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Abstract

This research work focuses on the problem of climate simulation of rainfall over West Africa and particularly over coastal
countries of the Gulf of Guinea by Regional Climate Models. The sensitivities of Weather Research and Forecasting (WRF)
Model were tested for changes in horizontal resolution (convection permitting versus parameterized) on the replication of
West African monsoon for the year 2014. Sensitivity test was also performed for response of rainfall to changes in microphys-
ics (MP) and planetary boundary layer (PBL) schemes. Generally, the result shows that WREF is able to replicates rainfall
distribution with an adequate representation of the dynamical features of West African monsoon system. The high-resolution
(wrf-4km) shows dry bias along the coast of the Gulf of Guinea but generally outperforms wrf-24km run especially in replica-
tion of the extreme rainfall distribution. The dry bias along the coastal area is suggested to not to be only related to convection
but mostly to microphysics and PBL parameterisation schemes. Differences were noticed between the dynamics of WRF and
ERA-interim outputs despite the use of spectral nudging in the experiment which then suggest strong interactions between
scales. These differences were observed to be restricted mainly to the low-layer monsoon flow in JJA. Both runs at 24 and
4 km hardly simulate the typical diurnal distribution of rainfall. The sensitivity of WRF to MP (only sophisticated MP were
tested) and PBL reveals a stronger impact of PBL than MP on rainfall distribution and the most significant added value over
the Guinean coast and surroundings area was provided by the configurations using non-local PBL scheme (as ACM2). The
changes in MP and PBL schemes in general seem to have less effect on the explicit runs (wrf-4km) in the replication of the
rainfall over the Gulf of Guinea and the surroundings seaboard.
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1 Introduction

The West African region which extends from the Gulf of
This paper is a contribution to the special issue on Advances Guinea to the Sahel is an area which is subjected to alter-
in Convection-Permitting Climate Modeling, consisting of nating dry and wet seasons mainly linked to the monsoon,
papers that focus on the 'eva¥uat10n, climate .changfz assessment, which influences the majority of annual precipitation. This
and feedback processes in kilometer-scale simulations and .. . ¢ d hich
observations. The special issue is coordinated by Christopher L. region is an important source of aerosols and energy, whic

Castro, Justin R. Minder, and Andreas F. Prein. contributes to the formation of tropical cyclones. There-
fore, this region greatly interacts with the Earth climate
system and has been subject of numerous studies (Fontaine

and Philippon 2000; Trenberth et al. 2000; Ali et al. 2005;
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I Laboratoire de Physique de I’Atmosphére et Mécanique Abiodun et al. 2008; Konare et al. 2008; Druyan et al. 2010;
des Fluides (LAPA-MF), UFR SSMT, Université Felix Moufouma-Okia and Rowell 2010; Sylla et al. 2010a, b;
Houphouét-Boigny, Abidjan, Cote d’Ivoire Flaounas et al. 2012). West African region has also been

> LATMOS/IPSL, UVSQ Université Paris-Saclay, UPMC identified as one of the poorest region in the world which
Univ. Paris 06, CNRS, Guyancourt, France depends mainly on rain-fed agriculture and one of the most

3 WASCAL Graduate Research Program on West African vulnerable to climate change and climate variability (IPCC
Climate System (WACS), Federal University of Technology, 2007). This vulnerability is aggravated by the interaction
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of ‘multiple stresses’ (drought frequency and duration,
frequency of extreme events, among others), occurring at
various levels, and the low adaptive capacity (IPCC 2007).
Several studies (Omotosho et al. 2000; Sultan and Janicot
2000, 2003; Hagos and Cook 2007; Omotosho 2008, Pm.;
Ruti 2009; Janicot et al. 2010; Oettli et al. 2011) have argued
that seasonal forecast of rainfall is crucial for socio-eco-
nomic development in this sub-region. This is in the aim to
(1) prevent extreme events like floods in the southern part,
(2) management of climate risk in agriculture (better pre-
paredness for rain-fed agricultural activities), (3) forestall
outbreak of diseases in the Sahel region etc.

Although many studies have focused on the prediction
of the rainfall, there exist challenges of reliable seasonal
forecast due to several forcings. For example, the climate
of this region is influenced by the interactions of various
complex mechanisms (topography, ocean—atmosphere inter-
actions, atmosphere—biosphere exchanges etc.). In order to
address these issues, several studies investigated the pat-
terns of inherent variability in the West African monsoon
at intra-seasonal, seasonal and interannual scales with the
purpose to better understand the West African Monsoon
(WAM) mechanisms (Adedoyin 1989; Nicholson 2001;
Brooks 2004; Okumura and Xie 2004; Steiner et al. 2009;
De Coétlogon et al. 2010; Fink et al. 2010; Gbobaniyi et al.
2014; Meynadier et al. 2014) and precipitation characteris-
tics (location, intensity, duration etc).

The relationship between rainfall and regional or large-
scale dynamics over West Africa has been reported by ear-
lier studies (Nicholson and Grist 2003; Sultan et al. 2003).
The onset of the monsoon is associated with the intensifica-
tion of the Tropical Easterly Jet (TEJ), a northward shift
and a weakening of the African Easterly Jet (AEJ), which
is associated with a decrease of African Easterly Waves
(AEWs) activity (Lavaysse et al. 2006; Sylla et al. 2010a,
b). These results are in agreement with observation of Omo-
tosho (2008) which found a stronger AEJ during dry years
than during wet ones. Air—sea [through the Sea Surface
Temperature (SST) in the Gulf of Guinea] interactions also
play an active role in the amount of precipitation, its spatial
distribution and northward migration (Leduc-Leballeur et al.
2013). Vizy (2002) investigated the influence of the Gulf of
Guinea’s SST anomalies (SSTAs) on the climatology of the
WAM and found an increase in rainfall over the Guinean
coast area as a result of an increment in the lower tropo-
spheric water vapour content due to increased evaporation
over the warm SSTAs. This was accompanied by a decrease
in rainfall over the southern Sahel. More generally, (Gaetani
et al. 2017) have shown that the SST warming affects the
Sahelian precipitation through modifications in the global
tropical atmospheric dynamics, reducing the importance of
the regional drivers. Flaounas et al. (2012) and (Mohino
et al. 2011) also linked the onset and the different phases of
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precipitation over West Africa to the convection over India
and Indian ocean that generates Rossby waves which favors
the occurrence of dry air intrusion over West Africa, inhibit-
ing convective activity. And finally, the heat low dynamics
has been shown to strongly influence the onset of the mon-
soon and its intra-seasonal variability (Lavaysse et al. 2009,
2010, b), but also its variability at longer time scales due
to radiative effects of water vapour that affect the regional
dynamics (Evan et al. 2015). The increase of CO, in the
atmosphere also affects the precipitation at regional scale
(Gaetani et al. 2017). An overview of the monsoon and its
relationship with the climate system of the region is pro-
vided by Nicholson (2013).

