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Abstract Regional climate model (RCM) is a valuable
scientific tool to address the mechanisms of regional
atmospheric systems such as the West African monsoon
(WAM). This study aims to improve our understanding of
the impact of some physical schemes of RCM on the WAM
representation. The weather research and forecasting model
has been used by performing six simulations of the 2006
summer WAM season. These simulations use all combinations of three convective parameterization schemes
(CPSs) and two planetary boundary layer schemes
(PBLSs). By comparing the simulations to a large set of
observations and analysis products, we have evaluated the
ability of these RCM parameterizations to reproduce different aspects of the regional atmospheric circulation of the
WAM. This study focuses in particular on the WAM onset
and the rainfall variability simulated over this domain.
According to the different parameterizations tested, the
PBLSs seem to have the strongest effect on temperature,
humidity vertical distribution and rainfall amount. On the
other hand, dynamics and precipitation variability are
strongly influenced by CPSs. In particular, the Mellor–
Yamada–Janjic PBLS attributes more realistic values
of humidity and temperature. Combined with the Kain–
Fritsch CPS, the WAM onset is well represented. The
different schemes combination tested also reveal the role of
different regional climate features on WAM dynamics,
namely the low level circulation, the land–atmosphere
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interactions and the meridional temperature gradient
between the Guinean coast and the Sahel.
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1 Introduction
Local weather and especially rainfall are of paramount
importance for the population of West Africa. Since food
security and economy are strongly based on agricultural
production, the scientific community is orientated to
improve weather forecasting by a better understanding of
the West African monsoon (WAM) dynamics and notably
through its connection with convection. Rainfall over the
Sahel is dependent of the northward inland propagation of
the rainband associated to the Inter-Tropical Convergence
Zone (ITCZ). The displacement of the ITCZ presents an
abrupt northward shift from 5°N to 10°N, known as the
WAM onset which occurs in average around the date of
June 24th (Sultan and Janicot 2000; Le Barbé et al. 2002;
Sultan and Janicot 2003). A second important feature is the
intra-seasonal distribution of rainfall which is characterized
by possible occurrences of wet and dry sequences (Janicot
and Sultan 2001; Sultan et al. 2003; Lebel et al. 2003).
Among the most important WAM weather systems, the
mesoscale convective systems (MCS) are responsible for
most of the rainfall production (Mathon and Laurent 2001;
Mathon et al. 2002). The synoptic scale African Easterly
Waves (AEW), which grow in the vicinity of the African
Easterly Jet (AEJ), are proved to play a significant role on
convection initiation and life cycle (Reed et al. 1977;
Duvel 1990; Diedhiou et al. 1999). Over North Africa, the
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Saharan heat low (SHL) is also shown to have an important
role on the monsoon low level circulation and the inland
moisture advection (Lavaysse et al. 2009). At a larger
scale, the WAM variability is sensitive to climate anomalies such as the Madden–Julian Oscillation (MJO) events
(Matthews 2004, Janicot et al. 2009) or the sea surface
temperature (SST) anomalies of the surrounding oceanic
basins (Folland et al. 1986; Janicot et al. 2001; Rowell
2001; Giannini et al. 2003). The land characteristics and
the orography of West and North Africa also induce
changes in the WAM dynamics through the spatial distribution of albedo, soil moisture and vegetation coverage
(Douville et al. 2001; Douville 2002; Philippon and
Fontaine 2002; Koster and the GLACE Team 2004;
Mounier et al. 2008; Taylor 2009).
Regional climate models (RCM) simulations combined
with sensitivity tests have been used to study West Africa
climate. Gallee et al. (2004) performed a simulation of the
WAM with the Modèle Atmosphérique Régional (MAR)
for the year 1992. The evaluation of MAR in reproducing
precipitation was done at different time scales and it was
shown that intraseasonal variations of rainfall is associated
with oscillations between a weak and a strong regime of the
Hadley cell linked to the meridional gradient of moist static
energy in the boundary layer. In another study, Sijikumar
et al. (2006) simulated the WAM evolution from March to
September for the years 1994–2004 with the fifth-generation Penn State/NCAR Mesoscale Model (MM5). MM5
showed a good performance in reproducing the WAM onset
with a reasonable bias (18–22 June for MM5 instead of
23–27 June in the observations). In their study, no mechanism was proposed for the WAM onset although the
importance of the SHL was underlined. Recently, Sylla
et al. (2009) evaluated the regional climate model
(RegCM3) by simulating the climatological period of
1992–2005. Although RegCM had a rather poor performance in reproducing the onset date, the general features of
atmospheric circulation and rainfall were successfully
captured.
Vizy and Cook (2002) investigated the influence of SST
anomalies on the WAM using a modified version of MM5.
Their experiment was based on sensitivity tests by applying
positive SST anomalies in the Guinean Gulf. Their results,
in accordance with observations, show an increase of precipitation over the Guinean Gulf due to enhanced evaporation and a decrease of rainfall over the southern Sahel
due to the equatorward shift of the monsoon circulation.
Messager et al. (2004) used the regional model MAR also
for the investigation of the SST role in the WAM dynamics
but with a different sensitivity experiment. In a first step,
the model was run and validated for the two dry years of
1983 and 1984. Then, hybrid simulations were performed
transposing the atmospheric large scale forcing and the
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SST distribution between the 2 years. The results on the
impact of SST on regional rainfall are similar to the ones
shown by Vizy and Cook (2002). In addition, the authors
show that the SST appears as a major factor in the monsoon
circulation although its influence is modulated by both the
land surface conditions and the atmospheric conditions at
the lateral boundaries of the model.
Using the MAR model again, Ramel et al. (2006)
investigated the WAM onset mechanisms of the year 1992.
According to the authors the SHL is the main driver of the
WAM inland propagation. Due to the particular distribution of the MAR simulated albedo including a local maximum centred around 19°N and 5°W, the simulated surface
absorbed solar radiation has two maxima at the beginning
of June, one around 12°N and another one around 25°N.
In consequence, at the time of the WAM onset, the SHL is
abruptly displaced towards the north, from 10°N–15°N to
20°N–25°N, driving the WAM northward propagation. As
a result, convection weakens in the ITCZ due to moisture
divergence, then the humidity advection to northern latitudes causes the displacement of the rainbelt from 5°N
along 10°N. Using climatological means for the lateral
boundary conditions to force MM5, Hagos and Cook
(2007) proposed another onset mechanism. According to
the authors, during the onset period air masses reaching the
Guinean coast are subjected to acceleration due to inertial
instability, thus humidity is advected to northern latitudes
resulting to the ITCZ northward shift and the WAM onset.
In these studies, different RCM have been run over a
period of several months but with different parameterizations and with different horizontal resolutions (coarser than
40 km). In this paper the ability of the weather research
and forecasting (WRF) model to reproduce the key features
of the 2006 WAM dynamics is evaluated. The use of WRF
is not yet vastly diffused for continental scale simulations
since its initial development was for fine resolutions (of the
order of 10 km and less). Recently, Vigaud et al. (2009)
used WRF in order to make a downscaling study of the A2
scenario (for the years 2032–2041) of the ARPEGE-CLIMAT global climate model (GCM) for West Africa. The
model was validated for the period of 1981–1990 by
comparing it to observations data and it was shown that
WRF has a better performance than the GCM forcing it.
The main motivation for this paper is to provide a
numerical platform for future studies (long term simulations and sensitivity tests) based on regional modelling
over West Africa using WRF. Several physics schemes (for
convection and for PBL) are tested and compared for the
proper reproduction of the WAM atmospheric circulation
of the year 2006. At this point, it should be noted that the
results presented in this study, even though they are
indicative of the parameterizations ‘‘behaviour’’ on the
simulations, do not have a statistical significance since only
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one specific WAM season is simulated. Section 2 describes
the model’s configuration and a presentation of the dataset
of observations is given. Section 3 introduces the main
characteristics of the 2006 WAM and its onset. In Sect. 4,
an analysis of the simulations results is conducted by
comparing model outputs with observations. Finally,
Sect. 5 hosts a summary and a discussion on the results of
this study.

