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ABSTRACT

The 3-hourly brightness temperatures (BTs) at 10.8 �m from the Meteosat Second Generation (MSG)
satellite were used to document the cloud system variability over West Africa in the summer of 2006 and
to evaluate the quality of the Méso-NH model forecasts of cloud cover in the African Monsoon Multidis-
ciplinary Analysis (AMMA) framework. Cloud systems were observed over the Guinean and Sahelian
bands with more frequent occurrence and patchier structures in the afternoon. Some intraseasonal varia-
tions of the number of cloud systems were found, partly related to the intermittency of the African easterly
wave (AEW) activity. Compared to the MSG observations, the Méso-NH model reproduces the overall
variation of the BT at 10.8 �m well at D � 1 forecast. The model captures the BT diurnal cycle under
conditions of clear-sky and high-cloud cover, but misses the lowest BT values associated with deep con-
vection. Forecasted cloud systems are more numerous and smaller, hence patchier, than those observed.
These results suggest some deficiencies in the model’s convection and cloud parameterization schemes. The
use of meteorological scores further documents the skill of the model to predict cloud systems. Beyond
some systematic differences between simulations and observations, analysis also suggests that the model
high-cloud forecast is improved under specific synoptic forcing conditions related to AEW activity. This
indicates that room exists for improving the skills of weather forecasting over West Africa.

1. Introduction

Clouds and precipitation are sensible weather ele-
ments that are crucial to forecast in the tropics. Despite
the importance of rain for human activities, skill in fore-
casting tropical rainfall events on a day-to-day basis has
not been explored extensively, with the exception of
tropical cyclones. This can be explained by the limited
value of numerical weather prediction for forecasting
weather involving convection because of the paucity of
appropriate mesoscale observational data and the limi-
tations of both current initialization procedures and
physical parameterization (Smith et al. 2001). Thus,
there has been more focus on the ability of the general
circulation models (GCMs) to represent the broad
characteristics of the tropical atmosphere. For example,

a well-established deficiency in GCMs is the failure to
capture the diurnal cycle of deep convection over land,
both in magnitude and phase (e.g., Guichard et al.
2004). In particular, deep convection in GCMs tends to
be in phase with low-level temperature and atmo-
spheric instability. This results in a predicted onset of
convective rainfall earlier than observed. Last, the me-
soscale organization of convection poorly simulated by
GCMs is also a strong issue, particularly for impact
studies such as on the hydrologic cycle (Lebel et al.
2000). These features suggest fundamental shortcom-
ings in the parameterization of the surface, radiative,
boundary layer, cloud, and convective processes.

In the Sahel, a semiarid zonal band around 10°–18°N
extending coherently across Africa, most of the precipi-
tation arises from mesoscale convective systems
(MCSs) during the Northern Hemisphere summer (e.g.,
Mathon et al. 2002). The correct prediction of MCSs is
therefore of importance for human needs and has been
identified as an objective of the African Monsoon Mul-
tidisciplinary Analysis (AMMA) research program
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(Redelsperger et al. 2006). MCSs are characterized by a
spatial extent of a few hundred kilometers and a dura-
tion from several hours up to a few days. They result
from the scale interaction between different processes.
MCSs are born as individual convective cells triggered
with the daytime boundary layer development. Their
further growth is influenced by the vertical shear asso-
ciated with the African easterly jet (AEJ), a seasonal
midlevel jet that results from the temperature meridi-
onal gradients over the continent. In addition, convec-
tive activity is significantly modulated by African east-
erly waves (AEWs; e.g., Reed et al. 1977; Diedhiou et
al. 1999), although the nature of the relationships in-
volved is still unclear. AEWs correspond to synoptic-
scale disturbances with periods of a few days that have
often been understood to result from instability of the
AEJ (Burpee 1972). Recently, a new perspective has
been afforded suggesting that the initiation and inter-
mittence of AEWs is caused by pulsations of deep con-
vection (Hsieh and Cook 2005; Hall et al. 2006). In any
case, such strong interaction between the convective
and synoptic scales makes MCSs difficult to forecast.

In consequence, skillful forecasting of MCSs first re-
quires a correct representation of the surface, radiative,
boundary layer, cloud, and convective processes. In
large-scale models (e.g., with a grid spacing larger than
10 km), all these processes are parameterized, so the
ability of a model to forecast MCSs is an important test
of its physical parameterization schemes. In addition,
some key processes specific to the Sahel need to be well
represented. For example, soil moisture is character-
ized there by marked spatial and temporal variability
that correlates with the path of afternoon convection
via mechanisms that still need to be determined (Taylor
and Ellis 2006). Dust plays an important role in the
dynamics in the region via its radiative properties.
Thus, a substantial weakening of the AEJ with the fore-
cast range in the European Centre for Medium-Range
Weather Forecasts (ECMWF) model has been partly
attributed to an overestimated direct radiative forcing
by dust aerosols (Tompkins et al. 2005). Furthermore,
the use of prognostic dust aerosol, instead of climatol-
ogy, in a regional model was found to better capture the
observed convective activity at the 2-day range (Cha-
boureau et al. 2007b).