All these efforts in addition to constant progress of mod-
els are expected to allow adequate representation of the
WAM. However, at present day, models still have many
difficulties to simulate the West African climate features.
Several reasons are suggested to justify these underper-
formances ranging from the physics of the models, scale
interactions, lacks of reliable and dense observation data
suited to the resolution of the models. For example, Chang
(2011) proposed that the limitation of climate models to
reproduce the diurnal, seasonal and annual cycles of the
rainfall over West Africa is related to a limited capacity of
meteorological services in getting observations data set, and
human and informatics resources. Indeed, the complex cou-
pled systems that modulate climate system of the region are
not well incorporated in current models, and one reason is
that in most studies, precipitation is considered at monthly
and regional scales, while precipitation over this area have
a very strong variability when looking at higher temporal
and spatial scales, with most of events occurring in the tails
of classical precipitation distribution (either very intense
events, either dry periods). Furthermore, Intergovernmen-
tal Panel on Climate Change (IPCC) acknowledged on its
Third Assessment Report (TAR) that a model run at coarse
resolution does not allow detailed extreme rainfall evaluation
(Griggs and Noguer 2002). Then the simulation of the WAM
at very high resolution is suggested to have a positive impact
on the representation of the West African Climate, not only
because the physical processes will likely be better repre-
sented but also because the explicit convection may help in
the reproduction of this kind of distribution (Ban et al. 2014;
Prein et al. 2015). However, some model improvements are
likely necessary but the lack of observations to well define
the distribution does not make the task easy.

Some earlier studies (Gallée et al. 2004; Doi et al. 2012;
Holloway et al. 2012; Patricola et al. 2012; Marsham et al.
2013; Moufouma-Okia and Jones 2014; Small et al. 2014;
Harlal} et al. 2017) showed an improvement of their simu-
lations using high resolution simulation. Marsham et al.
(2013) investigated the role of the moist convection over
West Africa throughout a comparative study based on a
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horizontal resolution’s cascade simulations using the UK
Met Office Unified Model (UM). The runs are composed of
grid spacing’s of 4 and 12 km for 25 July—4 August 2006.
The first run is done with a convective parameterization and
the second with an explicit convection. They found a better
representation of the WAM with the explicit run. The major
improvements come from a more realistic estimation of the
latent and radiative heating in the northern part of West
Africa and a better representation of the diurnal cycle of the
rainfall. They noticed that these representations weaken the
monsoon flow, the Sahel-Sahara pressure gradient, delay-
ing the related diurnal cycle and modifying the interaction
between monsoon and the boundary layer convection. They
further reported that this result raises the importance of the
interaction between monsoon and convection. In addition
to the explicitly resolving of deep convection, convection-
permitting runs also allow a better representation of fine-
scale orography and variations of surface fields. This is
really important in mountainous regions and in areas with
heterogeneous land surfaces like coastal and urban regions,
wetlands, and patchy land covers. Therewith, resolving fine-
scale surface heterogeneity is also of paramount importance
due to the fact that it is an important forcing for deep convec-
tion (Prein et al. 2015).

However, the high-resolution simulation of the WAM
remains largely under explored because such type of high
resolution modelling works requires high computational
resources, innumerable computing time, and processors to
high storage capacity. As a consequence, the studies con-
ducted on the analysis of the WAM at high resolution are
still too short [e.g. 11 days for Marsham et al. (2013)] to
fully make a conclusion for a model in a climate mode, when
the impact of the initial state will be cancelled. Therefore,
the analysis of the WAM at very high resolution remains an
important concern. In addition, the prevention of events with
high social, economic and environmental impacts remains
a constant challenge over the region. There is a need for
identification of accurate models with optimal parameteriza-
tions for better understanding of the processes which allow
a better prediction of West African rainfall variability and
extreme and then provide the best way of using of regional
dynamical model as a forecast tool and overcoming the diffi-
culties of explaining the detailed rainfall and intense rainfall
process over the West African region and particularly along
the Guinean Coast and surrounding.

The study presented here evaluates the added-value of
performing a convective permitting simulation in a climate
mode, covering a longer period than a case study (several
months) for the representation of rainfall distribution over
Guinean coast, with a focus on heavy rainfall. Several com-
binations of parameterization schemes are compared in this
explicit convective climate mode and the best combinations
for replication of high rainfall events over Guinean Coast

and surroundings are proposed. Section 2 describes the
model and experiments which are compared and evaluated
in Sect. 3. Section 4 assesses the role of dynamics and phys-
ics in the performance of the different simulations. Finally,
Sect. 5 concludes the study.

1.1 Model description and experiments

Weather Research and Forecasting (WRF) Model is used in
this study to first assess the capability of High-Resolution
Regional simulation (convective-permitting) of West Afri-
can Climate.

The first set of simulations uses two nested domains over
the West African region (Fig. 1) from March to November
2014. The coarser domain extends from 25°W to 30°E and
from 10°S to 40°N with 24 km horizontal resolution. The
inner domain is one-way nested from 17°W to 10°E and
from 4°N to 20°N run at 4 km horizontal resolution (Fig. 1,
black rectangle). Lateral boundaries of the 24 km domain
are forced with Centre for Medium-Range Weather Fore-
casts (ECMWF) reanalyses ERA-interim (Dee et al. 2011)
and it is spectrally nudged towards ERA-interim for wave-
length of 1680 km in the zonal direction and of 1576 km in
the meridional one to avoid unrealistic departures from the
driving fields due to the size of the domain (Stauffer and
Seaman 1990; Salameh et al. 2010; Omrani et al. 2012).
The nudging concerns zonal and meridional wind and the
temperature above the boundary layer. The configuration
of WRF model includes 51 vertical layers extending up to
50 hPa, and uses the Yonsei University (YSU) planetary
boundary layer scheme (Hong et al. 2006), the Noah land-
surface model (Chen and Dudhia 2001), the Rapid Radiative
Transfer Model for Global models (RRTMG) for shortwave
(Dudhia 1989) and longwave (Mlawer et al. 1997) and the
single-moment six-class (WSM6) grid-scale microphys-
ics scheme (Hong and Lim 2006). Both domains share the
same physics parameterizations except that in the nested
domain, cumulus (CU) parameterization is not activated to
allow explicit convection. The Kain—Fritsch (KF) convec-
tive scheme is used in the coarse domain with activation of
interaction with RRTMG to take into account subgrid-scale
radiative effects of clouds according to Alapaty et al. (2012)
and Herwehe et al. (2014).

The second set of runs is performed to focus on the physi-
cal processes of rainfall over the Guinean Coast, particu-
larly on the influence of microphysics and boundary layer
processes on the simulation of intense precipitations. These
experiments consist of an ensemble of runs combining dif-
ferent boundary layer and microphysics schemes. Nudging
is used in the coarse domain to ensure that the large-scale
dynamics is the same in all the simulations of the ensemble.
Table 1 provides a summary of the schemes used and the
different experiments. For this second set of simulations,
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Fig. 1 Top: WRF model
domain and elevation (m); par-
ent domain at 24 km horizon-
tal resolution (25°W-30°E,
10°S—40°N). The nested domain
is depicted by the back box
(17°W-10°E, 4°N-20°N) black
boxes (first set of runs). The
pink boxes correspond to the
domains for the second set of
runs (sensitivity to MP and PBL
schemes) where parent domain
is at 20 km horizontal resolu-
tion (25°W=30°E, 10°S—40°N).
The nested domain covers the
southern coastal area (10°W—
5°E, 0°N-12°N). The white
dots indicate the ground-based
stations used. Bottom: zoom
over Ghana (Table 1 provides
the name and coordinates of the
stations cited in the manuscript)

Table 1 Cumulus, microphysics
and planetary boundary

layer schemes used for the
experiments
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3000
2250
30°N 2000
1750
1500
1250
20°N 1000
750
500 m
350
10°N 200
125
75
0° 50
25
10
0
10°S
20°W 10°W 0° 10°E 20°E 30°E
11°N
10°N
9°N
8°N
7°N
6°N
5°N
4°W 3°W 2°W 1°W 0° 1°E 2°E
Physical option References
Cumulus Kain—Fritsch (KF) Alapaty et al. (2012)
Microphysics Morrison double-moment (MOR) Morrison et al. (2009)

Planetary boundary layer

New Thompson (TH)

WREF single-moment 6-class (WSM6)
Asymmetric convective model V2 (ACM2)
Mellor—Yamada—Janjic (MYJ)

Yonsei University (YSU)

Thompson et al. (2008)
Hong and Lim (2006)
Pleim (2007)

Janjic (1994)

Hong et al. (2006)
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only 1 month is run (June 2014), over the domains shown by
pink boxes in Fig. 1. Resolutions of the two nested domains
are 20 and 4 km, respectively. The nested domain focuses
on the southern coastal area of West Africa.

