitation (55%). They present the highest values of

precipitation between 1800 and 0300 LST, over the same

time range as for the precipitation over land. Thus, long-

lived MCSs over land explain most of the diurnal cycle of

precipitation. Clouds other than DCCs are the second

greatest contributors to the diurnal cycle, with values be-

tween 0.06 and 0.2mmday21. This is also expected as these

clouds are the second contributors to the total precipitation

(29%). Their peak at 1800 LST suggests that these clouds

are sensitive to the diurnal cycle of surface fluxes over land.

Short-lived MCSs are the third contributors to the total

precipitation, with a diurnal variation of approximately

0.05mmday21. Precipitation resulting from short-lived

MCSs shows two peaks, around 0600 and 2100 LST.

Last, small DCCs present fairly constant precipitationwith

respect to time, of around 0.02mmday21.

HiRes reproduces the distribution of total pre-

cipitation among cloud categories well, as seen in Fig. 6,

but it underestimates the contribution of long-lived

MCSs between 0000 and 1200 LST by almost

0.2mmday21. It also overestimates the contribution of

clouds other than DCCs by about the same amount at

1200 and at 0000 LST. HiRes lacks precipitation for

short-lived MCSs between 0300 and 0600 LST, of about

0.05mmday21, because precipitation from short-lived

MCSs is single peaked for HiRes. In summary, the

success of HiRes in capturing the total precipitation

over land between 1200 and 2100 LST comes partly from

compensating errors between the different contributors.

The lack of nocturnal precipitation over land after

midnight in HiRes is due to long-lived and short-lived

MCSs, and clouds other than DCCs.

For LowRes, themain contribution to the diurnal cycle

of precipitation comes from clouds other than DCCs,

with values ranging between 0.1 and 0.4mmday21. This is

expected as these clouds contribute to 57% of the total

precipitation. The peak in precipitation at 1500 LST re-

sulting from these clouds mainly explains the early peak

in total precipitation over land. This peak is mainly con-

trolled by the precipitation produced by the convective

parameterization, which is also maximum at 1500 LST

(not shown). The second contributor is long-lived MCSs,

with values in their diurnal cycle of between approxi-

mately 0.1 and 0.2mmday21. LowRes underestimates

the contribution of long-livedMCSs by at least a factor of

2. It is, however, able to reproduce the phase of the di-

urnal cycle correctly. Another drawback concerns the

double peaks in precipitation missed for the short-lived

MCSs, as pointed out for HiRes, and the overestimation

of afternoon precipitation for small DCCs.

The differences in the diurnal cycle of precipitation

resulting from long-lived MCSs are further analyzed by

subregion (Fig. 8). For HiRes (Figs. 8a–d), continental

long-livedMCSs lack precipitation after midnight, while

producing an excess of precipitation in the afternoon.

This can be explained by a compensating effect between

an excess of precipitation over ETH between 1500 and

2100 LST and a systematic deficit in precipitation over

SWA and CAF. For LowRes (Figs. 8e–h), the deficit

in precipitation caused by long-lived MCSs also comes

mostly from SWA and CAF. Precipitation is best

captured over ETH in both simulations, which can be

explained by the strong orographic enhancement of

precipitation there.

FIG. 6. Contribution of all theDCCs (long- and short-livedMCSs

and small DCCs), CACs, and other clouds to total precipitation

over the whole domain for the observations and the simulations.
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5. Characteristics of long-lived MCSs by subregion

a. Size and propagation

Because long-lived MCSs account for most of the ob-

served precipitation, it is essential to describe such systems

and to evaluate the capability of the simulations to statis-

tically reproduce the characteristics of their population.

The trajectories of long-lived MCSs are depicted in Fig. 9.