The forecast skill also depends on the initial condi-
tions given in the models. West Africa, along with most
of the continent, is a well-known data-sparse region
with few routinely launched radiosondes. In conse-
quence, the model analyses are strongly driven by the
guess from the previous run and the few satellite data
assimilated over land. During the AMMA special ob-
serving period (SOP), a considerable effort was made

to ensure that all relevant data (e.g., from extra radio-
sondes, dropsondes, etc.) were broadcast to the Global
Telecommunication System to support operational
forecasting (Redelsperger et al. 2006). The use of RS80
A-Humicap radiosondes at some stations during the
AMMA SOP yielded, however, dry bias in the moisture
analysis in the vicinity of these stations that could re-
duce the forecast skill substantially (A. Agusti-
Panareda and M. Nuret 2007, personal communication).

In addition to the different sources of errors that
affect the forecast skill, a difficulty in estimating such
skill in a systematic way arises from the source of the
observation. As noted by Simmons and Hollingsworth
(2002), verification of forecasts by comparison with ra-
diosonde observations can give rise to difficulties in
interpreting the verification statistics because of the
variation over time in the number and type of stations
reporting. It may be even more difficult with precipita-
tion measurements from rain gauges, because of the
marked patchiness of rainfall. An alternative to the ter-
restrial source of observations is provided by satellites
with good coverage in time and space. In particular, the
Meteosat Second Generation (MSG) satellite provides
indirect information on cloud properties over Africa
every 15 min. The observation of the earth’s upwelling
radiation is therefore employed to estimate rainfall
products, but the unknown errors associated with such
rain retrievals limit their value for evaluating the per-
formance of forecasting models (e.g., Adler et al. 2001).

Here, we adopted a model-to-satellite approach, in
which satellite brightness temperature (BT) images
were directly compared to BTs computed from pre-
dicted model fields (Morcrette 1991). This approach
offers the advantage that the satellite data are used in
an objective way, without being combined with any an-
cillary data. It is especially powerful in identifying dis-
crepancies of cloud cover forecasts (Chaboureau et al.
2000; Chevallier and Kelly 2002) and tuning critical pa-
rameters in cloud schemes (Chaboureau et al. 2002;
Keil et al. 2006). Previous works have used the model-
to-satellite approach on a long-term series of forecasts
made by the Méso-NH model (Lafore et al. 1998) to
test the impact of different parameterizations on the
overall prediction of cloud cover (Chaboureau and
Bechtold 2005), cirrus cover (Chaboureau and Pinty
2006), and convective overshoots (Chaboureau et al.
2007a). These studies have shown the value of the
model-to-satellite approach in giving a specific con-
straint to the model.

The verification of the cloud cover forecast is carried
out here by combining the model-to-satellite approach
with the calculation of scores. This is applied for the
first time to a series of daily 48-h forecasts made with
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the Meso-NH model during a 1-month period, from 23
July to 22 August 2006, covering the AMMA SOP 2a2.
We use the BT at 10.8 �m from 3-hourly MSG obser-
vations as it is mainly affected by cloud-top heights. The
method described here provides a framework for as-
sessing the cloud cover forecast and the impact of forth-
coming improvements to the representation of clouds
in the model. Within the specific focus of the present
study, the monsoon season over West Africa, cloud
cover forecasts are expected to be closely related to
simulated moist convective features.

The paper is organized as follows. Section 2 presents
the Méso-NH model and the way the model forecasts
are compared to satellite observations. Section 3 pro-
vides an analysis of the high-cloud cover variability
over the 1-month period. Section 4 describes the diur-
nal variability and points out some deficiencies in the
cloud parameterizations. Section 5 discusses the synop-
tic variability of the high-cloud cover and the increase
of the forecast skill with AEW activity. Section 6 con-
cludes the study.

2. Model and satellite observations

The Méso-NH model (Lafore et al. 1998) was
adopted as a nonhydrostatic regional model with the
same configuration as used by Chaboureau et al.
(2007b). Vertical grid spacing in the free troposphere
was set to 600 m, with horizontal grid spacing of 32 km.
The model includes a 1.5-order turbulence scheme, in-
teractive radiation, a dust scheme, and a prognostic mi-
crophysical scheme including the three water phases
with five species of precipitating and nonprecipitating
liquid and solid water (Pinty and Jabouille 1998), and a
modified ice-to-snow autoconversion parameterization
following Chaboureau and Pinty (2006). Deep and shal-
low convective transport and precipitation are param-
eterized following Bechtold et al. (2001) based on the
work of Kain and Fritsch (1993). Subgrid cloud cover
and condensate content are parameterized as a function
of the normalized saturation deficit by taking into ac-
count both turbulent and convective contributions
(Chaboureau and Bechtold 2002, 2005).

From 23 July to 22 August 2006, a total of 31 daily
48-h forecasts were run over a domain of 3840 km �
2880 km covering West Africa. In addition to the clas-
sical meteorological outputs, dust (as in Chaboureau et
al. 2007b), lightning NOx (as in Mari et al. 2006), and a
tracer to mimic soil emission by volatile organic com-
ponents were forecasted to offer guidance to the op-
eration flight plan during the SOP 2a2. The simulation
domain and its associated topography are shown in Fig.
1. The individual forecasts were initialized with 12-h

ECMWF forecasts based on the 1200 UTC ECMWF
analyses. The choice of 12-h forecasts, rather than the
analyses, for the initialization was dictated by the need
to have forecasts in time for the morning briefing. The
initial and boundary conditions of the numerical experi-
ments were provided for the horizontal wind, the tem-
perature, and the water vapor. The lateral boundaries
were taken 6-hourly from the ECMWF forecasts.
Clouds were initialized to zero values, so the mixing
ratios of the liquid and ice water species built up during
the course of the simulations.