An inter-comparison of the model outputs from these
different configurations versus observation data is per-
formed to find the best configuration that may provide an
optimal representation of rainfall/heavy rain over West
Africa in general and particularly over the Guinean Coast
area. Observations come from satellites, ground-based sta-
tions and reanalyses. The ground-based data used here are
daily records of temperature and precipitation over 74 sta-
tions across West Africa where the data are available for
the year 2014 and selected according to the geographical
position. The precipitation product from Tropical Rainfall
Measuring Mission (TRMM) version 3B42V7 (3-h, daily)
allows to cover the entire area with a 0.25° spatial resolution
(Huffman et al. 2007). In addition to TRMM data set, the
Climate Hazards Group InfraRed Precipitation with Station
data (CHIRPS) rainfall dataset is used. This dataset is span-
ning 50°S-50°N (and all longitudes), starting in 1981 to
near-present, CHIRPS incorporates 0.05° resolution satellite
imagery with in-situ station data to create gridded rainfall
(Funk et al. 2015).

Specific humidity and temperature at 2-m, shortwave and
longwave downward radiation fluxes are also compared with
ERA-interim (at 0.75° X 0.75° spatial resolution). Because
of the limitation of the precipitation derived from ERAI as
discussed by Di Giuseppe et al. (2013), the results with this
dataset is not shown in the following graphs.

2 Evaluation of the estimated rainfall
2.1 Seasonal analysis

The simulation of rainfall by Regional Climate Model
(RCM) over West Africa is still a full challenge as reported
in many previous studies such as Marsham et al. (2013),
Meynadier et al. (2014), Birch et al. (2014) and Panitz et al.
(2014). Laprise et al. (2008) and Di Luca et al. (2012) stated
that the initial concept of the nesting technique is to use
RCMs like sophisticated “magnifying glasses” where “the
generated small scales accurately represent those that would
be present in the driven data if they were not limited by
resolution”. In this section of the work, the general improve-
ment in the simulation of rainfall over West African region
is assessed. Hereafter the terms wrf-24km and wrf-4km are
used to identify respectively results from runs at 24 and
4 km, respectively.

The seasonal evolution of the rain belt is displayed on
Fig. 2 as a time—-latitude diagram of 5-days run mean of
precipitation averaged between 10°W—10°E. The date of

the onset is determined here by the transitional phase when
precipitation decrease over the southern area around 5°N
followed by its intensification northwards as indicated by
Sultan and Janicot (2000, 2003) and followed by Flaounas
et al. (2012). It can be more or less pronounced, depending
on the year.

The proposed oceanic phase by De Coé&tlogon et al.
(2010) and Leduc-Leballeur et al. (2011, 2013) is shown
in both TRMM and CHIRPS dataset. From April to end
of May, maxima of precipitation are generally located to
the south 5°N and moved to around 5°N belt till it jumps
northwards in mid-July. This first phase of the monsoon
latitudinal and seasonal displacement is not well repro-
duced by both as WRF outputs estimate the maxima of
rainfall over land even during spring. This premature
inland incursion of rainfall belt generates wet bias over
land and dry bias over the ocean and coastal region during
spring and June. After the pre-onset period, both CHIRPS
and TRMM show a weakening of the rainfall in early July
and it is followed by a fair recovery with a maxima core
around 7°N before moving northward. Thus, July 9th can
reasonably be chosen as Sahelian onset date with TRMM
and CHIRPS. In WREF, the monsoon rainfall belt moves
northwards but lower than CHIRPS and TRMM data. It is
then difficult to define a day for the onset with the model
simulations. The farthest inland penetration is observed
August 15th and this is replicated by both the observa-
tional datasets and WRF simulation. It is pertinent to
note that the observations (especially CHIRPS) show that
during this period of maximum precipitation over Sahel,
there is a significant precipitation events along the Guin-
ean Coast while WRF simulation replicates a dry condi-
tion. After this date, the rainfall belts retreat gradually
equatorward.

To assess the spatial value addition of the high reso-
lution run as again the ‘coarse resolution run’ and both
WREF simulations as against ERA-interim (not shown),
we computed the added value (AV) based on the Eq. (1)
proposed by Di Luca et al. (2013) and modified by Dosio
et al. (2014):

(Xmodl - XOBS)2 - (XmadZ - XOBS)2

AV = 2 2
Max<<xmod1 - XOBS) > (Xmod2 - XOBS) )

ey

where X is the tested variable (here precipitation), the index
mod] is for the model with the coarser resolution, the index
mod?2 for the simulation at higher resolution and OBS for
Observations from TRMM and CHIRPS. The AV is com-
puted over the 9 months and all data are regridded over the
same grid (TRMM). Then the average value of AV for each
grid point over the total period is plotted on Fig. 3. AV is
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Fig.2 Seasonal evolution (time versus latitude) of 5-day mean precipitation averaged between 10°W-10°E over the year 2014

positive where model#2’s squared error is smaller than the
model#1’s one and negative otherwise. The positive values
(cool colours) suggest an improvement of representation by
the model#2 and the negative (warm colours) indicate where
model#2 degrades the information provided by the model#1.
In this figure, the added value of wrf-4km to wrf-24km is
computed using both TRMM (top)and CHIRPS (bottom)
as reference dataset. The value addition of the wrf-4km as
against wrf-24km which allows the evaluation of the useful-
ness of convective-permitting run, indicates an improvement
of the simulation of average rainfall using the explicit run
in comparison to wrf-24km in the half north of Ivory Coast,
Ghana, Benin and part of Nigeria. On the contrary, the area
westwards of Ivory Coast towards southwards of Senegal
indicate that wrf-24km performs better. Above 14°N, the
signal is too weak to allow a conclusion. There is a very
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good agreement between the value added computed based
on either on TRMM or CHIRPS dataset.

