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ABSTRACT

This paper presents an evaluation of the performance of the Massachusetts Institute of Technology (MIT)
regional climate model (MRCM) in simulating the West African monsoon. The MRCM is built on the Re-
gional Climate Model, version 3 (RegCM3), but with several improvements, including coupling of Integrated
Biosphere Simulator (IBIS) land surface scheme, a new surface albedo assignment method, new convective
cloud and convective rainfall autoconversion schemes, and a modified scheme for simulating boundary layer
height and boundary layer clouds. To investigate the impact of these more physically realistic representations
when incorporated into MRCM, a series of experiments were carried out implementing two land surface
schemes [IBIS with a new albedo assignment, and the Biosphere-Atmosphere Transfer Scheme (BATS)] and
two convection schemes (Grell with the Fritsch—Chappell closure, and Emanuel in both the default form and
modified with the new convective cloud cover and a rainfall autoconversion scheme). The analysis primarily
focuses on comparing the rainfall characteristics, surface energy balance, and large-scale circulations against
various observations. This work documents significant sensitivity in simulation of the West African monsoon
to the choices of the land surface and convection schemes. Despite several deficiencies, the simulation with
the combination of IBIS and the modified Emanuel scheme with the new convective cloud cover and a rainfall
autoconversion scheme shows the best performance with respect to the spatial distribution of rainfall and the
dynamics of the monsoon. The coupling of IBIS leads to representations of the surface energy balance and
partitioning that show better agreement with observations compared to BATS. The IBIS simulations also
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reasonably reproduce the dynamical structures of the West African monsoon circulation.

1. Introduction

Over the past decade, we have worked on improv-
ing the skill of the Regional Climate Model, version 3
(RegCM3; Pal et al. 2007), in simulating the climate over
different regions through the incorporation of new phys-
ical schemes or modification of existing schemes. The
version of RegCM3 that includes all of the Massachusetts
Institute of Technology (MIT)-based upgrades will be
referred to here as the MIT regional climate model
(MRCM).
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The most significant difference in MRCM relative to
the original RegCM3 configuration is coupling with the
Integrated Biosphere Simulator (IBIS) land surface
scheme (Winter et al. 2009). Based on simulations using
IBIS over North America (Winter and Eltahir 2012) and
the Maritime Continent (Gianotti et al. 2012), the use of
IBIS results in better representation of surface energy and
water budgets compared to the Biosphere—-Atmosphere
Transfer System (BATS) version le, which is the de-
fault land surface scheme with RegCM3. Furthermore,
the addition of a new irrigation scheme to IBIS makes it
possible to investigate the effects of anthropogenic land
use change over any region (Marcella 2012), while a new
surface albedo assignment method used together with
IBIS brings further improvement in simulations of sur-
face radiation (Marcella and Eltahir 2012). Another im-
portant feature of the MRCM is the recent introduction
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of new schemes for convective cloud cover and convec-
tive rainfall autoconversion (Gianotti 2012; Gianotti and
Eltahir 2014a,b). These modifications bring more physi-
cal realism into an important component of the model,
successfully simulating a convective-radiative feedback,
and improving model performance across several radia-
tion fields and rainfall characteristics. Gianotti (2012)
and Gianotti and Eltahir (2014a,b) demonstrate that
the Emanuel convection scheme incorporating a new
convective rainfall autoconversion, used with the new
convective cloud scheme, greatly improves the climate
simulation over the Maritime Continent compared to the
original Emanuel scheme with default cloud cover.

In this study, we evaluate the performance of MRCM
in simulating the West African monsoon (WAM) with
a focus on the effect of land surface and convection
schemes. West Africa is a good test bed to examine the
performance of MRCM since previous studies using
both global and regional climate models exhibited de-
ficiencies in capturing key characteristics of the WAM
(Flaounas et al. 2010; Sylla et al. 2010a,b; Afiesimama
et al. 2006; Xue et al. 2010; Hernandez-Diaz et al. 2013;
Nikulin et al. 2012). Of particular concern is the diffi-
culty in simulating rainfall, because of its strong vari-
ability with a wide range of temporal and spatial scales
(Gallee et al. 2004; Sylla et al. 2010b). Among several
factors that modulate the characteristics of the WAM,
the impact of strong land-atmosphere interactions and
deep convection will be explored through sensitivity ex-
periments that compare two land surface schemes (IBIS
and BATS) and two convection schemes (Grell with
the Fritsch—Chappell closure, and Emanuel in both its
default form and modified with the new convective au-
toconversion scheme). These aspects have been chosen
for investigation because previous climate modeling stud-
ies have shown great sensitivity in model performance to
simulation of the land surface and convective processes.

Since West Africa includes a unique transition zone
characterized by the sharp gradient between wet and dry
climate regimes, it is considered a region of strong cou-
pling between soil moisture and rainfall (Koster et al.
2004). In fact, Steiner et al. (2009) highlighted the role
of the land surface scheme and suggested that coupling
of the Community Land Model, version 3 (CLM3), can
greatly improve simulation of the West African climate
within the RegCM3 modeling system. Flaounas et al.
(2010) demonstrated using the Weather Research and
Forecasting (WRF) model that the convection scheme is
critical to simulation of the WAM in terms of the timing
of monsoon onset and the rainfall variability.