The BTs corresponding to the MSG observations
were computed using the Radiative Transfer for Tele-
vision and Infrared Observation Satellite (TIROS) Op-
erational Vertical Sounder (RTTOV) code version 8.7
(Saunders et al. 2005). The surface emissivity was given
by the Moderate Resolution Imaging Spectroradiom-
eter (MODIS) MYD11C3 product. The computed BTs
at 10.8 �m were compared to MSG observations every
3 h. As the latter have a 2.5-km horizontal resolution at
the nadir, the observed radiances were averaged and
projected onto the Méso-NH grid, then converted to
BTs.

The BTs at 10.8 �m were used to characterize the
cloud patchiness. Cloud systems (clear-sky areas) were
defined as groups of adjacent grid points with BT lower
(higher) than a threshold value. The number of result-
ing cloud systems and clear-sky areas divided by the
number of grid points defined the patchiness (Schröder
et al. 2006). The BTs were also used to verify the cloud
cover forecasts. Here we use categorical scores that
measure the correspondence between simulated and
observed occurrence of events at grid points. They were
first developed to focus on tornado detection (Finley
1884) and later on to verify the occurrence of high pre-

FIG. 1. Topography (m) of the simulation domain. The dots
show the locations of soundings performed during the SOP.
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cipitation rates (e.g., Ebert et al. 2003). For a given
threshold, a contingency table is constructed using that
threshold to distinguish nonhigh-cloud from high-cloud
events in the observation and the forecast. Following
the convention used by Wilks (1995), this gives the cor-
rect prediction of high clouds (a or hits), the events not
observed (b or false alarm), the observed high-clouds
not forecasted (c or missing alarm), and the correct
forecasts of nonevents when there were no high clouds
(d or hit nonactive). In the following, we use the prob-
ability of detection [POD; a/(a � c)], the false alarm
ratio [FAR; b/(a � b)], and the Heidke skill score [HSS;
(a � d � hr)/(a � b � c � d � hr)]. The POD gives the
hits of events that were correctly forecast, the FAR is
the fraction of events that did not occur, and the HSS
measures the fraction of correct forecasts after elimi-
nating those that would be correct because of chance
{hr � [(a � c) (a � b) � (d � c) (d � b)]/(a � b � c �
d)}. Such scores quantify the ability of the model to
forecast an event at the right place. They have been
employed to verify the realism of the model-generated
BTs against satellite-observed BTs in the infrared and
microwave ranges for midlatitude case studies (Söhne
et al. 2006; Chaboureau et al. 2008).

The score calculation made by comparing grid point
with grid point can lead to the double penalty effect.
This arises when an observed feature of few grid points
is realistically forecast but is misplaced. A model is pe-
nalized twice, once for missing the actual feature and
again for forecasting it where it is not. The double pen-
alty effect can be misleading by eliminating efficiently
valuable information on small-scale features from the
model skill. Therefore, scores were also calculated by
comparing fractions of occurrence of events over a
sized area. Such a calculation was applied to all the
scores defined above using a threshold set at 50%.
Thus, the forecasts and the observations were
remapped over larger areas where high-cloud events
corresponded to more than 50% of cloudy grid points.
In addition, the Fractions skill score (FSS) is a variation
of the Brier score in which fractions (considered as
probabilities) are compared with fractions (Roberts
and Lean 2008). The FSS has a range from 0 (zero skill)
to 1 (perfect skill). To estimate the current FSS against
uniform forecasts, we used two basic FSS measures,
namely FSSrandom and FSSuniform. FSSrandom denotes the
FSS that would be obtained from a random forecast
with the same fractional coverage over the domain as
that of the high-cloud cover ( f0), while FSSuniform rep-
resents the FSS that would be obtained at the grid scale
with a fraction equal to f0 at every grid point (Roberts
and Lean 2008). The areas used here are squares of up
to 7 by 7 grid points (i.e., areas of 224 km by 224 km).

3. Cloud system variability

A typical situation in summer over West Africa is
illustrated at 1200 UTC 14 August 2006 (Fig. 2, top).
Two major convective systems were observed over Ni-
ger and the Guinea Highlands as seen with BTs of less
than 230 K spanning a few hundred kilometers squared.
Smaller convective systems were also present over the
Jos Plateau and the Cameroon Highlands. The BTs in
the range of 260–290 K mostly occurred off the African
coasts and at low latitudes (less than 15°N). They re-
sulted from either low-level clouds or thin cirrus de-
trained from the nearby convection. The BTs larger
than 290 K over the Sahara and the ocean corre-
sponded to almost-clear-sky areas. The 36-h forecast
represents the overall BT variability reasonably well
(Fig. 2b). In particular, the two major convective sys-
tems were predicted but too far south and with too
narrow an extent of low BT values. The smaller-sized
systems are also present but less developed than in the
observations.