Their number decreases with the duration whatever the

dataset, as found by others (e.g., Fink et al. 2006; Laing

et al. 2008). In the regions where long-lived MCSs form

and grow, favorable conditions provide them with energy

that will eventually decay unless the long-lived MCSs are

enhanced during their propagation. Laing et al. (2008)

argue that an approximately exponential decay of the

number of MCSs over their lifetime is expected. Among

the 62 observed trajectories, which have an average life-

time of 11.3h, the majority start over the continent. The

observed long-lived MCSs are first detected over the

Ethiopian Highlands, near the borders of the Darfur Pla-

teau and the Cameroon Highlands in CAF, the borders of

the Jos Plateau in SWA, and to the west of SWA, close to

the Guinea Highlands. Over the ocean, long-lived MCSs

are first detected mostly on the Gulf of Guinea. The long-

livedMCSs propagate principally from east to west, within

theAEJ. For the simulations, they aremore numerous and

shorter lived thanobserved (84with an average duration of

10.7h for HiRes and 104 with a duration of 10.4h for

LowRes). Their first detections are spatially distributed

in a similar way to observations for both simulations.

FIG. 7. Diurnal cycle of (a) precipitation over land, (b) precipitation over ocean, (c) precipitation over land due to

long-livedMCSs and short-livedMCSs, and (d) precipitation over land due to clouds other than DCCs (e.g., CACs

and other clouds), and small DCCs for the observations and both simulations.
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The propagation characteristics of long-lived MCSs

by subregion are shown in Fig. 10. A trajectory is asso-

ciated with the subregion where the long-lived MCS

spendsmost of its lifetime (i.e., where themajority of the

MCS track points shown in Fig. 10 lie). Zonal and

meridional speeds are computed for each MCS, using

their locations between their first and last detections.

Observed long-livedMCSs are first detectedmostly over

CAF. Their effective diameter increases from east to

west, from 300kmover ETH to 600 kmover SWA. Their

duration is about 10 h over ETH and CAF and 20h over

SWA. They have an average zonal speed of 28.5m s21

in ETH, 210.1m s21 in CAF, and 217.8m s21 in SWA.

Their meridional speeds are lower in absolute value;

they are 2.1, 2.5, and 21.5m s21 for ETH, CAF, and

SWA, respectively. Thus, while the observed long-lived

MCSs mainly propagate westward, they present a

northward component in ETH and CAF, and a south-

ward component in SWA. The long-lived MCSs over

SWA are the most organized. They are the largest,

fastest, and longest-lived MCSs of all the subregions.

Both simulations overestimate the number of long-

lived MCSs over the three subregions, the number is

44% greater for HiRes and 93% greater for LowRes.

The 44% excess for HiRes is close to the 53% over-

estimate of MCS tracks found in a 6-day convection-

permitting simulation over West Africa (Beucher et al.

2014). For HiRes, many of the too numerous long-lived

MCSs over ETH are simulated in the afternoon (not

shown), which may explain the excess of afternoon

precipitation (Fig. 8d). The increase in effective di-

ameter of long-lived MCSs from east to west is not re-

produced by the simulations. The effective diameter

remains the same in the three subregions. It is, therefore,

well captured over ETH but too low over CAF and

strongly underestimated over SWA. The duration of

long-lived MCSs is correctly simulated in CAF and

ETH, but too low over SWA. In both simulations, the

long-lived MCSs propagate westward, and are the fast-

est over SWA. For HiRes, the zonal speed over SWA is,

however, about one-third lower than observed (211.5

vs 217.8m s21). For LowRes, the long-lived MCSs are

too slow in all the three subregions. LowRes simulates

the observed northward propagation of long-livedMCSs

in CAF and ETH and the southward propagation in

SWA, but long-lived MCSs for HiRes are too westward

directed.