Several recent studies using various versions of RegCM
have reported their efforts to improve the performance
of the model in simulating the WAM and to understand
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the model behavior and sensitivity of the WAM to dif-
ferent model physics (Giorgi et al. 2012; Solmon et al.
2012; Abiodun et al. 2012; Nikulin et al. 2012; Steiner
et al. 2009; Sylla et al. 2009, 2010a,b). Although these
studies have achieved substantial progress in terms of
model improvement and the sensitivity of WAM simu-
lation to model parameters, most of the results still ex-
hibit systematic biases, indicating significant room for
improvements in the simulation of key processes. In this
study, we build on previous work by providing a com-
prehensive evaluation of significantly improved physical
packages with respect to both land surface and convec-
tion schemes. This study will provide a baseline for the
performance of MRCM in simulating the WAM. Based
on the MRCM control simulation presented in this work,
a companion paper (Im et al. 2014) explores the impact of
the location, extent, and scheduling of irrigation on sim-
ulation of the WAM using the new irrigation scheme of
MRCM over the same domain.

2. Model description and experimental design
a. The MIT regional climate model

The MIT regional climate model used in this study is
based on the RegCM3 maintained at the International
Centre for Theoretical Physics (ICTP) (Pal et al. 2007).
The dynamical core of RegCM3 is equivalent to the hy-
drostatic version of the fifth-generation Pennsylvania
State University—National Center for Atmospheric Re-
search (NCAR) Mesoscale Model (MMS; Grell et al.
1994). The physical parameterizations employed in the
default RegCM3 configuration include the comprehen-
sive radiative transfer package of the NCAR Community
Climate Model, version 3 (CCM3; Kiehl et al. 1996), the
nonlocal boundary layer scheme of Holtslag et al. (1990),
and the BATS land surface scheme (Dickinson et al.
1993). In the RegCM3 modeling framework, rainfall is
derived by the combined process of resolved (grid scale)
rainfall as well as unresolved (subgrid scale) rainfall.
The resolvable grid-scale rainfall is described using the
Subgrid Explicit Moisture Scheme (SUBEX) of Pal et al.
(2000). However, several parameters used in SUBEX
are different from those of Pal et al. (2000). We used the
values recommended at the Fourth ICTP Workshop on
the Theory and Use of Regional Climate Models (2008)
[e.g., autoconversion rate, Cppe = 0.25 X 107357 ac-
cretion rate, Cooe = 3m>kg 's™'; and raindrop evapo-
ration rate, Cevap = 1.0 X 1077 (kgm s~ ")""*s71].
The unresolvable rainfall is produced by a convection
scheme, which describes the effects of subgrid-scale con-
vective processes. Among several options for convective
parameterization, the Grell scheme (Grell 1993) with the
Fritsch—Chappell closure (FC; Fritsch and Chappell
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TABLE 1. Summary of MRCM upgrade features and key
references.

References

Winter et al. (2009)

Upgrade features

Coupling of IBIS land surface
scheme

New surface albedo assignment Marcella (2012), Marcella
and Eltahir (2012)

Gianotti (2012), Gianotti
and Eltahir (2014a)

Gianotti (2012), Gianotti
and Eltahir (2014b)

Gianotti (2012)

New convective cloud scheme

New convective rainfall
autoconversion scheme

Modified boundary layer height and
boundary layer cloud scheme

1980) and Emanuel scheme (Emanuel and Zivkovic-
Rothman 1999) are the most popular in the RegCM
user group. Previous work applying RegCM3 to dif-
ferent target regions indicates that the Grell (Emanuel)
scheme generally tends to underestimate (overestimate)
the rainfall.

The major upgrade features included in the MRCM
are summarized in Table 1. The most important change
contained within MRCM compared to the default
RegCM3 configuration is coupling with the land surface
scheme IBIS (Winter et al. 2009). IBIS is a dynamic
global vegetation model that uses a modular, physically
consistent framework to perform integrated simula-
tions of water, energy, and carbon fluxes. IBIS possesses
several key advantages over BATS, most notably vege-
tation dynamics, the coexistence of multiple plant func-
tion types within the same grid cell, sophisticated plant
phenology, plant competitions, explicit modeling of soil
and plant biogeochemistry, and additional soil and snow
layers [see Winter et al. (2009) for a more detailed de-
scription]. In addition to coupling with IBIS, the surface
albedo over the deserts of northern Africa and southwest
Asia is adjusted within MRCM using a statistical cor-
rection (Marcella and Eltahir 2012).