2 Simulation sets and validation dataset
The year 2006 which corresponds to the special observing
period (SOP) of the African Monsoon Multidisciplinary
Analysis (AMMA) project (Redelsperger et al. 2006), has
provided an important database for the validation of simulations. This database includes observations from radiosondes (for humidity vertical distribution), meteorological
ground stations (measuring humidity and temperature) and
GPS stations measuring the integrated water vapour
(IWV). In addition, satellite analyses have also been used
for the model validation, including the global precipitation
climatology project (GPCP) and the tropical rainfall measuring mission (TRMM) for precipitation (Huffman et al.
2000; Kummerow et al. 1998) and the National Oceanic
and Atmospheric Administration (NOAA) archives
(Liebmann and Smith 1996) for the outgoing longwave
radiation (OLR). Figure 1 shows the location of ground
stations and GPS/radiosondes sites used in this study.
Three areas are also depicted by boxes: the Guinean, the
Sahel and the Dakar area. The Guinean and Sahel areas are
important as they represent the two favourite locations of
the ITCZ in its latitudinal progression inland. The capacity
of the model to properly reproduce the atmospheric fields
within these areas is the key for a proper WAM onset
representation. The importance of the Dakar area is associated to the western intrusions of moist air masses which
likely influence Sahel rainfall during the summer (Grist and
Nicholson 2001; Hagos and Cook 2009).
For this study, the mesoscale non-hydrostatic WRF
model (Version 3.1) has been used for a simulation period
which covers 6 months from April 1 to September 30 of
2006. The initial and lateral boundary conditions are taken
from the 1°91° final global analysis (FNL) of the National
Center for Environmental Prediction (NCEP) and the lateral boundary conditions are updated every 6 h. The FNL
dataset derives from the last analysis of the Global data
assimilation Forecast System (GFS), for which the GFS
model is run 3 h past synoptic time and for a shorter time
period (9 h). In consequence, more data are assimilated and
the output is anticipated to be of better quality. The vegetation/land-use and elevation data come from the United
States Geological Survey 24-category global 10-min
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dataset. Soil type is based on a combination of the 10-min
17-category United Nations Food and Agriculture Organization soil data and U.S. State Soil Geographic 10-min
soil data. The SST of the NCEP analysis are based on
satellite and in situ observations and corresponds to mean
daily 0.5°90.5° fields. SST, fraction of vegetation and
albedo are updated every 6 h following the diurnal and
intraseasonal cycles. The top of the atmosphere is set at
50 hPa and the horizontal resolution is limited to 50 km in
order to minimize computational costs. In the vertical, the
model has 28 sigma levels which correspond to normalized
pressure following topography. Prior to the simulations
presented in this paper, different domains and resolutions
were tested. The domain is represented on Fig. 1. This
domain covers most part of the African continent, the
Mediterranean sea and a large part of the Atlantic Ocean.
Furthermore, by limiting the domain at 40°E interactions
between West Africa and the large Indian Ocean area
(suggested by Janicot et al. (2008) in 2006) are not simulated by the model but rather imposed by the lateral
boundary conditions. In consequence, WRF is in place to
determine the regional features of the West African climatology without bias due to miscalculations of large scale
processes. On the other hand, the domain boundaries are
not too close to the WAM area, preventing discrepancies in
this area due to interference between the large scale forcing
and the model behaviour.
Regarding WRF physics, this study focuses mainly on
the CPSs and the PBLSs. CPSs are important for the subgrid effects of convection (cloud dynamics), the vertical
distribution of moisture and heat, the calculation of convective precipitation and the feedback to the environment.
The CPS triggering will be most likely done through low
atmosphere dynamics (convective inhibition, soil–atmosphere interactions and so on), a fact which turns PBL
equally important for this study. However, PBLSs are
responsible for the turbulent mixing throughout the entire
grid column and not just within the PBL. In consequence,
the choice of CPSs and PBLSs is of great importance for a
tropical region where deep convection occurs. Six simulations have been performed which are combinations of
three CPSs and two PBLSs. A short description of the
different schemes tested is given below. WRF also offers a
variety of different physical parameterizations of radiation,
microphysics and surface processes which are also
important but not in the scope of this study. These physics
schemes are similar for all simulations presented and correspond to the Rapid Radiative Transfer Model for Global
Climate Model applications (RRTMG), the Rapid Update
Cycle (RUC) Land Surface Model (LSM), and the WRF
Single moment 5-class (WSM5) microphysics scheme.
These choices result from dedicated tests in which other
options were tried: the RUC LSM presents more realistic
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Fig. 1 Simulation domain.
Circles indicate the ground
stations measuring temperature
and humidity, plus indicates
Dakar radiosonde site, asterisk
is for Niamey (radiosondes site
and GPS station), and multi
symbol is for Djougou GPS
station