In summary, the long-lived MCSs are observed to

increase their size, lifetime, and propagation speed from

ETH to SWA. In a general way, the main propagation

characteristics of long-livedMCSs, such as their number,

diameter, lifetime, and propagation speed are better

FIG. 8. Differences in the diurnal cycle of precipitation due to long-lived MCSs between (left) HiRes and

the observations and (right) between LowRes and the observations for (a),(e) land; (b),(f) SWA; (c),(g) CAF; and

(d),(h) ETH.
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captured by HiRes than by LowRes. Nevertheless,

HiRes presents strong biases over SWA, notably as the

long-lived MCSs show a weak degree of organization

and an incorrect meridional propagation.

b. Environmental conditions

To understand why the long-lived MCSs differ with

the subregion, we examine the environmental condi-

tions in which these MCSs develop (Fig. 11). In the

observations, near-surface moisture is maximum over

SWA, with a value of water vapor mixing ratio of

16 g kg21, and the low- to midlevel atmosphere presents

the strongest vertical gradient of equivalent potential

temperature ue. In other words, the conditional in-

stability is the greatest there. This can lead to convection

being more intense over SWA when triggered. The

speed of the AEJ, located at around 4-km altitude with

an easterly direction, increases from east to west. Its

maximum ranges from 8ms21 over ETH, to 10m s21

over CAF, and to 16ms21 over SWA, where the AEJ is

the strongest, in agreement with the zonal propagation

speed of long-livedMCSs (Fig. 10). Between 0.8- and 2-km

altitude, the wind direction changes abruptly. Below

2km the average southwesterly flow corresponds to the

monsoon flow. Note that the variability in the wind di-

rection among the individual profiles is much greater in

the lower atmosphere than aloft. This is mostly due to

the diurnal variability associated with solar heating,

which affects the boundary layer circulation. In moun-

tainous areas like ETH, the orography can also play a

partial role, as the slope breeze modulates the monsoon

flow. Thus, a strong vertical shear is found between the

low-level southerly and the midlevel easterly flows, with

the largest values over SWA.

HiRes reproduces the observed profiles of water va-

por mixing ratio over CAF and SWA very well, but

overestimates the water vapor mixing ratio above 2-km

altitude over SWA. For example, at 2.8-km altitude,

HiRes shows a value of 7.7 g kg21 compared to 6.5 g kg21

for the observations. LowRes shows a persistent in-

crease in water vapor mixing ratio at the low level and a

deficit at the midlevel, in all the three subregions. This is

consistent with insufficient injection ofmoisture through

convective updrafts. The increase in both the convective

instability and AEJ speed from ETH to SWA is cap-

tured by the simulations. The mean monsoon flow is

generally overestimated for LowRes, and also for HiRes

over SWA. The poor reproduction of the propagation of

the long-lived MCSs by HiRes over SWAmay be due to

differences between the observations and HiRes in the

wind at altitudes around 3km, the steering level for

MCS propagation. Indeed, its mean direction is 778 for
the observations and 848 for HiRes. Moreover, the me-

ridional wind at 3-km altitude for HiRes shows the

greatest variability in intensity over SWA. For some

individual profiles, it is southerly, indicating that moist

air is advected northward to SWA (not shown).

c. Properties of long-lived MCSs

To examine the convective response to the larger-

scale environmental forcing, average profiles of the

long-lived MCSs are shown in Fig. 12. Each MCS is as-

sociated with the subregion where it spends most of its

lifetime. For both simulations, liquid hydrometeors ap-

pear mostly up to the freezing level, around 4km, with a

drastic reduction above. A small amount of supercooled

water is present up to 9 km, before the cloud droplets

freeze completely. The solid hydrometeor content in-

creases above 4km, reaching a maximum around 9km,

and is nonzero up to 17km, approximately the height of

the tropopause. The release of latent heat through the

FIG. 9. Tracked trajectories of long-lived MCSs (duration of at

least 6 h) for (a) the observations, (b) HiRes, and (c) LowRes. The

dots represent the first detection of eachMCS. The changing colors

among trajectories have no significance. The solid black lines show

the orography at 600-m altitude.
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freezing of liquid particles and the deposition of water

vapor accelerates the air parcels, which show the

greatest upward velocities between altitudes of 6–9 km.