This Fig. 3 thus shows that indeed, the run at high reso-
lution generally, outperforms the run at 24-km resolution
over the Guinean band and southern Sahel, i.e. presents an
upscaled added-value. There is however, some area where
the high-resolution run seems to degrade the information
instead of improving the simulation, especially over Ivorian
coast, south—west of Guinea and Sierra Leone. One of the
main reason would be related to the fact that the better skills
of the explicit run are expected at daily and sub-daily scales
and for extreme values while this AV is computed over 9
months. At seasonal scale, variability is mainly driven by
large-scale dynamics that is not necessary improved by the
higher resolution. On the other hand, Fig. 2 has shown that
in comparison to TRMM and CHIRPS datasets, WRF has
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added value WRF-4km to wrf-24km mean March-November trmm as ref.
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added value WRF-4km to wrf-24km mean March-November chirps as ref.
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Fig.3 Added value of convection permitting run (wrf-4km) simula-
tion to lower resolution (wrf-24km) Top: TRMM used as reference
dataset. Bottom : CHIRPS is used as the reference

shown result closed to the observation across near-Sahel and
Sahel (north of 8°N), but strongly underestimates precipita-
tion across the coastal area of the surrounding countries of
the Gulf of Guinea and mainly over the sea during the pre-
onset period and at the end of the rainy season. This leads to
strong dry bias from the sea to about 6N (beyond the coast)
during the rainy season over Sahel. One may suggest that
the introduction of this dry bias along the Gulf of Guinea
seaboard toward the equator (from 5°N and equatorward)
into the model simulations (either parameterized and explicit
convection), may be directly related to the forcing condi-
tions. Moreover, previous works as Meynadier et al. (2010)
and Marsham et al. (2013) revealed that the southward
bias in the simulation of rainfall across West Africa, is an
inherent problem for RCMs. Thus, model parameterisation
schemes can be point out. Furthermore, convection-permit-
ting simulation seems not to be able to correct effectively the
dry bias. Therefore, convective parameterization alone may
not be enough to explain this dry bias. Klein et al. (2015)
found a similar dry bias in a cumulus, microphysics and
boundary layer parameterization ensemble analysis of WRF

version 3.5.1 and related it to the driving conditions. Here,
if this dry bias could be related to a narrow north—south
extent of the rain belt in WRF specially in wrf-24km as
discussed in Klein et al. (2015) it may be mostly related to
the microphysics and boundary layer parameterizations and
not only to cumulus parameterization as already suggested
in Flaounas et al. (2011) and Klein et al. (2015). This result
motivated the second set of runs, but this will be discussed
later because we will first evaluate the impact of convective-
permitting simulations at higher time scales.

2.2 Rainfall diurnal cycle

Figure 4 shows the diurnal cycle of rainfall occurrences
over the Gulf of Guinea sub region for different categories
of events based on their intensity. The 3-h average rainfall
of each dataset is computed over the considered region
(4N-8N; 10W-10E). This box is based (1) on the availabil-
ity of ground-based observation which did not spread over
the whole region and also (2) to allow better comparison
with previous works as Klein et al. (2015) and those that
focused on onset like Sultan and Janicot (2000, 2003). The
obtained rainfall distributions have been divided into three
subsets according to the TRMM distribution which is con-
sidered as the reference here: the light rain when the rain
value is below or equal to the 25th percentile of the TRMM
distribution (3.46 mm/3 h), the medium rain with values
between 25th and 75th (6.50 mm/3 h) percentiles, the intense
rain events for values above or equal the 95th percentile
(9.50 mm/3 h). It is worth noting that all the non-rain events
have been beforehand removed in order to consider only the
statistics based on effective rain events. Since the resolution
of the dataset can impact the number of events, we com-
puted these numbers using (1) the native grid of each dataset
(solid line) and (2) the regridded datasets on the TRMM grid
(dashed line).

Lighter rain events occur mostly between mid-night and
12 UTC (note that local time in JJA over this sub-region
is close to time UTC) than during the second half of the
day, with a maximum of occurrence at 12 UTC according
to TRMM observation dataset. Both WREF, in their native
grids, replicate the shape of the diurnal cycle of light rain
events with a sudden decrease at 12 UTC, but the occur-
rence of events is strongly overestimated in the parameter-
ized run. If the explicit run capture well the timing of the
maxima of the light rains, wrf-24km shows a 3-h early peak
of light rain events. On the other hand, wrf-4km either with
its native grid or the regridded underestimates night lighter
rain events. As of wrf-24km, the regridded data shows more
lighter rain events than its native data.

In the range of medium rain events, the diurnal cycle
is of less variation in TRMM even though a maximum is
observed at 15 UTC and a minimum between 03 and 12
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Fig.4 Diurnal cycle of rainfall occurrence averaged over Gulf of
Guinea (4N to 8N and 10W to 10E) and according to the range of
intensity computed from TRMM distribution: light intensity on top
panel; medium intensity on bottom-left panel and, intense rainfall on

UTC. Wrf-4km, in its native grid spacing, shows a more
pronounced peak of the maxima of medium rain events and
a wide rain events under the observation while its regrid-
ded product almost continuous less rain events related to the
native wrf-4km. However, native and regridded grid from
wrf-4km indicated the maxima of medium rain events at
15 UCT. Wrf-24km shows same pattern of diurnal cycles
of the occurrence of the medium rain events either for the
native and the regridded data. Nonetheless, a reduction in
the number of rain events is noticed with the reggrided prod-
uct. All datasets agree on the timing of occurrence of mini-
mum medium rainfall events in between 03 and 12 UCT.
Yet, wrf-24km displays the maximum events in the interval
15 and 18 UTC.

According to TRMM observation data set, intense rain
events can occur anytime with nearly the same probability
but none of the simulations reproduces this. The explicit run
exhibits intense rain occurrence mainly from the evening to
early morning with a maximum around 00 UTC. The same
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bottom-right panel. The TRMM is in blue, wrf-24km in orange and
wrf-4km in green. The dotted lines are for WRF regrided into TRMM
grid while the full lines are for WRF outputs on native coordinates

timing of the diurnal cycle is retrieved with the regridded
wrf-4km with more intense rain events.

The relative absence of intense rain events with wrf-
24km is related to the lower value of the 95th percentile
obtained by this convective parameterized run. The anal-
ysis of the occurrences of intense rain based on the 95th
percentile of wrf-24km (figure not shown) demonstrates
that this parameterized run mostly locates its maxima rain
events in the afternoon (maximum at 15 UTC). This occur-
rence of maxima of intense rain events at 15 UTC with the
parameterized run is mainly due to the fact that convection
is generally high when net radiative energy is at its maxi-
mum at about 15 UTC. The observed natural characteristics
of rainfall are hardly replicated by models. This has been
earlier highlighted in previous studies and suggested to be
due to parameterisation of convection in the models (Mar-
sham et al. 2013; Dirmeyer et al. 2012; Stephens et al. 2010).
Wrf-4km seems to produce maximum of rain independently
to the peak of the net radiative energy, except for medium
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rain-rates. In term of diurnal mean amount and timing of
rain events, wrf-4km depicts results closest to the observa-
tions in comparison to wrf-24km.

Reggriding WRF outputs into the grid scale of TRMM
dataset has an effect on the number of the events regard-
less of the range of rainfall intensity, however, the timing
is preserved.

2.3 Summary of the skill of the simulations
on rainfall

Figure 5 shows the daily Empirical Probability Distribu-
tion Functions and the boxplots of daily wrf-24km and wrf-
4km precipitations compared to the ground-based observa-
tions, TRMM and CHIRPS datasets. Based on the available
data and the regime of the rainy season, the area has been
divided into two zones: the Guinean Coast (4°N-8°N and
10°W-10°E) and the Sahelian region including the near
Sahel (10°N-18°N and 10°W-10°E). Only the available
stations of each sub region are considered (CI1-7, BN1-3,
GH2-5, GH7-8, GH12-62 for the Guinean Coast zone and

GH1, GH6, GH9-11, BF1-7, NR1-7, GH40-44 for the
Sahel region). For all datasets, the amount of precipitation at
the nearest grid point of each station has been extracted. Fol-
lowing Lind et al. (2016), the PDF (Fig. 5, top) gives a detail
on the spread/intensity of the daily rainfall for each of the
dataset while the box plot (Fig. 5, bottom) for its part shows
the summary of the distribution of rainfall (extremes, mean
state). The percentiles on the box plots have been computed
by considering only the wet days (the day where rainfall is
above the threshold 1 mm) over the period March—Novem-
ber. For each dataset, the number of events which overpass
the 95th percentile of ground-based observations is also
indicated.