Note that the 12-h forecast (not shown) for that date
missed the system over Niger. This drawback occurred
quite often, and is not completely surprising, given the
use of a cold start (i.e., clear-sky initial conditions) to-
gether with the characteristic space and time scales of
MCS, which can be much larger than a few hours. In
addition, it seems likely that the initial fields do not
properly capture mesoscale structures associated with
MCSs, such as convective outflows that may act as con-
vective triggers in an otherwise convection inhibiting
environment as typically encountered by squall lines in
the Sahel (e.g., Diongue et al. 2002). Therefore, the
study will focus on the D � 1 forecast through the rest
of the paper. This cannot replace a proper initializa-
tion of MCS-related features, but provides enough time
for MCSs to develop within the simulation time win-
dow.

Another drawback of the forecasts is the lack of very
low BT values. For example, in Fig. 2 (top), the BT
minimum is 197 K in the observations and 214 K in the
forecasts. Moreover, deep convective systems in the
tropics are usually defined as pixels with BT less than
the threshold of 230 K (e.g., Tian et al. 2004). Such
pixels are much less numerous in the forecasts than in
the observations. This discrepancy points out an under-
estimation of the convective updrafts and/or of the sub-
grid cloud fraction in the model. To alleviate this mod-
eling drawback, cloud covers are defined hereafter as
BT less than 260 K, which corresponds to high clouds
(e.g., Fu et al. 1990; Tian et al. 2004). This threshold is
suitable for tropical high clouds as it is close to the
climatological temperature at 440 hPa. This tempera-

4424 M O N T H L Y W E A T H E R R E V I E W VOLUME 136

Unauthenticated | Downloaded 10/23/23 01:45 PM UTC



ture threshold can detect deep convective clouds and
cirrus anvil clouds, but may exclude some thin cirrus
(Tian et al. 2004).

The occurrence of the high clouds during the
1-month period sampled every 3 h is shown in Fig. 2
(bottom). In the observation, the distribution shows a
strong meridional organization with a maximum of high
clouds between 5° and 15°N. The preferential locations
of high clouds over the Jos Plateau and the Guinea
Highlands indicate the influence of orography in trig-
gering convection. This result is in agreement with a
principal component analysis of the outgoing longwave
radiation fluxes over Africa (Comer et al. 2007). Out-
side 5°–15°N, the domain is, on average, almost free of
high clouds. A similar meridional organization of the
high clouds can be seen in the forecast (Fig. 2d). How-
ever, their occurrence is overestimated at the western
coasts and underestimated in the eastern boundaries of
the domain. In the latter case, this is likely a boundary
effect due to the coupling that used temperature, water
vapor, and wind fields from ECMWF forecasts only. In
the other case, the discrepancy may be partly attributed
to the too-smooth orography described over the 32-km
grid mesh, which leads to an underestimation of the

orographic forcing. Between these two main orographic
centers, the southern limit of high clouds is well delin-
eated in the model but the occurrence of high clouds
decreases more sharply than observed on the northern
side of the maximum, in the Sahel.

The time evolution of the characteristics of the high
clouds (i.e., cloud occupancy, number of cloud systems,
and patchiness) is shown in Fig. 3. Observed high
clouds present a diurnal cycle superimposed on lower-
frequency variability. Particularly notable is the high-
cloud peaking at a 25% maximum occupancy over the
domain on 3 August, over values fluctuating around
5%–10%. This sharp intraseasonal maximum mostly
occurs south of 10°N and coincides with a maximum of
rainfall (not shown). The somewhat weaker but still
obvious fluctuations taking place from 10 to 17 August
concern variation of cloud cover in the 10°–15°N Sahe-
lian band. In contrast to cloud occurrence, the number
of observed cloud systems is less variable during the
period with around 50 systems in the morning, a num-
ber that diminishes throughout the evening/night. The
diurnal cycle of the observed patchiness is linked to the
strong diurnal control on the timing of MCS formation
that follows and emerges from the development of

FIG. 2. (top) The 10.8-�m BT (K) at 1200 UTC 14 Aug 2006 and (bottom) occurrence (%) of high clouds during
the 1-month period. Results are from (left) the MSG observation and (right) the Méso-NH forecast at D � 1.
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more patchy daytime convection. The forecasts mimic
the low-frequency variability of the cloud characteris-
tics reasonably well. On the other hand, large differ-
ences exist in the diurnal variation of the number of
cloud systems. Too many cloud systems were fore-
casted in the afternoon. As the forecast number of high
clouds was correct, the cloud systems were too patchy
in the afternoon, indicating a lack of organized cloud
systems in the forecasts.

Overall, the forecasted cloud features as presented in
Fig. 3 appear to match a 30-day monsoon mean diurnal
cycle too tightly each day. This is particularly true in the
10°–15°N band, where the forecasts do not properly
account for the observed large-scale fluctuations of
cloud occurrence, while they do reproduce quite well,
albeit with a weaker amplitude, the early August epi-
sode of intraseasonal variability south of 10°N. This
latitude-dependent performance may involve latitudi-
nal changes in the characteristics of moist convection
that cannot be captured by mesoscale simulations using
current convection schemes.