Over SWAandCAF, both the hydrometeor loading and

upward velocities are larger than over ETH, as there is

more convective instability. Over SWA and CAF the

freezing level and maximum upward speeds are re-

ported to be 1 km higher than over ETH. The updrafts

and downdrafts are stronger forHiRes than for LowRes,

an effect of the fully explicit representation of convec-

tion and the horizontal resolution. The cold, dry sub-

siding air is diagnosed by a decrease in ue in the lower

3 km between the conditions before and at the time of

convection, which has the effect of stabilizing the at-

mosphere. The reduction of ue, which is a signature of

cold pools, increases from ETH to SWA. This drop is

greater for HiRes than LowRes whatever the subregion.

The most intense cold pools are found over SWA for

HiRes, where, in the lowest 500m, there is an average

decrease of ue of up to 10K. However, the presence of a

layer of insufficiently dry air at 3-km altitude, which

feeds the cold pools, could result in the pools not being

intense enough. The too slow propagation of the long-

lived MCSs over SWA in HiRes and their reduced du-

ration could be a consequence of simulating cold pools

that are too weak.

6. Conclusions

This study examines continental precipitating systems

over northern Africa from 9 to 14 June 2006. A common

method is applied to the observations and to two simu-

lations (convection permitting and with parameterized

convection), for which MCSs are tracked and their

properties analyzed in detail over southern West Africa

(SWA), central Africa (CAF), and Ethiopia (ETH).

The analysis of the observations shows that continental

precipitation is distributed over a zonal band south of the

ITD, from the Ethiopian Highlands to the Atlantic. The

highest precipitation rates and the maximum of DCCs

FIG. 10. Characteristics of long-lived MCSs by subregion (SWA, CAF, and ETH) for the observations and the

simulations: (a) number of first detections, (b) effective diameter, (c) duration, (d) zonal speed, and (e) meridional

speed. In (b)–(e), the solid lines represent the mean values and the error bars represent the standard deviation.
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occur off the Atlantic coast, as has also been obtained

with TRMM climatology (Janiga and Thorncroft 2014).

The total precipitation and its diurnal cycle are parti-

tioned by type of precipitating system here. The observed

MCSs produce 66% of the total precipitation over the

whole analysis domain. The rest of the precipitation

during the 6-day period comes from CACs, isolated

convective cells, or other clouds. The long-lived MCSs

FIG. 11.Mean vertical profiles of (from top to bottom) water vapormixing ratio, equivalent

potential temperature, wind speed, and wind direction for long-lived MCSs for each sub-

region: (left) SWA, (middle) CAF, and (right) ETH. The subregions are shown in Fig. 4a. The

profiles are computed 6 h before the long-lived MCSs detection. The shaded contours show

the standard deviation for each dataset.
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produce 55% of total precipitation. They mainly explain

the diurnal cycle of continental precipitation, which peaks

in the evening. Furthermore, they are the first contributor

to nocturnal precipitation, as well-developed MCSs can

sustain themselves for several hours when surface fluxes

are strongly reduced. Overall, the number of long-lived

MCSs decreases with increasing lifetime. The number,

effective diameter, and propagative properties of the

long-lived MCSs have been further analyzed by

subregion. The westward long-lived MCSs present a

southward component over SWA. They are the largest,

fastest, and longest-lived when compared to CAF and

ETH. TheAEJ increases in strength fromETH to SWA,

in turn increasing the vertical shear, a key mecha-

nism in the organization of convection. SWA also

presents the greatest conditional instability. To the au-

thors’ knowledge, this is the first time that the partition

of total precipitation and its diurnal cycle by type of

precipitating system over eastern Africa have been

investigated together with the environmental conditions

of the long-lived MCSs.