Over the Guinean Coast area, there is a relative under-
estimation of the overall rainfall tendency by both TRMM
and CHIRPS estimation compared to the ground-based
observations. They show value generally below the ground-
based observation (top). The box plots (summary) show only
2.95% of rain events for TRMM and CHIRPS as intense and
also 95% of the rain intensities are below 39 mm/day for
TRMM and ~35 mm/day for CHIRPS. There are marginal
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Fig.5 Top: empirical probability distribution functions of daily pre-
cipitation. Bottom: boxplots of the daily precipitation respectively
from the ground-based observations, wrf-24km, wrf-4km, TRMM
and CHIRPS data sets over the Guinean coast (left) and the Sahelian
(right) regions. The boxes indicate respectively from the bottom to

the top the first, second and third interquartile ranges and the whisk-
ers stretch to minimum and maximum values of each data set. Blue
dots and the red stars represent respectively the mean value and the
95th percentile of the precipitation for each data set
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differences between both satellite-based dataset as they
exhibit very close frequency occurrence pattern of rain-
fall and similar summary in both Guinean Coast area and
Sahel. Across both sub-domain (Guinea Coast and Sahel),
wrf-24km shows also less intense rain events as indicated
with the PDF, the small boxes and the low value of its mean
rainfall amount. In Guinea Coast, 95% of the rain events are
less than 21.78 mm/day and only 0.18% of the rain events
are intense, while the ground-based observation shows
the 95th percentile at 54.5 mm/day and a mean value of
about 16.45 mm/day. The statistics displayed by the obser-
vations are well replicated by the wrf-4km, which shows
13.45 mm/day as mean value, and 4.66% of values are above
the threshold of 54.4 mm/day. Thus, the explicit convection
run, despite its dry bias at seasonal scale along the Guin-
ean coastal area during the Sahelian phase of the monsoon,
replicates more realistic precipitation extremes and qualita-
tive distributions compared to the convective parametrized
convection run.

Over the Sahelian region, the explicit run shows daily
rainfall frequency distribution closer to TRMM, CHIRPS
and the ground-based observation. The summary provides
more intense rain events where 95% of the rain are up to
52.31 mm/day and the simulation runs at 24 km shows less
intense rain events compared to the ground-based obser-
vation. 2.95% (wrf-24km) and 11.61% (wrf-4km) of rain
events are above the threshold of 40 mm/day correspond-
ing to 95th percentile of rainfall in the Sahelian region. The
numbers of rain events based on wrf-4km are 4416 in the
Gulf of Guinea; and 1499 in the Sahel. This matches better
those of the observation with 3683 in the Gulf of Guinea;
and 1119 in the Sahel than wrf-24km which shows 8250
in the Gulf of Guinea; and 2455 in the Sahel. Even though
wrf-4km overestimates the number of intense rains and the
intensity, it provides more realistic estimations precipitation
extreme across both Guinea Coast and Sahel and emphasizes
the benefit of the high-resolution simulation.

The low value of the occurrence of intense rain with
wrf-24km compared to the high-resolution run may be
explained by the difference of the size of the grid scale.
With a coarser grid scale, there is a higher probability that
sub grid scale rainfall events might not be captured (Chen
and Knutson 2008). Previous studies (Emori et al. 2005;
Torio et al. 2004; Kharin et al. 2005) which assessed climate
models by using ground-based stations data concludes that
it is not a simple task to make a comparison between model
output and station dataset. They also reported that rainfall
extreme indices might be influenced by the model resolution.
The station records are essentially point estimates while the
model output represents the rainfall variability over a wider
spatial scales. Chen and Knutson (2008) also argued that
Regional climate models are able to dynamically downscale
extreme precipitation events to a spatial scale that is more
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comparable with observed rainfall analysis or station data.
The grid scaling issues should be then reduced. Further-
more, even though it is not easy to cut off the physics from
the pure resolution effect behind the differences between the
runs at 24 and 4 km, it nevertheless emphasizes the useful-
ness of running the model at higher resolution at least to
focus on the extreme events. On the other hand, both rainfall
from wrf-24km and wrf-4km have been upscaled to TRMM
dataset grid scale to assess the impact of the downscaling
effect in the differences between those two (2) WRF outputs.
Similar analysis as Fig. 5 has been made with the reggrided
data and the results (figure not shown) indicated marginal
changes between the native and reggrided rainfall. For exam-
ple, the comparison of the value of the 95th percentile with
native and regridded shows is a reduction of about 7.41%
(Gulf of Guinea) and 5.3% (Sahel) for wrf-24km while
wrf-4km indicates a decrease of 7% (Gulf of Guinea) and
2.5% (Sahel). This result may suggest a combination of both
grid scale factors and physics on the observed differences
between the runs at 24 km (parameterized convection) and
4 km (convection-permitting).

3 Dynamical and physical role of the West
African Monsoon

3.1 Dynamics of the monsoon and moisture flux

The link between the dynamics of the WAM and its associ-
ated rainfall has been variously investigated and emphasized
the role of the atmospheric circulation and specifically the
Moisture Flux Convergence (MFC) (Cook 1999; Druyan
et al. 2010; Fontaine et al. 2008; Fontaine and Philippon
2000; Lebel et al. 2003; Nicholson 2008, 2009, 2013;
Nicholson et al. 2012; Sylla et al. 2010a, b).

Figure 6 shows cross sections of the zonal wind from
March—-May (MAM), June—August (JJA) and Septem-
ber-November (SON) and averaged from 10°W to 10°E. The
first column represents the seasonal mean, while the second
and third columns represent respectively the seasonal mean
bias of wrf-4km and wrf-24km related to ERA-interim. Fig-
ure 7 shows seasonal mean of vertical profiles of the MFC,
superimposed by the meridional-vertical wind vectors (v,w).
For a better comparison, all data have been interpolated to
the wrf-24km dataset.

The atmospheric circulations related to the WAM, charac-
terized by the monsoon flow, the African Easterly Jet (AEJ)
and the Tropical Easterly Jet (TEJ) are clearly replicated by
the model outputs.

During spring (MAM), the core of the monsoon flow
as shown by ERA-interim is ~4 m/s while WRF is show-
ing higher monsoon flow toward the coast (wrf-24km: up
to 5 m/s and wrf-4km up to 3 m/s) and lower flow in the
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Fig.6 Seasonal mean cross sections of the zonal wind from March—
May (first line), June—August (second line) and September—Novem-
ber (third line) and averaged over [10°W to 10°E]. Column 1 repre-
sents ERA-interim; column 2 and column 3 represent respectively the

north (up to 4 m/s bellow for both wrf-24km and wrf-4km)
(Fig. 6). Deep convection, associated with strong updrafts
corresponding to the ascending branch of the Hadley cell,
occurs between 6°N-10°N and 800-200 hPa. This feature
is well reproduced by the model outputs either wrf-24km or
wrf-4km (Fig. 7).