rainfall volumes (tested versus the Noah LSM). Concerning microphysics, given the coarse resolution of 50 km, a
5-class scheme was more fitting to the experiment than a
more complex one. Indeed, more detailed schemes did not
induce strong modifications on rainfall or cloud coverage,
and considerable computer power was saved. The most
important contribution to the experiment was introduced by
the RRTMG scheme which greatly improved rainfall fields
(versus the RRTM scheme). Improvements were mostly
observed on the ITCZ width (more narrow with RRTM)
and propagation whose northern boundary reaches more
realistic latitudes after the onset (17°N to 20°N).
2.1 The convective parameterization schemes
The Grell ensemble (GR) scheme and the Grell 3D ensemble
(GR3D) scheme (Grell 1993; Grell and Devenyi 2002) have
a rather simple approach of convective clouds. Clouds
constitute a one dimensional system with a downdraft and an
updraft branch. Mixing between the two branches as also
between the convective system and the surrounding environment takes place only at the top and the bottom of the
cloud. A dynamic and a trigger control is applied as a
combination of 144 ensembles members. Closure assumption is based on CAPE, low level vertical velocity or moisture convergence for which a quasi-equilibrium is applied
for the available buoyant energy (large scale changes and
changes due to convection are almost equal). Trigger
mechanism and thresholds permitting convection vary by
ensemble member. Convective precipitation is proportional
to the integral of the moisture advected by updraft. The total
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amount of cloud water due to condensation is removed by
rainfall leaving no residual. The difference between the two
schemes is that the GR3D scheme allows subsidence to the
nearby areas (or within the grid point—as done for the
updraft—if resolution is greater than 10 km) and it does not
include quasi-equilibrium convention.
The Kain–Fritsch (KF) scheme used in WRF (Kain 2004)
is the product of an update of its earlier parameterization
(Kain and Fritsch 1993). Its closure assumption depends on
the convective available potential energy (CAPE) removal
for an entraining parcel. Triggering occurs when a parcel
within a grid column overcomes negative buoyancy in order
to rise. Then, rearrangement of mass takes place by updraft,
downdraft and entrainment calculations until 90% of the
CAPE is saved. Entrainment is explicitly calculated between
the environment and the cloud and varies according to the
low level convergence. However, empirical limitations are
imposed due to unrealistic precipitation in earlier versions of
the scheme. Deep convection is triggered when a certain
cloud depth is reached. If not, shallow convection is also
permitted based on turbulent kinetic energy (TKE) for mass
flux rather than CAPE. Downdraft process is based on relative humidity and stability within a layer of 150–200 hPa
above the cloud base. Convective precipitation is given by
the residual condensate between updraft detainment and
downdraft evaporation.
2.2 The planetary boundary layer schemes
The Yosei University scheme (YSU) scheme is a modified
version of the medium-range forecast (MRF) scheme
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(Hong and Pan 1996; Troen and Mahrt 1986). Its major
modification is the explicit treatment of entrainment at the
top of the boundary layer which is proportional to surface
buoyancy. Overall, the depth of the PBL is determined by
the thermal profile where its top is set to the maximum
entrainment layer. Vertical diffusion is dependent of the
Richardson number in the free atmosphere. In Hong et al.
(2006), there is a detailed description of the scheme as also
a MRF–YSU comparison based on WRF simulations. The
development of the Mellor–Yamada–Janjic (MYJ) scheme
is based on the work of Mellor and Yamada (1982)
describing a turbulent based model for oceanic and atmospheric applications. The scheme constitutes the 2.5 turbulence closure model (more details in Mellor and Yamada
1982) where vertical mixing within the PBL and the free
atmosphere is based on local TKE. A major difference
between the two PBLS is the local/non-local approach. The
YSU scheme takes into account momentum and mass
transfer from large scale eddies (Hong and Pan 1996),
whereas the MYJ scheme determines diffusion and turbulence locally. Moreover, the YSU scheme has an explicit
treatment for entrainment while for MYJ it makes part of
the vertical mixing.
Some studies compared different CPSs and PBLSs to
determine the weight of the scheme choice on the simulation of regional climate features or specific events (for
instance, Wang and Seaman 1997; Gochis et al. 2002;
Bright and Mullen 2002; Vaidya 2006; Challa et al. 2009a,
b). However, the simulations used do not correspond to
long term simulations with wide domains and low spatial
resolutions. Due to the fact that RCMs are sensitive to
various features (the size and resolution of a domain, initial
and lateral boundary conditions and so on), the RCM
parameterization is ‘‘unique’’ for a case study or for a large
scale simulation. In this way, the comparison of different
WRF parameterization is needed before performing
experiments on the WAM dynamics. In the following text,
the simulations are referred by the names of the schemes
used for convection and the PBL mixing (for example
GR_MYJ, KF_YSU and so on). More details on the different schemes and the implementation with the WRF
model are described by Skamarock et al. (2008).

3 West Africa rainfall and the WAM onset
Based on the results of the AMMA campaign, the annual
cycle of the WAM atmospheric circulation for 2006 has
been presented and discussed in Janicot et al. (2008). Before
the WAM onset and during the first half of June, large scale
conditions as Kelvin waves were associated with increased
precipitation over the Guinean area. Then, precipitation
developed over the Sahel only after July 10th (onset date),
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preceded by a transition period of weak convective activity
centred on July 3rd. From a climatological point of view,
the 2006 WAM presented a near-normal rainy season
except for a large scale rainfall excess north of 15°N, which
started with a 10-day delay of the onset date. The ITCZ
remained over the Sahel during the summer and began to
progressively retreat towards the south during September
(see Fig. 3). Figure 2 shows the mean rainfall fields for the
six simulations and the two satellite data analyses (described in Sect. 2) during the Sahelian rainy season (from July
10th to September 30th). Comparison of precipitation fields
is done on the GPCP grid by extrapolating TRMM and
WRF outputs. GPCP and TRMM present similar structures
for the precipitation regime (localization and amount). The
ITCZ is represented by a rainband spread from 5°N to 17°N
with two main maxima locations: one in the western coast at
5°N–10°N and over the Fouta Djalon mountains and
another one over the Cameroon mountains (10°E, 5°N–
7°N). Figure 3 shows the Hovmoller diagram for rainfall
averaged between 8.5°W and 8.5°E (in order to limit the
influence of the two maximum precipitation locations) and
smoothed by applying a moving average of ±2 days. In
both GPCP and TRMM, the transition period is marked by a
decrease of rainfall during the 10 days preceding July 10th
(black vertical line). Before the onset, the rainfall maxima
are centred between the equator and 5°N. Thereafter, the
ITCZ has moved north of 10°N during July and August,
except some rainfall episodes occurring south of 10°N.
Precipitation has overpassed 15°N on July 15th. During
September the rainband began to retreat progressively
southward.
However, the two analyses show significant differences.
GPCP exhibits stronger values of precipitation than TRMM
all along the 6-month period. Around the central date of the
onset phase (July 3rd), rainfall over the Sahel matches
rainfall over the Guinean Gulf in the GPCP product (in
contrast with TRMM and the OLR analyses in Janicot et al.
2008). Furthermore, just after July 10th the onset in GPCP
data is marked by a strong rainfall event along 10°N which
is missing in TRMM data. Thus, it would be appropriate to
state that the WAM onset is taking place after the period
during which deep convection is decreased (ended at July
10th) and that precipitation is properly installed over the
Sahel not earlier than July 15th. This qualitative analysis of
Fig. 3 is consistent with both satellite products and also
with previous studies on OLR data (Janicot et al. 2008).
Some papers have developed methodologies to detect
the WAM onset, based whether on atmospheric dynamics
(Fontaine et al. 1995; Sultan and Janicot 2003) or on
convection (Fontaine et al. 2008; Janicot et al. 2008). In the
context of the present study, the definition of the WAM
onset date is based on precipitation over the Sahel.
In consequence, two periods have been considered: the
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Fig. 2 Mean post-onset rainfall
for the six WRF simulations and
the GPCP and TRMM products

Fig. 3 Hovmoller diagrams of
precipitation for the six WRF
simulations and the GPCP and
TRMM products. Precipitation
is averaged between 8.5°W and
8.5°E. Intense day-to-day
variability is eliminated by
applying a moving average of
±2 days. Thick black line
represents the reference date of
the WAM onset (July 10th)
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pre-onset period, from June 1st to July 10th, which corresponds to the period of organized convection along the
Guinean Coast area and the post-onset period, from July
10th to September 30th, which corresponds to the summer
monsoon and the wet period for the Sahel.