The convection-permitting simulationmimics the zonal

distribution of continental precipitation well. It succeeds

correctly partitioning precipitation among the different

types of precipitating systems, with 50% of the total

precipitation due to long-lived MCSs. The long-lived

MCSs are also the main contributors to nocturnal pre-

cipitation over land. The latter is, however, under-

estimated. The lack of nighttime continental precipitation

results from a systematic deficit in precipitation over

SWA and CAF, which is compensated by an excess over

ETH during the afternoon and early evening. This pre-

cipitation surplus over ETH comes from the afternoon

triggering of too many long-lived MCSs. Over SWA, the

deficit in precipitation is due to the reduced effective di-

ameter and lifetime of the long-lived MCSs, which are

one-third and half of what is observed, respectively. As

SWA presents the greatest conditional instability, the

FIG. 12. Mean vertical profiles of (from top to bottom) 99th percentile of the vertical wind

speed, mean hydrometeor mixing ratio (liquid and solid) for long-lived MCSs, and difference

of mean equivalent temperature inside the long-lived MCSs and at the same location 6 h

before, for (left) SWA, (middle) CAF, and (right) ETH. The shaded contours show the

standard deviation for each dataset.
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long-lived MCSs are the most vigorous, with greater up-

ward velocities and hydrometeor loading than over CAF

or ETH. The strongAEJ and shear, well reproduced over

SWA, appear not to be sufficient to sustain long-lived

MCSs that are as large, fast and long as observed. We

suggest that the reported wet bias around 3-km altitude

over SWA would lead to the lack of organization of the

long-lived MCSs. This wet bias may be explained by an

incorrect location of the long-lived MCSs with respect to

the AEWs. This would, in turn, cause the erroneous

propagation of the long-lived MCSs, whose propagation

direction presents a northward meridional component.

The simulation with parameterized convection fails to

reproduce both the partition of precipitation and its

diurnal cycle. Clouds other than DCCs are the first

contributors to precipitation and the diurnal cycle peaks

at 1500 LST, too early in the afternoon. This is due to the

deep convection parameterization, which produces 70%

of the total precipitation of the simulation, but the cloud

content generated by the parameterization is not high

enough to simulate the BT correctly (i.e., to simulate BT

low enough to be included in the DCC category). A

consequence is that the DCC contribution to the total

precipitation, and its diurnal cycle, is too low. The

remaining 30% of precipitation results from the explicit

upward transport of humidity and its microphysical

transformations. It shows a fairly negligible diurnal

variability but still contributes to the increase in total

precipitation during the evening and the night. The too

early precipitation peak nevertheless represents an im-

provement with respect to the diurnal cycle of pre-

cipitation in global circulation models (Guichard et al.

2004). The simulation with parameterized convection is

able to simulate long-lived MCSs, which are not gener-

ally produced by other models with convective param-

eterization, but they only contribute to one-third of

precipitation and are too small, and have too low a zonal

speed and too short a lifetime. They also present much

lower vertical speeds and hydrometeor contents than in

the convection-permitting simulation.

This study shows that the long-lived MCSs are the main

contributors to precipitation over northernAfrica from 9 to

14 June 2006. The convection-permitting simulation is

successful in reproducing the precipitation partition,

whereas the simulation with parameterized convection

fails. This result highlights the added value gained by rep-

resenting the convection explicitly. This study also shows

that the convection is more organized over West Africa

than over eastern Africa. The convection-permitting sim-

ulation fails to represent the zonal increase in organization

and shows toomany tracks of long-livedMCSs, a drawback

also seen over West Africa with the convection-permitting

Applications of Research to Operations at Mesoscale

(AROME) model (Beucher et al. 2014). We suggest that

this is the consequence of a wet anomaly around 3-km al-

titude. It is also possible that the lack of precipitation from

the less-organized, long-lived MCSs prevents the drying of

the atmosphere there. The excessive number of MCSs in

convection-permitting simulations has been identified in

other areas [i.e., over Brazil (Machado and Chaboureau

2015) and the southern United Kingdom (Hanley et al.

2015)]. These studies pointed out the sensitivity of MCS

organization to the subgrid turbulence scheme. Finally, the

conclusions drawn from this study are based on a specific

6-day case over a region that experiences very large

seasonal changes as well as significant intraseasonal var-

iability. It would be worthwhile to repeat the assessment

made here for other cases or over longer periods in order

to disentangle the role of the environment from the effect

of some systematic model errors.
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