During the summer (JJA), ERA-interim shows two dis-
tinguished cores of the monsoon flow. The major one is
located around 15°N and the minor one at roughly 5°N.
Wrf-4km reproduces these two cores; however, the cores
have the same intensity, the southern one is located fur-
ther north than for ERA-interim, around 7.5°N, while the
second one is around 13°N (figure not shown). The AEJ is
stronger in ERA-interim than in WRF simulations, while
TEJ is weaker (Fig. 6). Wrf-4km is showing difference up
to 1 m/s while wrf-24km reaches 2 m/s in term of AEJ.
Both WRF output show similar replication of TEJ (up
to 2 m/s lower). As expected, the area of deep convec-
tion has now moved to more northerly position from its

5 -4 3 2 1 0 1 2 3 4 5
zonal wind bias (m/s)

difference between wrf-4km and ERA-interim and between wrf-24km
and ERA-interim. Dashed contours and blue colours stand for nega-
tive values and solid contours and red colours are for positive values

position during the spring (MAM). Both model outputs
replicate this feature with more inland penetration (up to
15N) than ERA-interim [below 13N and less pronounced
(Fig. 7)]. This inland location of the deep convection is
also coherent with the distribution of rainfall with WRF.
A subsidence is observed around 5°N with wrf-24km
and wrf-4km while in ERA-interim, it is located further
beyond the equator (around 2°S). All these differences are
coherent with the more southward position of the maxi-
mum of rainfall in ERA-interim (Figs. 2, 3) and explain
the dry bias of ERA-interim over Sahel which is consistent
with stronger AEJ and weaker TEJ (Omotosho 2008) and
the dry bias of WRF above the sea. Indeed, the subsid-
ence at 5°N generates a zone of strong divergence around
the coastline (1000-800 hPa, 2°N—-8°N) in the simulation,
which is weaker and more to the south in ERA-interim.
Note also that just above this layer, a layer of weak con-
vergence around 700 hPa is simulated with northerly wind
and likely corresponds to the low-level shallow circulation
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Fig.7 Seasonal mean of vertical profiles of the moisture flux con-
vergence (X 103 /s, in colour) and the meridional (m/s) vertical wind
vectors (X 100 Pa/s) (v,w). All datasets have been regridded into
wrf-24km grid and averaged over [10°W-10°E]. First line is for

(LLSC) induced by the Saharan heat low and discussed
by Zhang et al. (2006). This LLSC is not captured by the
reanalysis.

During fall (SON), the configuration is similar to the
spring one with less intensity. The southwesterly monsoon
flow is confined southwards of 5°N with ERA-interim and
stronger in WRF with more inland penetration. Wrf-24km
shows more intense monsoon flow with a bias up to 4-5
m/s and the explicit run shows bias below 3 m/s relative to
ERA-interim.

To conclude on the dynamics at seasonal and regional
scales, several features can explain the differences in the
seasonal precipitation patterns between ERA-interim and
WREF simulations, despite the spectral nudging. This result
reveals more or less important interactions between scales
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March to May (MAM), second line for June to August (JJA) and third
line for September to November (SON). Column 1 represents ERA-
interim; column 2 wrf-4km and column 3 wrf-24km

over this area and an impact of regional/local processes
in the dynamics of this region. Therefore, the impact of
physical processes seems not negligible in the representa-
tion of all elements of the WAM. The differences between
the two WRF domains, which share the same physics but
not convection, are mainly reduced to the low-level cir-
culation, which has a stronger zonal component in wrf-
24km than in wrf-4km. It affects the intensity of moisture
convergence between 5° and 10°N. Furthermore, wrf-4km
shows less deviation from ERA-interim than wrf-24km in
the replication of the main features of the WAM. However,
these differences are generally less pronounced or even
marginal. Next section investigates the impact of physical
processes by performing several simulations with different
physics using the same large scale forcing.
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3.2 Impact of physical processes

One of the major challenge of the current convection-permit-
ting models (CPMs) are the fact that they are still relying in
older and traditional approach parametrization developed for
boundary layer turbulent in mesoscale models. Furthermore,
they are running at grid spacing that are not large enough to
be in mesoscale model regime nor fine enough to be fallen
into large-scale eddy simulation regime as discussing in Tao
and Moncrieff (2009).

3.2.1 Sensitivity of WRF parametrizations on precipitation
over the southern coastal area

The aim in this section is to identify configurations that
would be suitable for a better representation of intense rain
events over the Guinean coast area. The past conducted
works like Flaounas et al. (2011), Pohl et al. (2011) and
Klein et al. (2015) used parameterized convection. Prein
et al. (2015) in a review CPMs underlined the limitation of
our understanding about the microphysical processes and
their interaction with resolved cumulus dynamics while Tao
and Moncrieff (2009) indicated the grid spacing issue in the
representation of boundary layer turbulent.

The current section focuses on the sensitivity of micro-
physics and PBLs to the resolved cumulus and contribute to
the understanding of the microphysics processes and their
interaction with resolved cumulus dynamics. Even though,
the change of the convection scheme may modify the results,
this will need too much resources and is beyond the scope
of this paper.

A second set of experiments has thus been performed
but with smaller domains due to computing resources. The
inner domain has been reduced to the Guinean coast area
extending from the Ivory Coast to the Republic of Benin
(Fig. 1, pink rectangles). The period of the experiment is
June 2014 when many flood events have been recorded along
the littoral of the Gulf of Guinea and especially in Abidjan.
The following different experiments use the configuration of
the first set except for the microphysics (MP) and planetary
boundary layer (PBL) schemes, which contribute to the ver-
tical and horizontal distributions of moisture, which is a key
issue in the Tropics for rainfall processes (Neelin et al. 2009;
Holloway and Neelin 2009). Nine combinations of MP_PBL
have been tested, using three different PBL schemes and
three different MP schemes. These nine combinations are
thus associated with the Kain—Fritsch convective scheme in
the coarser domain and with explicit convection in the inner
domain. Since these parameterizations manage the atmos-
pheric moisture distribution based on the same large-scale
information provided by same lateral boundary conditions
and the use of spectral nudging for wind and temperature,
this protocol is well suited to understand the role of the

physical processes in the simulated rainfall estimate over
this specific area.

The role of the PBL scheme is to determine the flux pro-
files of temperature and moisture within the whole atmos-
pheric column, hence generating tendencies that serve as
input for the CU and MP schemes at every model time step.
Two types of PBL schemes exist according to the way they
approach the turbulence equation closure problem: local clo-
sure schemes and non-local closure schemes. In the local
closure schemes approach, the turbulence fluxes at each
grid point are estimated based on prognostic turbulence
kinetic energy (TKE). The Mellor—Yamada—Janjic (MYJ:
Janjic 1994; Janji¢ 2002) boundary-layer scheme used in the
first part of this paper is of this type. The non-local closure
schemes consider that scale eddies are of major importance
to estimate vertical mixing in the boundary layer and in the
free atmosphere. The PBL YonSei University (YSU: Hong
et al. 2006) and the Asymmetric Convective Model version
2 (ACM2: Pleim 2007) used in this section are based on this
non-local closure. Moreover, the ACM2 is a combination
of local and non-local turbulence closure techniques (Xie
et al. 2012).