The verification of the high-cloud forecasts over the
domain was achieved using four categorical scores
(POD, FAR, HSS, and FSS; Fig. 4). For the sake of

clarity, only the POD and the FAR calculated over
areas of 224 km by 224 km are shown. Indeed, the
forecast presents a POD that is always lower than the
FAR when compared grid point by grid point or over
areas smaller than 224 km by 224 km (not shown), sug-
gesting poor skill. However, the HSS values on a 32-km
basis are low but positive. In consequence, the high-
cloud forecasts can still be considered as useful since
they are better than random chance.

When larger-sized areas are compared, the POD is
around 0.6, generally over the FAR, around 0.4, when
calculated over an area of 224 km by 224 km. So most
of the high clouds were well forecasted at this scale, and
a few were added or misplaced cloud forecasts. Consis-
tently with POD and FAR results, a few days present
lower HSS and FSS than the others. Also the FSS is
always larger than FSSrandom, indicating that the fore-
casts are more skillful than a random forecast (as al-
ready seen with POD and FAR). Interestingly, the HSS
and the FSS increase with the area size. Over the largest
area, these scores can even reach values around 0.6 and
0.8, respectively. This increase in skill with the area size
is, however, somewhat artificial as it is larger for patchy
than for organized cloud cover. This is confirmed with

FIG. 3. Time evolution of cloud characteristics [i.e., high-cloud occupancy (%), number of cloud
systems, and patchiness] from the MSG observation (solid) and the Méso-NH forecast (dashed) at D �
1 over the simulation domain. The time axis is indicated by the day; July (J); August (A).
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the poorer skills obtained when calculating scores over
latitudinal bands of 5°–10° and 10°–15°N.

The HSS and the FSS also present a diurnal variabil-
ity, with a tendency to lower skill in the morning. This
decrease in skill is due to MCSs that survive during the
night. These MCSs are the most difficult to forecast as
they result from the coupling of different processes in-
cluding convection and dynamics. Furthermore, these
scores show higher values at preferential periods a few
days long, in particular when the FSS takes acceptable
values (i.e., larger than FSSuniform; for scales larger than
160 km). These variations are examined in the two fol-
lowing sections.

4. Diurnal variability

The West African monsoon is characterized by a me-
ridional gradient in surface parameters that condition
most of the climate variability with a strong diurnal
cycle. The monsoon circulation is first examined both
for the ECMWF analyses and the Méso-NH D � 1
forecasts using a classical latitude–altitude section of
meteorological fields averaged over the whole period
(Fig. 5).

In the analyses at 1200 UTC (Fig. 5a), the monsoon
flow is characterized by large water vapor amounts in
the first kilometer above ground level (AGL). For ex-
ample, amounts larger than 15 g kg�1 can be found up
to 15°N within a mean southwesterly flow. The pole-
ward advection of moist air favors the development of
moist convection and cloud cover in the Sahelian band.
In contrast, at latitudes higher than 20°N, the boundary
layer is well developed over a 4-km depth as suggested
by the weak isentropic gradient. Dry air with less than
10 g kg�1 water vapor is transported by a mean north-
easterly wind. Southward upward-sloping isentropes fa-
vor the export of dry Saharan (and sometimes dusty as
observed during AMMA; Flamant et al. 2007) air up to
4 km equatorward, resulting in a layer referred to as the
Saharan air layer (SAL). In the midtroposphere, the
circulation is characterized by the so-called AEJ for
which the well-defined core is located at 4 km AGL at
12°N. As the AEJ is close to thermal-wind balance, the
jet core is associated with a baroclinic zone beneath it
and isentropes sloping downward to the north. Overall,
the ECMWF analyses at 1200 UTC correspond well to
the vertical structure with latitude as recently analyzed
from observed vertical profiles (Parker et al. 2005b)

FIG. 4. Time evolution of categorical scores (i.e., POD, FAR, HSS, and FSS) over the simulation
domain. The thicker the line, the larger the area on which the HSS and the FSS are calculated (from 32
km � 32 km to 224 km � 224 km). The POD and the FAR are shown from the 224 km � 224 km
calculation only. (bottom) The thin (thick) gray line shows the FSSrandom (FSSuniform).
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and using a two-dimensional numerical study (Peyrillé
et al. 2007).

In the analyses at 0000 UTC (Fig. 5b), the nighttime
cooling results in a stably stratified, less turbulent
boundary layer. Then, the monsoon flux exhibits stron-
ger southerly winds advecting moisture farther north at
low levels. Above the southerlies, a well-marked north-
erly return flow lies around 4 km and 20°N. This clearly
shows the meridional advection most efficient at night
as already described with model analyses and observa-
tions by Parker et al. (2005a). Note also that the inten-
sity of the AEJ core is reduced at night consistently
with the decrease of the baroclinicity.

In the Méso-NH forecasts, the broad characteristics
of the monsoon flux and the AEJ are well reproduced,
as is their diurnal variation (Fig. 5, bottom). This is not
unexpected as the model was not given enough time to
develop any significant drift, in contrast to the disap-
pearance of the AEJ after 5 days of forecast reported
by Thorncroft et al. (2003). However, some departures
from the analysis can be easily identified as shown be-
low. They are representative of differences that built up
during the course of each 48-h forecast. As such, they
reveal some systematic drawbacks in the physical pa-
rameterizations when used together under environmen-
tal conditions that do not to depart too sharply from
those observed. In practice, specific considerations led
us to discard the first day (cf. the previous section).