4 Simulations results
In this section, WRF outputs are compared with the in
situ observations and data analyses in order to provide an
interpretation on the performance of the model. First of
all, the atmospheric circulation and the SHL, as represented by WRF, are compared to the FNL analyses. Then
land surface–atmosphere interactions are discussed using
ground stations, GPS and radiosondes observations.
Finally, the WRF performance in the reproduction of
convection and of the thermodynamic aspects of the
WAM is analyzed.
4.1 Atmospheric circulation
Sultan and Janicot (2003) and Ramel et al. (2006) showed
that the SHL plays an important role on the monsoon onset
dynamics. In addition, Lavaysse et al. (2009) showed that
the SHL is installed over its favourite position, at 0°E,
20°N–30°N, during the same period as the monsoon onset.
The criteria used for the localization and intensity of the
SHL by Lavaysse et al. (2009) is the low level atmospheric
thickness (LLAT). LLAT represents the geopotential
height difference between 700 and 925 hPa which is proportional to the mean temperature between these two isobaric layers. We will refer to 925 and 700 hPa maximum
temperature fields as the SHL base and top, respectively.
Figures 4 and 5 show the mean post-onset air temperature
and atmospheric circulation for the WRF simulations and
the FNL analyses at 925 and 700 hPa, respectively. These
two levels are presented in order to determine the localization of the SHL top and bottom layer in WRF, as also to
evaluate its performance to reproduce the low and mid
level atmospheric circulation. Then, for the same period,
the SHL as defined by the LLAT criterion, is shown in
Fig. 6 for the WRF simulations and the FNL analyses.
Finally, in Fig. 7, mean post-onset OLR low values and
200 hPa wind field are plotted for WRF, FNL (only wind
field) and the NOAA archives of OLR. Low OLR values
reveal deep convection areas and mark the ITCZ intensity
and localization. In all Figs. 4–7 the results of the six WRF
simulations as also the FNL or OLR analyses are shown
(Figs. 4a–7a), as well as the differences fields of the simulations represented minus the FNL or OLR analyses
(Figs. 4b–7b). Differences are computed on the FNL and
OLR resolution, interpolating the WRF outputs. Mountains
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are superimposed to the FNL analyses subplots to easier
interpretations.
4.1.1 The 925 hPa level
Figure 4a displays the average post-onset atmospheric
circulation and temperature at 925 hPa. In the FNL analyses, the WAM is depicted as the southwesterly branch of
the trade winds which are present inland up to the location
of the inter tropical discontinuity (ITD). The ITD is defined
by the northern boundary of the zero zonal wind isotach
and it represents the area where the southwest cool and
humid WAM winds create a frontal area with the northeast
warm and dry Harmattan winds. Over the African continent, the high temperature area marks the SHL base. This
area is centred on the western side of the Ahaggar mountains (0°E–20°N) and is characterized by a low-level
cyclonic circulation. Thus, the ITD reaches 20°N close to
the SHL base core where the WAM propagation is opposed
by the Harmattan wind and the two winds create a regional
scale vortex limited by the Atlas and Ahaggar orographic
features.
All the simulations reproduce the atmospheric aspects
previously described. Regional scale features such as the
WAM wind field, the ITD and the SHL base are well
captured. However, WRF presents a stronger SHL base
with maximum values spread over larger areas. In consequence, the localised vortex-like circulation along the ITD
loses its structure and the WAM wind field gets a more
extended westerly component. This is confirmed in the
difference fields (Fig. 4b) where, WRF presents a stronger
zonal component of the WAM by approximately a factor of
2 over the ITD area (10°N–15°N). This is mostly due to a
more intense low level nocturnal jet (Lothon et al. 2008)
which is present during the post-onset period covering
West Africa. However, the ITD is not displaced in northern
positions. Differences fields also show that stronger temperatures for the MYJ simulations are limited to the
northwest location, while the YSU simulations show higher
temperatures on a larger scale which covers all north
Africa. All the simulations show lower temperatures
between 10°N and 20°N at the latitudes of the ITCZ. This
is consistent with the higher westerly monsoon component
which brings more moist and cool air over the Sahel.
The response of the ITD to the different WAM representation might be explained by the meridional temperature
gradient over West Africa. Okumura et al. (2004), studying
the interactions between the cold SST off the Guinean
coast and the WAM, showed a link between this meridional
temperature gradient and the northward propagation of the
WAM. In FNL analyses, there is a difference of about 15 K
between the SHL base and the SST over the Guinean gulf.
On the other hand, all the simulations have a larger,
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Fig. 4 a Mean post-onset 925 hPa horizontal fields of wind (in
vectors) and temperature (in colour), for WRF simulations and the
FNL analyses. Northern boundary of the dashed line (zero zonal wind

isotach) represents the ITD. b WRF minus FNL analyses mean postonset 925 hPa horizontal fields of wind (in vectors) and temperature
(in colour)

stronger and displaced to the south SHL base but similar
SST as in the FNL analyses. As also described in Sect. 4.2,
the Sahel and the Guinean area are cooler in the model. In
consequence, it seems plausible that a slight underestimation of the northern ITD propagation for the MYJ simulation and in a less extent for the YSU simulations could be
due to a weaker meridional temperature gradient in these
areas.

Africa. Differences (Fig. 5b) show that MYJ simulations
are closer to the FNL analyses, representing better the
maximum temperature location and the meridional temperature gradient with differences varying between -1°C
and ?1°C over West Africa. The YSU simulations show
stronger temperature differences which may reach 3°C
over northwest Africa. From Figs. 4a and 5a, it is evident
that YSU attributes a stronger heat content in the whole
atmospheric column within the SHL area. In consequence,
it is plausible to consider that stronger heat transfers are
held within the land surface–atmosphere interface through
the strong dry convective area of the SHL. Thus, the PBL
height is moved to higher altitudes and the YSU PBLS
contribute to the subgrid temperature output with high
temperature tendencies.
Cook (1999) showed that the AEJ is a response to the
strong surface temperature gradient due to the surface
latent heat release. On the other hand, Thorncroft and
Blackburn (1999) through idealized simulations show that
the AEJ could also be a response to the anticyclonic circulation at the top of the SHL. In all the simulations, the
response of the model to the weaker meridional temperature gradient over the Guinean area is a weaker AEJ.
Moreover, the displacement of the anticyclonic circulation
at this level (centred at 10°E and 30°N) in respect to the

4.1.2 The 700 hPa level
The main features of the 700 hPa horizontal profiles over
West Africa are the AEJ and the anticyclonic circulation
over northwest Africa. FNL analyses in Fig. 5a represent
the AEJ as a strong westward wind field along 10°N to
20°N and the southern limit of the anticyclonic cell
(associated to high geopotentials) centred at 0°E and 30°N.
Although high geopotentials can be linked to the top of the
SHL due to wind divergence (Thorncroft and Blackburn
1999; Sultan and Janicot 2003; Lavaysse et al. 2009) the
temperature maximum is displaced by 5° to the south. In
general, these features are well captured by the model
despite that it reproduces a weaker AEJ over the Guinean
area. Consistent with Fig. 4a, the SHL top is stronger in
WRF with extended positive differences to the northeast of
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Fig. 5 a Mean post-onset 700 hPa horizontal fields of wind (in
vectors) and temperature (in colour), for WRF simulations and the
FNL analyses. Grey contours represent high geopotential heights

starting at 3,200 m and having a 10 m interval. b WRF minus FNL
analyses mean post-onset 700 hPa horizontal fields of wind (in
vectors) and temperature (in colour)

SHL top implies that another mechanism than wind
divergence at the top of the SHL could play a role. For
instance, the role of large scale conditions—as the north
subsiding branch of the Hadley circulation—should be
more investigated. In Nicholson and Webster (2007), climatology of dry and wet years also shows this displacement of the 925 hPa cyclonic circulation in respect to the
700 hPa anticyclone. Nevertheless this question is out of
the scope of this paper.

northern regions (over 25°N) by the positive soil temperature differences. The SHL is not limited to the west side of
Ahaggar but rather spread with a northwest orientation.
The MYJ simulations (combined with KF or GR CPS) are
closer to the FNL analyses limiting these differences. In
general, north Africa shows the strongest differences
implying higher temperature within low levels of the
atmosphere.
4.1.4 The 200 hPa level

4.1.3 The SHL
The mean post-onset LLAT is presented in Fig. 6a.
The FNL analyses show the LLAT maximum close to the
Ahaggar mountain, revealing the effect of orography on the
SHL. The geopotential height thickness reaches its maximum in a small area centred at 5°E and it shows a strong
meridional gradient towards the south. All the WRF simulations present a stronger SHL, with the MYJ simulations
being closer to the FNL analyses. Figure 6b shows overall
positive differences between WRF and FNL. A weaker
LLAT is observed only along the ITD and at the east side
of the simulations domain. This is not surprising since the
east regions are strongly influenced by the differences in
the circulation of the (cool) WAM (Fig. 4b) and the