The microphysics scheme includes all processes that con-
trol the formation of cloud droplets and ice crystals, from
their growth to their fallout as precipitation. It includes
explicitly-resolved water vapour, cloud and precipitation
processes. The MP scheme is in charge to remove excess
atmospheric moisture in case the air is still saturated, which
we will refer to us as non-convective precipitation. The dif-
ferent MP schemes used are based on their classification of
hydro-meteors. The size distributions can differ from one
scheme to another. The schemes considered in this work
are the single-moment six-class (WSM6) scheme (Hong and
Lim 2006), the double-moment Morrison (MOR) scheme
(ten-class) (Morrison et al. 2009) and the New Thompson
(TH) scheme (Thompson et al. 2008). Table 1 provides a
summary of the schemes used and the different experiments.

Here attention is mostly given to the qualitative impact on
rainfall over Guinean coast area. Figure 8 displays Empirical
probability distribution functions (PDF) of daily precipita-
tion (top) which provides the frequency occurrence of the
rain events according to the intensity and the daily boxplots
of precipitation. These have been computed for wrf-24km
and wrf-4km rainfall from each ensemble group members,
TRMM and CHIRPS datasets across Guinea Coast area.
The groups have been built using a fixed particular scheme
following (Pohl et al. 2011). Thus, each ensemble group is
the mean of all the configurations which use that particular
scheme. The value of the rainfall is extracted at the nearest
grid point of each station from the different run outputs,
TRMM and CHIRPS. A single time series is computed for
each data set. From these time series, we removed the days
when observations are lacking and the dry days (where
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Fig.8 Same as figure 5 but only
for guinea Coast. Top panel: all
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daily rainfall is below 1 mm/day). The result indicates sig-
nificant underestimation of the overall rainfall intensity of
wrf-20km compared to TRMM, CHIRPS and ground-based
observation as seen it with the low frequency occurrence
of rain events against the intensity. Wrf-4km for its part is
able to retrieve a good range of the rain events in regard to
the intensity. CHIRPS dataset is showing statistics closer to
the observed ground-based data compare to TRMM which
miss more rain events. The boxplot of observations is then
obtained from the total number of precipitating days of
all stations of the Guinean area (CI1-7; BN1-3, GH2-5,
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Data Set

GH7-8, GH12-62), i.e. 586 samplings (see Table 2). The
same for TRMM and CHIRPS for which we obtained 656
and 553 samplings respectively. For the simulations, the
numbers of the rain events are relatively high (see Table 2),
with lower values at 4 km than at 20 km partly due to the
effect of resolution, as already explained in the previous
section.

In the month of June during which several flooding
events were reported, 11.43% of events above the threshold
of 54.5 mm/day were recorded. All the ensemble members
show less intense rain events compare to the ground-based
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Table 2 Total number of rainy events over 1410 possible

Data set Number of
rain events
Observation 586
WRF_ens_acm?2_20km 1312
WREF_ens_acm?2_4km 665
WRF_ens_myj_20km 1238
WRF_ens_myj_4km 1001
WREF_ens_ysu_20km 1323
WREF_ens_ysu_4km 992
WREF_ens_mor_20km 1255
WREF_ens_mor_4km 938
WRF_ens_th_20km 1340
WREF_ens_th_4km 878
WREF_ens_wsm6_20km 1321
WRF_ens_wsm6_4km 1025
WRF_ens_20km 1353
WREFE_ens_4km 1070
TRMM 656
CHIRPS 553

observation and TRMM data sets. In addition, the total rain-
fall amount was also underestimated by all the ensemble
members (not shown). However, clearly, the main impact
comes from the use of higher resolution since the mean,
max, 3rd interquartile and number of extreme events are
always significantly higher in wrf-4km than in wrf-20km
ensembles.

The occurrence of intense rain events is about 4.21% with
the ensemble with the PBL scheme ACM2 which provides
the closest statistics to TRMM data set, at 4 km while with
wrf-20km run, all the ensembles do not reach at once the
value of 54.5 mm/day or have an occurrence below 0.3%.
However, it is biased by the fact that the comparison with
local rain gauges is better suited to a run at 4-km resolu-
tion than at 20 km resolution. Nevertheless, it appears that
physics also impacts the results. All statistics are in better
agreement with observations than the others set of runs at
a similar resolution (i.e. Ist, 2nd and 3rd quartiles, mean,
max and 95th percentile). It is true for the domain at 20 km
and the one at 4-km. Two other ensembles at 4 km outper-
form the others, not for all statistics but for the value of
the 95th percentile of precipitation and 3rd quartile, which
indicates a better ability to produce heavy rain: the ensemble
using WSM6 as MP scheme and the one using YSU as PBL
scheme.

The same box plot was also performed over the Guinean
Coast region (4N-8N; 10W-5E) for WRF simulations and
TRMM by using the same grid as TRMM before statistics
are computed (figure not shown). The result raised once
again the better performance of the explicit convection in

the statistics of the rainfall distribution (moderate, intense
and extreme rainfalls). This suggests that the added value of
the explicit run did not only come from the resolution but
also from explicit convection. It further emphasizes the use-
fulness of convection permitting in the analysis of extreme
rainfall and more general extreme events. However, convec-
tion permitting with high-resolution run, is yet exhaustively
enough to fully address the problem of simulating of rainfall
over West African region and especially over the Guinean
Coast and surrounding.

3.2.2 Impact of PBL schemes

Both PBLs schemes ACM2 and YSU are non-local closure
schemes which gives more attention to scale eddies on the
estimation of vertical mixing in the boundary layer and the
free atmosphere. The MYJ, which is a local closure, displays
less intense rain events. The better performance of non-local
closure schemes compared to the local one has been pre-
viously reported (Pleim 2007). The non-local closure has
a better ability to replicate the turbulent vertical transport
when both small-scale shear-driven turbulence and large-
scale convective turbulence are taken into account (Holtslag
and Boville 1993). This also takes into account large eddy
transport and entrainment effects, which is essential for real-
istic representation of the convective boundary layer and
the transport of humidity from the surface to the lower free
troposphere, which is key for triggering of convection (Hol-
loway and Neelin 2009). The difference on vertical profiles
of humidity between the six PBL sub-ensembles is shown
in Fig. 9 and clearly reveals that stronger differences appear
between 925 and 750 hPa than close to the surface, and the
moister this layer, the heavier the precipitation. These dif-
ferences, however, are more noticeable with wrf-20km than
with wrf-4km. This may suggest a less influence of the PBL
scheme on the convective permitting run.

The latitudinal evolutions of surface conditions are ana-
lysed via the latitudinal profile of 2-m temperature (T2m),
2-m specific humidity (Q2m), downward shortwave (SW)
and longwave (LW) radiation fluxes (Fig. 11). The analysis
reveals two distinctive groups over the Guinean Coast for
T2m, Q2m, and LW, between the wrf-20km and wrf-4km.
The explicit runs show higher surface temperature, more
humidity and more incoming longwave radiation fluxes.
It is also worth noting that there are important differences
in the near surface humidity north of 8N. While wrf-4km
runs show decrease in the humidity towards the north, wrf-
20km runs show an increase. Important differences are also
observed between the PBL ACM2 and MY]J for simulation
of T2m and Q2m in wrf-24km or wrf-4km runs. ACM2
PBL is warmer and drier at the surface than MYJ, while
the opposite is observed in the free troposphere (Fig. 10).
An important difference is also observed for SW but only
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Fig.9 Vertical profiles of spe-

cific humidity from wrf-20km
and 4 km sub-ensembles group
members and ERA-interim data
set. All the values are averaged
from 10W to 5E. The pink and
orange coloured areas mark the
range of value respectively with
wrf-24km and wrf4km
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with wrf-20km. Over the ocean, and near the coast, the
spread between the sub-ensembles is strong with both wrf-
20km and wrf-4km. These differences over the ocean likely
strongly impact the humidity advection inland. Wrf-20km
shows more LW with ACM2 with less SW. This implies a
deeper or more persistent cloud cover, despite the fact that
it is drier and relatively warmer on the surface. At wrf-4km
runs however, there are less differences between the value of
SW and LW. Generally, wrf-20km simulates more SW arriv-
ing at the surface than wrf-4km and vice versa for the LW.