The monsoon flow was faster than the analyses by a

few meters per second both at 0000 and 1200 UTC. This
faster monsoon flow is combined with a systematically
shallower boundary layer. The surface signature of the
forecasted intertropical discontinuity (ITD; the inter-
face between the cool moist southwesterly monsoon
flow and the warm, dry and aerosol-laden northeasterly
harmattan flow) does not depart much from the one in
the analysis. In contrast, the water vapor mixing ratio in
the low-level monsoon flow does. In fact, north of 15°N,
the meridional gradient of the forecasted low-level wa-
ter vapor mixing ratio is shifted northward, as a shallow
tongue of moist air is efficiently advected by the faster
and thinner monsoon flow. The shallower boundary
layer is consistent with these features: it promotes a
low-level monsoon flow, which is less diluted in the
vertical direction, thus limiting speed reduction and
drying due to turbulent vertical mixing.

Farther south, associated with a larger isentropic gra-
dient, a westerly jet located at 1 km AGL between 5°
and 10°N was wrongly forecasted. In the free tropo-
sphere, the core of the AEJ was weaker and broader
than in the analyses, and around 5°N, too strong east-
erlies were forecasted that may be related to the insuf-
ficient mixing in the shallow convection. The nighttime
structure of the moisture field (after 48 h of simulation)
is also striking: the depth of the layer with water vapor
mixing ratio higher than 15 g kg�1 steadily increases
from the equator to the Sahel, in sharp contrast with the
analysis, which indicates a thicker layer south of 10°N.

FIG. 5. Latitude–altitude section of the water vapor mixing ratio (g kg�1) averaged over 10°W–10°E
and over the whole period. Fields are taken from (a), (b) ECMWF analyses at 1200 and 0000 UTC and
(c), (d) Méso-NH forecasts at �36 and �48 h. Thin dotted lines are isentropes every 5 K. Thick black
(white) contours are zonal (meridional) winds every 4 (2) m s�1 with solid (dashed) lines for positive
(negative) values.
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The accuracy of the analysis itself is expected to
weaken at low levels because it is strongly controlled by
the model physics there, even for locations where
soundings are assimilated. Indeed, comparison of
ECMWF analysis with available soundings across West
Africa for this period suggests that the boundary layer
is overall too deep in the analysis (not shown). Never-
theless, such discrepancies in the forecasts deserve fur-
ther investigation. As we shall see in the next para-
graph, at these lower latitudes, the model creates too
many clouds at low levels. The latter inhibit the daytime
boundary layer growth, a factor that probably plays a
role in these large-scale circulation features.

The diurnal variability of the West African monsoon
was further examined using histograms with latitude for
the observed and forecast BTs averaged over 10°W–
10°E every 6 h (Fig. 6). At 0600 UTC, the maximum

observed BTs were around 290–296 K at latitudes less
than 15°N and 296–302 K at higher latitudes. The me-
ridional gradient in the BT maximum attains its climax
at 1200 UTC. The southern coastline and the Sahara
exhibit a 40-K difference with values of 290–296 and
332–340 K, respectively. This latitudinal variation re-
sults in the strong daytime heating that the deserts ex-
perience. In contrast, the larger heat capacity of the
oceans and higher evaporative fraction of the tropical
forests leads to almost no diurnal variation of the tem-
perature at the surface and, hence, of the maximum
BTs. With the decrease in the solar heating, the merid-
ional gradient is greatly reduced at 1800 UTC. Between
0000 and 0600 UTC, the difference is minimum with a
BT of 296 K over the Sahara due to strong nighttime
cooling. Such diurnal variation in the BT maximum is
well reproduced in the forecasts, but biased by a bin

FIG. 6. Latitude–BT histograms over 10°W–10°E. Fields are taken from (a)–(d) MSG observations at 0600, 1200, 1800, and 0000
UTC and (e)–(h) Méso-NH forecasts at �30, �36, �42, and �48 h.
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width (6 K) between 5° and 10°N due to an overesti-
mated low-cloud cover as explained next.

In the range of 260–290 K, observed BTs result in
the presence of low-level and/or semitransparent ice
clouds. Their occurrences at a maximum at 0000 and
0600 UTC and minimum at 1800 UTC. Chaboureau et
al. (2007b) documented the diurnal cycle of cirrus over
the same domain using a BT difference technique, but
in late August 2005. They found a cirrus cover that was
at a maximum at 1200 UTC. So the BT maximum in the
260–290-K range observed at 0000 UTC can be ex-
plained by an increase in the low-level clouds only. In
contrast, the forecasted BTs in that range present a less
marked diurnal cycle with an overestimation of their
occurrence whatever the time. As the diurnal cycle of
the cirrus cover is reasonably well forecasted by Méso-
NH (Chaboureau and Pinty 2006; Chaboureau et al.
2007b), the discrepancy can be mainly attributed to an
overestimation of the low-level cloud cover. Such low-
level clouds are typically difficult to simulate with cur-
rent parameterizations, regarding daytime as well as
nighttime conditions (e.g., Lenderink et al. 2004; van
Lipzig et al. 2006). The accuracy of surface sensible and
latent heat fluxes is likely to play a role, too (e.g., Zhu
and Albrecht 2003).