Figure 7a displays the mean post-onset circulation at
200 hPa and the deep convective areas of the ITCZ,
identified by low OLR values. Low OLR values coincide
with strong precipitation (see Fig. 2) revealing the two
principal locations of high activity over central Africa
(10°N, 20°E) and over the western coast (10°N, 20°W).
Two important and pronounced wind fields are observed:
the Tropical Easterly Jet (TEJ) and the Subtropical Westerly Jet (SWJ) centred at about 10°N and 20°N,
respectively.
Figure 7b shows that all the simulations reproduce these
features correctly (although stronger winds are reproduced
over the Guinean Gulf), with a limited impact of the
parameterization on the atmospheric circulation. Within
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Fig. 6 a Mean post-onset LLAT for WRF simulations and FNL analyses. b WRF minus FNL analyses mean post-onset LLAT. Orography
intersection with the 925 hPa pressure level and LLAT inferior of 2,370 m are shown in white

the ITCZ, the MYJ simulations, compared to the YSU
simulations, have higher OLR values implying less
occurrence of deep convection. This result is also in
accordance with the precipitation analysis which is further
discussed in Sect. 4.3. Differences fields show that MYJ
simulations overestimate (underestimate) OLR (deep convection) over the Cameroon and the Fouta Djalon mountains. During the post-onset period, deep convection is
better represented by the KF_YSU simulation attributing a
thicker ITCZ towards the West and limiting the bias over
the whole domain.

700 to 500 hPa and from 200 to 100 hPa, respectively. The
simulations show a stronger zonal component of the WAM
and stronger winds between the AEJ and the TEJ levels.
However, the vertical profile over Niamey is fairly represented. The poorest representation of local dynamics is
shown by KF_YSU, where the AEJ is very weak during the
post-onset period, and the best representation is shown by
GR3D_MYJ where the WAM, AEJ and TEJ levels are well
separated by maximum wind values.
4.2 Land surface–atmosphere interactions and vertical
thermodynamics profiles

4.1.5 Vertical profile of the zonal wind
Figure 8 shows the zonal wind component over the site of
Niamey for the radiosondes and the WRF model (outputs
are interpolated to the Niamey site) at 12:00 UTC. As also
seen in the horizontal profiles, the observations show the
WAM westerly flow up to 800 hPa, the AEJ and TEJ from
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In this section, the capacity of the model to represent lowlevel temperature and moisture as well as their intra-seasonal variability is investigated. Furthermore, vertical
thermodynamical profiles at the Niamey site are discussed.
Table 1 presents the performance of the six WRF simulations compared to the ground stations (IWV, 2 m humidity
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Fig. 7 a Mean post-onset 200 hPa horizontal profile of wind field for
WRF and FNL analyses (in vectors) and OLR values (in colour) for
WRF and the NOAA dataset. b WRF minus FNL analyses mean post-

onset 200 hPa horizontal fields of wind (in vectors) and WRF
simulated OLR minus NOAA OLR dataset (in colour)

and temperature). Table 1 performance refers to mean
values and standard deviation over the pre-onset and the
post-onset periods in regards to the ground stations included in the three reference regions (depicted by boxes in
Fig. 1).

moistened low-level environment over the Guinean and the
Sahel area, while the dry areas north of 20°N are more
humid in YSU simulations. As discussed next, this could be
due to enhanced land surface–atmosphere humidity flux in
the YSU simulations, and due to shallow PBL height in the
MYJ simulations. In fact, shallower PBL for the MYJ
simulations decreases dilution effects of humidity within
the boundary layer and thus the air is moister near the
surface.
As for specific humidity, 2-m temperature shows differences depending on the PBL schemes used. Figure 10
shows that YSU simulations, compared to observations,
have stronger positive biases all over West Africa with
differences reaching 2°C. This is consistent with Fig. 9 for
the Guinean and Sahelian regions, which are drier than the
MYJ simulations, but not for the desert areas which are
more humid. It seems that in the YSU scheme heat transfer
towards the atmosphere is favoured. Pagowski (2004),
using a previous version of WRF, have shown that the MYJ
PBLS underestimates heat and momentum transfers (in
comparison to the YSU scheme). More precisely, the reason for enhanced SHL in the YSU simulations should be
searched in enhanced heat transfer from the land surface
towards the atmosphere. Moreover, in Pagowski (2004), it
was also shown that, in convective areas, the YSU scheme
presented deeper PBL which is true for the ITCZ area,

4.2.1 Low level humidity and temperature
Figures 9 and 10 show the average values over the postonset period of ground stations (in dots) and of the model
output (in colour) for 2-m specific humidity and temperature respectively. In both Figs. 9 and 10, WRF simulations
show a strong humidity gradient at approximately 17°N to
20°N, separating the Sahel from the desert areas to the
North (10°W to 10°E, 20°N to 30°N). This gradient corresponds to the ITD location where the cool and wet
monsoon flow meets the drier and warmer Harmattan flow
(Sect. 4.1.1). A good coherence is observed between the
location of the meridional moisture gradient and the zero
zonal wind isotach in Fig. 4.
The low-level specific humidity field is reasonably well
represented in WRF simulations as the bias with data never
overcomes 2 g kg-1. It is evident from marine and dry
areas (regions with values between 0 and 6 g kg-1) that the
PBLSs have a dominant role. Comparing MYJ to YSU
simulations, the MYJ simulations reproduce a more
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Fig. 8 Hovmoller diagrams of zonal wind over the Niamey site at 12:00. Thick black line represents the reference date of the WAM onset (July
10th)

Table 1 Mean values of 2-m temperature, specific humidity and IWV during the pre-onset and the post-onset period in three different boxes
shown in Fig. 1
IWV (mm m-2)
Pre-onset–post-onset

Temperature (°C)
Specific humidity (g kg-1)
Pre-onset–post-onset
Guinean area

Sahel area

Dakar area

Guinean area

Sahel area

Stations

26.4 (0.8)–25.3 (0.6)
18.3(0.5)–17.9(0.5)

29.9 (1.4)–27.2 (1.2)
16.8 (0.6)–18.0 (0.6)

29.6 (1.0)–28.7 (1.0)
17.3 (0.8)–19.3 (0.9)

43.9 (2.6)–47.4 (3.0)

39.8 (3.2)–47.3 (4.5)

GR_MYJ

26.8 (0.6)–25.6 (0.6)

29.9 (1.3)–28.1 (1.3)

28.5 (0.8)–29.0 (0.7)

43.9 (2.4)–44.2 (3.4)

44.0 (4.0)–45.4 (5.1)

16.3 (0.8)–16.1 (0.8)

17.1 (0.9)–17.8 (0.9)

15.6 (1.1)–17.5 (1.1)

26.4 (0.6)–24.9 (0.7)

30.1 (1.4)–27.6 (1.3)

27.6 (0.8)–28.3 (0.8)

47.9 (2.5)–46.0 (3.1)

46.5 (3.8)–48.4 (5.0)

16.8 (0.7)–15.8 (0.7)

16.9 (0.8)–17.2 (0.6)

14.9 (0.9)–17.1 (1.0)

26.1(0.7)–25.4 (0.6)

29.5 (1.6)–26.9 (1.1)

28.8 (1.0)–28.3 (0.7)