3.2.3 Impact of MP schemes

The MP scheme is not a strong discriminant for the atmos-
pheric specific humidity either with wrf-20km and wrf-4km
(Fig. 8). This is also true for T2m and Q2m (Fig. 9). On
the contrary, there are high differences between WSM6 and
MOR in the representation of the SW with wrf-4km and
slightly less with wrf-20km (Fig. 10), and this may likely
explain the differences in the rainfall distribution. The ver-
tical profiles of occurrence (%) of the liquid water content
(LWC) and the Ice Water Content (IWC, not shown) are
displayed for different bin categories in Fig. 11 respectively.
Figure 11 shows that LWC is sensitive to the resolution
more than to the MP scheme used, since distributions are
very similar between different MP ensembles, but very dif-
ferent between wrf-20km and wrf-4km. At 4 km, there is
higher occurrence of strong values of LWC between 925
and 750 hPa, consistent with higher specific humidity at this
altitude. It impacts more strongly LW than SW, meaning
that these clouds likely appear during nighttime. For IWC,
differences between different MP schemes are stronger than
between the two different resolutions (not shown). However,
the main difference exists between TH and other schemes,
while the difference between MOR and WSM6 is weak. It
thus cannot explain the difference of SW obtained between
MOR and WSM6.

4 Conclusions

This work focuses on the sensitivity of the Weather Research
and Forecasting (WRF) Model to horizontal resolution and
physics schemes in the replication of West African precipi-
tation for the year 2014. Several runs were performed with
either parameterized or explicit convection. At seasonal
scale, both runs at 24 and 4km resolutions are able to rep-
licate rainfall distribution over the region. The explicit run
exhibits driest bias along the coast of the Gulf of Guinea
but generally outperforms the 24 km run especially in the
replication of the extreme rainfall distribution. The feature
underlines the importance of high resolution on the analysis,
characterization and further forecast of extreme events. At
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diurnal scale, based on TRMM data set, the major light rain
events occur between midnight and 12 UTC and the diurnal
cycle of medium rain events has of less variation with a max-
imum observed at 15 UTC. Wrf-4km outperforms wrf-24km
in the replication of these features especially the timing, and
the number of events. Intense rain events can occur anytime
with nearly the same probability but none of the simulations
reproduces this. The parametrized convection run situated
this maximum of occurrence of intense rain events in the
afternoon at 15 UTC. This is mainly due to the fact that
convection is generally high when net radiative energy is at
its maximum, near 15 UTC for these regions. This has been
earlier highlighted in previous studies and suggested to be
intrinsic to parameterized convection (Marsham et al. 2013;
Dirmeyer et al. 2012; Stephens et al. 2010). Furthermore, the
explicit run exhibits intense rain mainly from the evening to
early morning with a maximum around 00 UTC, indepen-
dently to the peak of the net radiative energy. In short, the
observed typical diurnal distribution of the rain is hardly
well simulated by the model.

The analysis also reveals an adequate representation of
the dynamical features of West African monsoon system
with a less subsequent added value of permitting convec-
tion in the replication of low levels atmospheric circulation.
However, irrespective to the spectral nudging for wrf-24km
towards ERA-interim, there are differences of the dynami-
cal structures between ERA-interim and wrf-24km. This
reveals important interactions between scales over this area
and non negligible impact of regional/local processes on the
dynamics of this region. Therefore, the impact of physical
processes seems crucial in the representation of all elements
of the WAM. Both wrf-24km and wrf-4km well replicate the
seasonal evolution of the AEJ. However, they show stronger
monsoon flow and weaker AEJ compared to ERA-interim.
The strong AEJ leads to inhibition of the vertical ascent of
moisture in ERA-interim; thus, less development of clouds.
The relative low value of the AEJ displayed with WRF
allows the vertical ascent of the moisture leading to more
frequent clouds. This is in agreement with the high value
of precipitation observed with WRF simulations inland. On
the contrary, there is a dry bias over the Gulf of Guinea and
surroundings seaboard (from 8°N and equatorward) with
either parameterized and explicit convections. This dry bias
has been associated with a more northward location of the
subsidence branch of the Hadley cell and a less south—north
spread of the rain belt observed in WRF outputs. The dif-
ferences between the two WREF runs, which share the same
physics but not convection, are mainly reduced to the low-
layer monsoon flow in JJA, which has a stronger zonal com-
ponent in wrf-24km than in wrf-4km. It affects the intensity
of moisture convergence between 5°N and 10°N.

The impact of microphysics is not as strong as that of
PBL schemes in either explicit or parametrized convection
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modes. However, some differences exist that can help in a
better reproduction of heavy rainfall. Note that only com-
plex MP schemes have been tested here, and it is possible
that the use of more simple schemes may lead to different
conclusions on the importance of MP scheme. The use of
a non-local PBL scheme seems critical to better transport
the low-layer humidity into the free troposphere and trigger
convection.

The convection-permitting simulations thus seem well
relevant to study extreme events (i.e. heavy precipitation).
However, the simulations can be affected by the limitation
of the domain size, the absence of two-way interactions
between the inner domain and the rest of the globe, and the
lateral boundary condition issues. Thus it is still ambigu-
ous whether RCMs actually improve or degrade the larger
scales information which is still a backbone for modeller and
scientific community in general as underlined by Laprise
et al. (2008).

The upscaling of wrf-4km to TRMM grid spacing (e.g.
Figs. 4, 6, 7) suggested that differences may not be only
related to grid spacing differences but a combination of both
physical processes and grid scale effects. This study also
indicates that the grid scale impact seems to be more pro-
nounced at diurnal scale than at daily and seasonal scales.
In addition, as suggested by Prein et al. (2015) and Tao and
Moncrieff (2009), simulation at higher resolution bring out
a key problem: the CPMs are still relying in the older and
traditional approach parameterization developed for bound-
ary layer turbulence in mesoscale models. In the other hand,
the current grid spacings of CPMs are not fine enough to be
into eddy simulation regime nor coarser enough to be con-
sidered as mesoscale models. This problem of upscaling is
of paramount importance and need to be addressed, however
this is beyond the scope of the current work.

The current study focuses only on a specific year due to
the coast of such experiment. It is then important to extend
to several years to allow better assessment of physical pro-
cesses and statistical analyses. Such work needs subsequent
cluster resources and is beyond the scope of this paper. The
use of only three (3) microphysics and PBL and one con-
vective parameterization scheme may be a limitation of the
methodology.

This work is a first step in performing a set of comparison
of different configurations that use various microphysics,
PBL schemes and permitting convection. The current study
justifies a need for large project work which will focus on the
interaction between convection resolving and microphysics
and PBLs schemes etc. It will contribute to better assess the
skill of WREF in the replication of regional and more local
physical processes. Furthermore, in order to fully isolate the
changes related to the permitting convection from the pure
grid scale impact (resolution) one may need a set of experi-
ments using explicit and parameterized convections both

carried at the same resolution. These are in the perspective
of the Ivorian new computer center which will allow such
expensive experiments.
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