In the present case, from day 1 to day 2, there is an
increase of the low-cloud cover that is associated with a
decrease of the low-level temperature and of the lifting
condensation level, together with a decrease of the
equivalent potential temperature and CAPE; day 2 also
follows an often rainy forecasted day 1 over 5°–10°N.
This suggests a negative feedback loop between tem-
perature and low-level clouds operating in the model
over this area and at this time scale, involving cloud
radiative properties, surface fluxes, and moist convec-
tion. An overall reduction in the rainfall occurs on day
2 compared to day 1 there, together with a CAPE de-
crease, while the opposite is found over the Sahel. Ob-
servations collected during the field campaign together
with results from land surface modeling currently
handled within AMMA will shed light on this issue.
Besides, these variations of low-level temperature and
of equivalent potential temperature lead to sharper me-
ridional gradients over the continent, consistent with
faster low-level winds.

The BTs less than 260 K occurred mostly between 5°
and 15°N in both the observation and the forecast (as
already seen in Fig. 2, bottom). The observed BTs in
that range present a diurnal variability with a minimum
at 1200 UTC and a maximum at 1800 UTC. The peak is
typical of convection over land with a regime of deep
convection in the afternoon (e.g., Nesbitt and Zipser
2003; Chaboureau et al. 2004). On the other hand the

occurrence of observed BTs less than 230 K associated
with deep convective clouds throughout the day is a
signature of mesoscale convective systems that survive
the night. Such low BTs were forecasted but with higher
values. As noted earlier, this indicates a drawback in
the representation of convective clouds in the model.
Moreover BTs less than 230 K were correctly fore-
casted over 10°–15°N only. Indeed, the overestimation
of low-level clouds between 5° and 10°N prevents
boundary layer heating. Here, it leads to a decrease in
CAPE and in the occurrence of deep convection as it is,
by the construction of the convection scheme, strongly
controlled by the CAPE.

5. Synoptic variability

The variability of the skill in forecasting high-cloud
cover during the 1-month period is now examined. A
large part of the variability during summer is due to
traveling AEW of 3–5-day periods (Mekonnen et al.
2006). Figures 7a,b presents a Hovmöller diagram of
the high-cloud cover and the 700-hPa meridional winds
between 10° and 15°N taken from MSG observation
and ECMWF analyses and forecasted by the Méso-NH
model at D � 1 for the whole period. As illustrated in
Fig. 7a, the cloud cover and meridional wind both dis-
play coherent and strong synoptic signatures, pointing
to the significance of synoptic dynamics in shaping the
cloud cover over West Africa. On the one hand, the
presence of strong synoptic features can be thought of
as a constraint that may benefit the forecast of cloud
cover, at least at the larger synoptic scales. On the other
hand, these features involve interactions across synop-
tic and mesoscales. Therefore, the answer also relies to
some extent on the ability of the model to properly
represent these scale interactions. Specific to our study
though, the fact that we focus on short-term forecasts
(D � 1) limits, in time, the impact of possible model
weaknesses in the treatment of these complex phenom-
ena.

In the observations, several cloud systems propagate
westward ahead of an AEW trough. As in Berry and
Thorncroft (2005) the term trough refers to the travel-
ing coherent zero 700-hPa meridional wind. Many stud-
ies have shown that the region ahead of the AEW
trough, where northerly flow both advects dry air equa-
torward and increases vertical shear, promotes the me-
soscale organization of convective systems (e.g., Duvel
1990). For example, Fink and Reiner (2003) investi-
gated the relationship between AEWs and squall lines
over two extended summers. They found that the area
west of the AEW trough was a favorable location for
squall lines over the whole of tropical West Africa. In
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the forecasts, as the cloud cover is patchier than ob-
served, the organization of cloud systems as propagat-
ing lines appears less dramatic, albeit present. Another
source of difference is the simulated dynamics: the me-
ridional wind intensity in the forecasts shows weaker
AEW activity than the analysis does.

The outlines of the AEW activity over the 1-month
period are shown with the time evolution of the abso-
lute meridional wind intensity from the analyses (Fig.
7c). It can be defined by two periods of enhanced AEW
activity (the last week of July and the last two weeks of
August) separated by an inactive week-long period
around mid-August. Overall, the HSS tends to show
higher skill forecasts during the active periods, particu-
larly on 25–26 July, 31 July, and 21–22 August. The case
of 14 August shown as an example in Fig. 2 (top) was
obviously chosen because of its high skill. On 16 Au-
gust, the poor skill is due to failure to forecast a cloud
system observed ahead of a trough.

The relationship between HSS and absolute meridi-

onal wind is further explored with a scatterplot (Fig. 8).
The correlation coefficient is 0.36. It further reduces to
0.27 when considering HSS calculated over areas of 224
km by 224 km. (The decrease in the correlation for
larger areas suggests less sensitivity of the skill scores to
dynamics when they are calculated over larger scales.
The larger the area over which the score is calculated,
the lower the fraction of the error at smaller scales that
is due to displacement of the cloud entities.) A high
correlation is not a priori expected given the complex
chain of process interactions that give rise to the ob-
served BTs. This result, however, suggests that the syn-
optic forcing during phases of AEW activity indeed in-
creases the forecast skill. Note also that the increase of
HSS is not related to an increase in cloud cover as HSS
was conceived as an equitable score (Wilks 1995). By
standardizing so that random forecasts have zero skill,
HSS is a useful statistic for forecasts of variable events
with time. As random forecasts vary with the number of
forecasted and observed events, we effectively found