50.2 (4.2)–49.3 (3.0)

44.8 (5.7)–50.1 (5.8)

18.3 (0.6)–16.7 (0.8)

16.8 (0.9)–18.2 (0.9)

15.5 (1.1)–18.2 (1.4)

25.4 (0.6)–24.6 (0.7)

29.5 (1.5)–26.7 (1.1)

28.3 (1.0)–27.9 (0.9)

51.6 (3.9)–50.9 (3.0)

49.1 (3.6)–54.2 (4.1)

17.2 (0.5)–15.7 (0.8)

16.6 (0.7)–17.3 (0.6)

14.9 (1.2)–17.5 (1.2)
43.3 (3.6)–44.2 (3.0)

41.9 (4.0)–45.2 (5.3)

47.0 (2.6)–46.5 (3.0)

47.0 (3.9)–49.0 (4.6)

GR_YSU
KF_MYJ
KF_YSU
GR3D_MYJ
GR3D_YSU

26.3 (0.7)–25.1(0.6)

29.6 (1.8)–27.7 (1.7)

28.7 (0.8)–28.9 (0.7)

17.2 (0.8)–16.5 (0.7)

16.7 (1.1)–17.7 (1.0)

15.7 (1.0)–17.5 (1.1)

26.0 (0.7)–24.3 (0.6)

30.7 (1.9)–27.7 (1.5)

27.8 (1.0)–28.3 (0.8)

17.1 (0.6)–16.0 (0.7)

16.5 (1.1)–17.4 (0.7)

14.8 (1.3)–17.2 (1.0)

Standard deviations are in parenthesis
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Fig. 9 Average post-onset specific humidity at 2 m for WRF simulations and the ground stations. Ground stations with more than 40 daily
measurements are plotted

where strong MCSs are generated (Hodges and Thorncroft
1997).
A better insight in specific humidity and temperature at
low levels is given by Figs. 11 and 12, where mean daily
WRF simulated fields are interpolated to the location of the
stations included in the three different areas: Guinea, Sahel
and Dakar (as framed by the boxes in Fig. 1). The time
series presented correspond to average values of the
stations within the three regions. Regarding observations,
the intra-seasonal cycle of temperature and humidity over
the Guinean and the Sahel areas is mainly linked to the
inland propagation of the WAM (Fontaine et al. 1995;
Lothon et al. 2008). Low-level humidity and temperature
intraseasonal variations are well reproduced by all WRF
simulations with a predominant influence of the PBLS
(Table 1). The strongest differences from observations are
found for specific humidity which sometimes reaches
2 g kg-1 in the Dakar and the Guinean areas. On the other
hand, within the Sahel area, WRF seems to reproduce well
local atmospheric humidity. The decrease in temperature
over the Guinean and the Sahel areas from early spring is
also well represented by the WRF simulations and this is

linked to the radiative effect due to cloud coverage of the
ITCZ.
Figures 13 and 14 show time-pressure level diagrams of
specific humidity for the Niamey and Dakar sites, respectively. Radiosonde observations are taken at 12:00 from
June to September 2006 and WRF output is interpolated to
the locations of the sites (at 12:00 UTC). Radiosondes of
the Niamey site (Fig. 13) show a moist layer of maximum
specific humidity extending from the surface up to
800 hPa. This layer corresponds to moisture advection by
the WAM during all this period. After the WAM onset, the
depth of the WAM layer increases and moisture reaches
altitudes up to 500 hPa, corresponding to the initiation and
development of deep convection. Overall, the KF_MYJ
and the GR_MYJ simulations appear to reproduce better
the intra-seasonal variability of the mixing depth of moisture. Although the GR3D_MYJ simulation capture the
post-onset increase of specific humidity in altitude,
the distinction between the two periods is not as clear as in
the other two MYJ simulations. Finally, in the YSU simulations, although they properly reproduce the post-onset
increase of moisture in altitude, the magnitudes are far
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Fig. 10 Average post-onset temperature at 2 m for WRF simulations and the ground stations (coloured circles). Ground stations with more than
40 daily measurements are plotted

more stronger than the observations and the MYJ simulations. Furthermore, the WAM layer is deeper and it shows
no vertical variability in time.
The low-level circulation during the post-onset period is
characterized by air masses intruding West Africa from the
northern tropical Atlantic (Grist and Nicholson 2001;
Sultan and Janicot 2003; Hagos and Cook 2009). This
feature is well simulated by all parameterizations and it is
displayed in Fig. 4 as westerly winds over the western
Atlantic Coast at 10°N. The proper reproduction of this
feature is of great importance for inland humidity advection and precipitation, as it is considered to contribute
significantly to the rainy season (Grist and Nicholson
2001). Radiosondes at Dakar (Fig. 14) show a narrow
WAM layer which extends up to 900 hPa and is clearly
formed after the beginning of July. Vertical mixing reaches
500 hPa not earlier than the end of July even if moisture
content increases within the mid-troposphere from midJuly. In Fig. 11, from mid-May to early June, specific
humidity suddenly increases in the Dakar region, which
corresponds to a shallow circulation. However, this
increase of humidity does not coincide with a decrease of
temperature (Fig. 12) as observed during the post-onset
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period. In consequence, given the westerly winds of the
region and the low level poor humidity content in the
atmosphere, moist air masses originating from the Atlantic
Ocean are driven towards the Sahel.
4.2.2 Integrated water vapour
Another insight in the atmospheric water content is given
by the IWV. Figure 15 shows the GPS mean daily observations (Bock et al. 2008) and the WRF interpolated IWV
for the stations of Djougou (1.66°E, 9.6°N) and Niamey
(2.18°E, 13.48°N). Niamey and Djougou are located in
different latitudes and help to follow the WAM inland
propagation (Fig. 1). Both stations show a seasonal evolution with a distinction between the pre-onset and the
post-onset periods with mean values of 44 and
47 mm m-2, respectively for Djougou and 40 and
47 mm m-2 for Niamey. The WRF model fairly reproduces the intra-seasonal variability of IWV for Niamey but
its performance is poorer for Djougou (see Table 1). The
KF simulations show higher IWV values during both the
pre-onset and the post-onset periods. However the intraseasonal variability is correctly reproduced with distinct
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Fig. 11 Mean daily specific humidity of the Guinean, Sahel and Dakar regions as measured by ground stations and by the WRF simulations.
Thick black line represents the reference date of the WAM onset (July 10th)

averages between the two areas. In consistency with the
analysis from Figs. 13 and 14, the YSU simulations show
higher IWV values than the MYJ simulations. However,
the CPSs also play a crucial role as both GPS stations are
located within the ITCZ area. In consequence, in an area of
frequent convection it is highly possible that weaker values
of the IWV for GR and GR3D simulations are due to the
lack of residual of water liquid after condensation
(see Sect. 2).
4.2.3 Thermodynamic profiles
The impact of the temperature and humidity tendencies due
to the PBL parameterizations is further investigated in
Fig. 16. Mean pre-onset and post-onset vertical profiles of
the potential temperature (h), equivalent potential temperature (he) and saturated potential temperature (hes) are
presented for radiosonde observations and interpolated
WRF output at the Niamey site. As previously noticed, the
PBL is deeper and the atmosphere more humid for the YSU
simulations. Considering the PBL height as the level of
inversion of h, it is clear that the YSU simulations present a
PBL twice deeper than in the MYJ simulations. In another

study, Challa et al. (2009a, b) also used WRF (for a sea
breeze event at the Mississippi area) and found similar
results, where the PBL height was deeper using the YSU
PBLS than the MYJ. Overall, in Fig. 16, the PBL height
for the MYJ simulations is in better agreement with
the observations. Regardless of the parameterization, all
the simulations fairly reproduce the absolute stability of the
atmosphere over the ITCZ area.
As shown in Fig. 16, the representation of he in WRF
simulations also appears to be influenced by the CPS used.
In general, he stands as a good approximation of moist
static energy (total of potential energy, sensible and latent
heat), which is of substantial importance in regards to the
WAM and possibly to its onset (Fontaine and Philippon
2000; Philippon and Fontaine 2002; Steiner et al. 2008).
For both periods, KF simulations tend to lead to highest he
at almost all tropospheric levels, while other CPSs simulations are more or less equivalent. Nevertheless, GR and
GR3D CPS simulations show a limited bias from mid
(600 hPa) to higher troposphere during the pre-onset period, while during the post-onset period he is higher than
observations in the lower levels and weaker in mid and
higher levels (from 700 hPa for the MYJ simulations and
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Fig. 12 Mean daily temperature of the Guinean, Sahel and Dakar regions as measured by ground stations and by the WRF simulations. Thick
black line represents the reference date of the WAM onset (July 10th)

from 600 hPa for the YSU simulations). Since temperature
(Figs. 4a, 5a) and geopotential (not shown) do not show
high variations between simulations with the same CPS,
the importance of the atmospheric moisture content plays
the most substantial role to form he fields. In consequence,
taking into account the averages in Table 1, it is not surprising that he has higher values in the simulations than in
the observations, with stronger bias being noticed within
the WAM layer.
Both he and hes vertical gradients are very important for
atmospheric layer and parcel stability. Concerning the he
vertical gradient, the KF simulations are consistent with the
observations showing that during both periods the atmospheric layers are potentially stable approximately over
600 hPa. On the other hand, in GR and GR3D simulations
potential instability reaches higher altitudes and notably
combined with the YSU PBLS, stability occurs at around
500 hPa.
Considering air parcels conditional instability, which is
also the base for CPS triggering, it is the hes vertical
gradient which plays the most important role, by turning
parcels conditionally stable or unstable. Within the ITCZ
region, the hes vertical gradient from observations is found
to be negative under 550 hPa for both pre-onset and post-
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onset periods. However, WRF simulated hes profiles
exhibit stability from 500 to 450 hPa depending on the
parameterization. This implies that in WRF simulations,
the depth of instability for a saturated parcel is deeper,
favouring stronger convective events. The stronger bias is
met within the WAM layer (surface to 800 hPa) where the
hes negative gradient is stronger for WRF simulations.
Overall, the MYJ simulations are better to capture the
conditional instability for both periods.
4.3 Precipitation
The WRF model is able to reproduce the general precipitation regime over West Africa during the post-onset period. Figure 2 shows that the ITCZ is well located overland
with the two principal maxima locations fairly reproduced.
The rainbelt is well represented with its maximum located
along 10°N to 15°N. Finally, in Fig. 3, a clear distinction
between the pre-onset and the post-onset period is observed
as rainfall maximum immigrates from 5°N to 10°N.
In general, convective rainfall is a challenging and difficult task for numerical models (Arakawa 2004) and it
depends strongly to the parameterizations of the models.
However, convective precipitation is the product of the
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Fig. 13 Hovmoller diagrams of specific humidity over the Niamey site at 12:00. Thick black line represents the reference date of the WAM onset
(July 10th)

CPS and in consequence it is not surprising that similar
structures (in terms of spatial and temporal location) of
rainfall are observed in Figs. 2 and 3, for the simulations
using the same CPS. During May and June, both GR and
GR3D simulations capture the rainfall pattern over the sea
and the Guinean area but with a significant difference. In
GR (also in GR3D but limited), the Sahel is subject to
equally strong rainfall as over the Guinean area forming a
double ITCZ. Since trigger control is similar for the two
schemes, the absence of quasi-equilibrium in GR3D and
the subsidence within the grid points (Sect. 2) likely prohibit more ensemble members to be eventually triggered.
During the first 10 days of July, all GR and GR3D simulations show an earlier installation of the ITCZ over the
Sahel. Rainfall along 5°N is decreased in favour to northern locations with the GR scheme reproducing a clear onset
on July 1.
On the other hand, the KF CPS is more coherent with
the data analyses. After July 1st and until the onset, convection over the Sahel is limited and it is notably the
KF_MYJ simulation which shows after July 10th a precipitation event reaching 10°N similarly as observed in
GPCP. Then, in agreement with both satellite products it is
after July 15th that rainfall progressively extends north to

15°N. Dynamics and triggering mechanisms of deep convection of CPSs are of paramount importance for a correct
reproduction of the ITCZ. During the onset period, when
CAPE is still limited over the Sahel, the KF scheme will
likely simulate less rainfall even if there is sufficient
moisture content in the atmosphere. On the other hand, GR
and GR3D will be triggered not only because of CAPE
removal, as in the KF scheme, but also because of low level
vertical velocity and moisture convergence. In consequence, the fact that WAM continues to advect moisture,
and accounting that lifting wind is always present, some of
the GR and GR3D ensemble schemes will most probably
be activated attributing convective precipitation.
Finally, it is clear from Figs. 2 and 3 that KF simulations
show stronger rainfall amounts. This is probably due to the
enhanced atmospheric content of moisture which increases
relative humidity. According to the parameterization of
Kain (2004), increased relative humidity and enhanced
updraft mass flux from lower troposphere (such as in the
ITCZ) also increases precipitation efficiency and thus
strong precipitation occurs.
The above differences are not independent of the PBLS
used. The role of PBLS is not negligible as convection will
be eventually triggered by lower atmosphere dynamics or
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Fig. 14 Hovmoller diagrams of specific humidity over the Dakar site at 12:00. Thick black line represents the reference date of the WAM onset
(July 10th)

instabilities. A general remark is that simulations using the
MYJ scheme produce less rainfall than the ones using the
YSU scheme. Following Bolton’s formula (1980) and
according to radiosonde observations at Niamey, the temperature at lifting condensation level (LCL) for a parcel
initiating from 950 hPa is 287 K and 290 K for the preonset and the post-onset period, respectively. Because in
WRF simulations the moisture content in lower troposphere is stronger, the same temperatures for both periods
are increased by approximately 4 K. As a result, the LCL is
set in lower levels for all simulations. Consequently, the
CAPE, which is the main driver for CPSs, will be a priori
overestimated in WRF. Furthermore, in Fig. 16, it is clear
from the WRF simulations that low level he crosses vertically the hes profiles in lower levels than in the observations. As a result, air parcels ascending from these levels
are subjected to positive buoyancy in lower levels than
in the observations. Indeed, comparison of the CAPE
between the WRF and the Niamey radiosondes profiles
show that the model overestimates values by a factor of 2
(comparison was made on profiles taken at 12:00 UTC for
parcels originating from the land-surface). Table 2 shows a
comparison between the CAPE values of the six parameterizations. In general, the MYJ simulations show greater
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convective energy than the YSU simulations. In addition,
the GR and GR3D simulations exhibit similar results, with
GR3D_MYJ showing the strongest values of all WRF
simulations. Ratios presented in Table 2 are no surprise
since profiles of GR and GR3 (Fig. 16) present similar
structures and the weaker values of the YSU parameterizations are due to their tendency for a warmer atmospheric
column. Although CAPE is important for CPSs, humidity
controls convective precipitation and hence the YSU simulations—even with weaker CAPE—present stronger
rainfall amounts (Figs. 2, 3).
The above results are summarized by two diagnostics
presented in Fig. 17: the total amount of daily precipitation
for all the ITCZ rainband and the weighted average of
rainfall in respect to latitude (for both diagnostics rainfall is
firstly averaged between 8.5°W and 8.5°E and only values
higher than 2 mm are considered). This figure interprets the
temporal and spatial variability of rainfall, quantifying the
ITCZ intensity and its latitudinal displacements. Two
groups are separated according to their PBLSs used. The
YSU and the MYJ simulations are well contrasted in terms
of ITCZ rainfall amounts. As described above, MYJ simulations reproduce less rainfall than the YSU simulations.
The GR and GR3D simulations are in better agreement
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Fig. 15 Mean daily IWV values at Djougou and at Niamey station. Thick black line represents the reference date of the WAM onset (July 10th)