FIG. 7. (a), (b) Time–longitude diagram of wind and cloud fraction averaged between 10° and 15°N
from 23 Jul to 22 Aug 2006: MSG cloud fraction (shading, %) and 700-hPa meridional wind contours at
�3 m s�1 (dashed) and at 3 m s�1 (solid). Fields are taken from (a) MSG observations and ECMWF
analyses and (b) Méso-NH forecasts at D � 1. (c) The time evolution of the HSS calculated point-by-
point (line) and absolute meridional wind intensity from the analyses (shading, m s�1) averaged over
10°–15°N.
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that HSS and high-cloud cover (either forecasted or
observed) were not correlated. Indeed, a higher value
of HSS indicates a better forecast.

From a broader perspective, a large part of the high-
cloud cover is linked to moist deep convection. This
suggests that relationships between the cloud cover and
AEWs may be influenced by the convection scheme, in
particular by its closure. For instance, a closure based
on moisture convergence (e.g., Bougeault 1985) may
lead to convection being more constrained by the
model dynamics, while a CAPE closure—as used
here—will be more sensitive to changes in the magni-
tude of the local atmospheric instability. This issue re-
quires further investigation.

6. Conclusions

During summer 2006, 2-day forecasts were per-
formed daily over a domain covering West Africa with
a 32-km grid mesh. The 3-hourly forecasts of cloud
cover were verified by comparison with MSG observa-
tions at 10.8 �m. The verification was based on the
model-to-satellite approach that consists of a direct
comparison between observed and forecasted BTs.
Combined with the calculation of scores, the approach
is shown to be worthwhile, especially over data-sparse
regions such as the tropics, in giving an objective evalu-

ation of the representation of clouds in the model and
in measuring the skill of cloud forecasts.

The West African monsoon is characterized by a
strong meridional contrast in surface properties. Moist
air is advected poleward up to 15°N yielding a maxi-
mum of cloud cover between 5° and 15°N while a deep
boundary layer develops beyond 20°N. These broad
characteristics of the West African monsoon are well
reproduced by the forecasts. The diurnal variation of
the 10.8-�m BTs with latitude is also well captured, in
particular the meridional contrast of clear-sky BTs,
maximum at 1200 UTC, and the occurrence of low BTs,
maximum at 1800 UTC. This is consistent with the
monsoon circulation as described by the ECMWF
analyses and forecasted by the model: the low-level
monsoon flux increases with the nighttime boundary
layer stratification while the AEJ increases with the
solar heating. Such good performance shows at the very
least the progress made in the surface field analysis
since the pioneering work of Morcrette (1991).

Some systematic errors in representing clouds were,
however, identified. First, the lack of cloud systems pre-
dicted in the morning of the first day led the study to
focus on the D � 1 forecasts. This is linked to the use
of a cold start but also to the specific nature of the
phenomena define the cloud cover. Typically MCSs
contribute significantly to the signal and are character-
ized by time scales much larger than a few hours. Then
the occurrence of forecasted BTs less than 230 K asso-
ciated with deep convective clouds is greatly underes-
timated. This obliges us to address the verification of
high-cloud cover (i.e., deep convection and cirrus anvil
clouds as defined by BTs less 260 K). As a result, the
high-cloud cover is found to be well represented in
number but too patchy. Too many low-level clouds
were also found between 5° and 10°N. This causes a
less-developed boundary layer during daytime resulting
in too strong a monsoon flux at the low level.

The systematic errors highlighted by the cloud cover
verification pinpoint several modeling drawbacks. The
lack of low BTs can be explained by an underestimation
of the convective updrafts and/or of the subgrid cloud
fraction in the model. It is also partly due to an over-
estimation of low-level clouds between 5° and 15°N.
This requires further work on the convection scheme,
for both triggering and entrainment, as well as the sub-
grid cloud scheme. Such a feature may be at least partly
explained by too small values of daytime low-level
equivalent potential temperature associated with the
radiative impact of the too large low-level cloud cover.
The approach developed here affords an ideal frame-
work for such developments on cloud parameteriza-
tions. Also, some of the forecast errors are due to dis-

FIG. 8. Scatterplot between HSS and average absolute meridi-
onal 700-hPa wind calculated between 10° and 15°N from
ECMWF analyses. The characters indicate the day; July (j);
August (a).
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crepancies in the initial fields. The use of reanalyses or
analyses from other forecast systems would allow the
sensitivity of the forecast errors to the initial conditions
to be tested. The impact of nudging with satellite ob-
servations should also be explored in the aim of over-
coming the limitations imposed by a cold start.

Finally, the variation of the HSS with time over the
1-month period was examined together with the varia-
tion of the 700-hPa meridional wind. It showed a gen-
eral increase of the skill with the AEW activity. This
result, albeit fragile, points out the role of the synoptic
regimes on the accuracy of the forecast. The method of
verification developed here allows us to suggest such a
relationship. In consequence, a better analysis of the
atmospheric flow would have a positive impact on op-
erational forecasts of mesoscale convective systems
during periods of wave activity. This result provides
additional motivation for building an observation sys-
tem that covers West Africa well.
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