Fig. 16 Mean pre-onset and
post-onset profile of potential
temperature, equivalent
potential temperature and
saturated equivalent potential
temperature at the site of
Niamey. Colours correspond to
Radiosonde observations and
different CPSs simulations as
follows: black for the
radiosondes, red for GR, green
for KF and blue for GR3D
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Table 2 Ratios of CAPE values between simulations during the post-onset period, in the Sahel area at 12:00 UTC
Simulations

GR_MYJ

GR_MYJ
GR_YSU

1.20

KF_MYJ

1.05

GR_YSU

KF_MYJ

KF_YSU

GR3D_MYJ

GR3D_YSU

0.83

0.95

0.66

1.01

0.85

1.14

0.80

1.21

1.02

0.70

1.06

0.90

1.52

1.28

0.88

KF_YSU

1.50

1.25

1.43

GR3D_MYJ

0.99

0.83

0.94

0.66

GR3D_YSU

1.17

0.98

1.11

0.78

0.84
1.19

Ratios correspond to the values of simulations in the first row divided by the values of simulations in the first column

Fig. 17 Top panels total daily rainfall amount averaged between
8.5°W and 8.5°E as a function of time. Bottom panels weighted
average of precipitation in function of latitude. Time series derive

from Hovmoller diagrams presented in Fig. 3. Thick black line
represents the reference date of the WAM onset (July 10th)

with the two satellite products while the KF simulations
clearly overestimate rainfall. A clear explanation for the
difference of performance between the parameterizations
during the two periods cannot be given. It should be kept in
mind that there are numerous processes controlling convection over the Guinean and the Sahel area. These processes are linked to complex atmospheric systems (for
example the interaction between the WAM and the AEW)
and humidity tendencies within a grid column are apparently sensitive to the large eddy based YSU scheme or the
TKE based MYJ scheme. However, it is important to
underline the fact that WRF simulations capture the intraseasonal variability of the ITCZ and notably the transition
period, when a clear distinction between the pre-onset and
the post-onset period is observed. The latitudinal displacement of the ITCZ is also well captured by the model
with a sharp displacement of the ITCZ towards the north
during the ITCZ installation along 10°N at July 15th. The

impact of the PBLS is less significant with correlation
coefficients between WRF and the two rainfall products
always overpassing 0.8 for all simulations. However, the
ITCZ cycle is better reproduced by the simulations using
the MYJ PBLS, capturing better its sharp inland propagation and its progressive retreat.
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5 Discussion and conclusion
The West African climate presents a complex annual cycle
where the WAM interacts with several dynamic features as
the SHL, the AEJ and the TEJ. Overland precipitation is
linked to the ITCZ cycle and its intra-seasonal variability is
characterized by an abrupt displacement of maximum
rainfall from 5°N to 10°N, known as the WAM onset. In
this study, the performance of the WRF model has been
investigated for the 2006 West African rainy season in
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regards of WAM dynamics and onset. Three CPS and two
PBLS have been tested in order to establish a platform of
efficiency for the different parameterizations. All the WRF
simulations capture the general dynamical features of the
region and they also present a clear distinction between the
pre-onset and the post-onset precipitation.
Concerning regional atmospheric circulation, the WRF
model fairly reproduced important aspects of the WAM
dynamics as the ITD, the SHL and the AEJ. According to
the parameterizations used, the low level meridional temperature gradient over the Guinean and Sahel area was
altered with an important impact on the atmospheric circulation of the region. Negative temperature differences at
925 hPa over the Guinean and Sahel area resulted in a
poorer northward propagation of the ITD, as also the
weakening and displacement of the AEJ towards the south.
The effect of meridional temperature gradient reproduction
by WRF comes in agreement with the study of Cook
(1999) on the AEJ dynamics. Furthermore, it also seems
that the SHL top, defined as a temperature maxima at
700 hPa, is not solely linked with the anticyclonic activity
at 700 hPa. In all WRF simulations, indifferently of the
SHL intensity, a northeast displacement of the 700 hPa
anticyclone from the SHL top is detected. This dislocation
has a climatological character and it should be investigated
in future studies for any possible connection to other features as for example the SWJ.
The impact of parameterization has proved to be
important for low spatial resolution (50 km for the present
simulations). Overall, the KF simulations, notably combined with the MYJ PBLS, are found to better represent the
onset phase of the WAM. On the other hand, in GR and
GR3D simulations the ITCZ was earlier installed over the
Sahel. In particular, these latter simulations presented
maximum rainfall over both the Sahel and the Guinean
Gulf during the pre-onset period, giving the impression of a
double ITCZ. However, the GR and GR3D simulations
(regardless of the use of PBLS) were shown better than the
KF simulations to reproduce the rainfall volume. This is
probably due to the average of an ensemble approach of
convective precipitation.
In terms of PBLS, the MYJ scheme seems to fit better
with in situ measurements of temperature and humidity and
the PBL height is more realistic. On the other hand, the
YSU scheme, because of a stronger SHL, drives the ITD in
northern locations limiting its bias to the analyses forcing
the model. A common ground between the two PBLSs is
the increased moisture content within the WAM layer. In
consequence, WRF reproduces stronger rainfall in all
simulations with MYJ being closer to the precipitation
analyses. Hence, the PBL scheme choice was rather proved
to be important on rainfall amount and not on the intraseasonal cycle of the ITCZ. The MYJ simulations
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presented weaker rainfall volumes than the ones using the
YSU scheme. An explanation could be based on the fact
that the YSU scheme leads to stronger land surface–
atmosphere heat interactions and to a deeper boundary
layer. In consequence, air masses originating from a thicker
(than in MYJ simulations) WAM layer reach earlier their
LCL and the CAPE disposal gets increased. As a result, the
YSU scheme reproduces more precipitation because of
warmer and more humid environment up to 700 hPa.
PBLS and CPS represent one part of the physics integrated in WRF. Thus, based on the closure methods considered by the parameterizations of the model, it is difficult
to fully interpret the differences between the simulations.
Moreover, the physic schemes choice of a model should be
unique for each case study (resolution, domain, period,
region and so on) as different parameterizations may be
better adapted to the climate characteristics investigated.
Hence, this study scopes to provide a ‘‘platform of
behaviour’’ for different schemes in order to establish a
good basis for future simulations in the West African
region. In future studies the WAM onset mechanism in
2006 will be addressed using the WRF model. Starting
from a good insight on the representation of the atmospheric features by the model, future simulations or sensitivity tests will be better evaluated. In consequence, KF
and MYJ parameterizations will be used as this combination shows better results on the temporal variability of the
WAM and it does not include any ensemble schemes,
making easier the interpretation of the simulation outputs.
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