MRCM also includes improvements that show more
realistic representations of boundary layer processes,
convective cloud cover and convective rainfall pro-
duction. Modifications were made to the representation
of the planetary boundary layer (PBL) height to reduce
an erroneously high nocturnal PBL height, resulting in
a simulated PBL height that matches closely to obser-
vations over Singapore (Gianotti 2012). Modifications
were also made to the representation of nonconvective
cloud cover within the PBL by introducing a bulk rela-
tive humidity threshold over the mixed layer, which re-
moved unrealistic low-level cloud cover over land and
provided a better match between simulated cloud cover
and observations from the International Satellite Cloud
Climatology Project (ISCCP) (Gianotti 2012).
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A new method for representing the horizontal fac-
tional coverage of convective cloud is introduced, which
utilizes a relationship between the simulated amount of
convective cloud water and typical observations of
convective cloud water density. This method allows for
simulation of a realistic convective-radiative feedback
that was absent in the previous version of the model and
is completely independent of model resolution (Gianotti
and Eltahir 2014a). Finally, a new method for parame-
terizing convective autoconversion (the conversion of
convective cloud liquid water into rainfall) is included
with MRCM, which is derived from observed distri-
butions of cloud water content and is constrained by
observations of cloud droplet characteristics and cli-
matological rainfall intensity. This method, combined
with the other upgrades to simulated convective cloud
cover and PBL processes, results in significant im-
provements to the simulation of convective rainfall,
surface shortwave radiation, net radiation, and turbu-
lent heat fluxes (Gianotti and Eltahir 2014b).

b. Experimental design

Figure 1 shows the model domain and land-use dis-
tribution used for simulations with BATS and IBIS land
surface schemes. The domain covers the western region
of Africa and portions of the Atlantic Ocean extending
in the south and west directions (10°S-38°N and 32°W-
27°E, including the buffer area). It is centered at 15°N,
3°W with 50-km resolution. The three subregions out-
lined in Fig. 1b are used for an area-averaged analysis.
IBIS is used here assuming static vegetation conditions.
While the vegetation biomes for the IBIS simulations
are assigned using the potential global vegetation data-
set of Ramankutty and Foley (1999), BATS uses the
Global Land Cover Characterization (GLCC) dataset
for the vegetation/land cover type. This results in some
differences in prescribed vegetation, primarily around
the Guinean coast: the BATS land cover is primarily
a mix of tall grass and forest/field mosaic, which the IBIS
land cover comprises tropical evergreen and savanna.

Table 2 summarizes the varying characteristics of the
simulation experiments presented in this study. As men-
tioned in the introduction, two land surface schemes,
IBIS and BATS, are used with the abbreviations I and B
in the experiment title, while two convection schemes,
Grell with the Fritsch-Chappell closure and Emanuel
are used with the abbreviations GF and E. The standard
Emanuel scheme (i.e., with all default settings) is de-
noted by SE, while the modified version, which contains
the new autoconversion method used in conjunction
with all other model upgrades described above, is de-
noted by ME. In addition to the physics parameteri-
zations, we also examine the impact of the initial and
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(b) IBIS land-use
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FIG. 1. Model domain and land-use distribution used for (a) BATS and (b) IBIS simulations. The three subregions (A: Guinean coast,
B: Sahel, and C: northern Africa) for area-averaged analysis are outlined in (b).

boundary conditions. In most simulations, the initial and
lateral boundary conditions are obtained from the Eu-
ropean Centre for Medium-Range Weather Forecasts
(ECMWF) Interim Re-Analysis (ERA-Interim) with
aresolution of 1.5° X 1.5° (Uppala et al. 2008). However,
for a comparison, one simulation is driven by the 40-yr
ECMWF Re-Analysis (ERA-40) with a resolution of
2.5° X 2.5° (Uppala et al. 2005). Both lateral boundary
conditions are prescribed to the regional climate model
every 6 h (four times a day). Uppala et al. (2008) docu-
ments that the ERA-Interim corrects the errors in the
hydrologic cycle variables embedded in ERA-40, thus it
is expected that the ERA-Interim provides more accu-
rate large-scale forcing compared to ERA-40. For the
sea surface temperature (SST) over the oceanic areas,
the National Oceanic and Atmospheric Administration
(NOAA) optimum interpolation (OI) SST dataset with
a horizontal resolution of 1° X 1° is used at a weekly
resolution. For the purpose of specifying the initial
conditions for IBIS, an offline version of IBIS was forced
by prescribed atmospheric data, and the resulting equi-
librium conditions (soil moisture and soil temperature
for each soil layer) were used for the initialization of soil
conditions. The simulations using ERA-Interim span
a period of 20 yr from January 1989 to December 2008,

whereas the simulation using ERA-40 spans a period of
13 yr from January 1989 to December 2001. All simula-
tions are continuously integrated throughout whole
period, and additional spinup time is not assigned.
However, this should not introduce a significant problem
because our analysis is focused on the summer season.
Therefore, the four 20-yr simulations and one 13-yr sim-
ulation are compared to investigate the impact of land
surface and convection schemes and boundary condi-
tions. For example, the two simulations BSEIN and
ISEIN are identical aside from the choice of land surface
scheme. Therefore, their comparison gives insight into
the difference between the BATS and IBIS schemes.
Simulations are evaluated against both observations
and reanalysis data. To assess the performance of the
model in simulating rainfall, the Climate Research Unit
(CRU) time series 2.0 (TS2.0) (Mitchell et al. 2004) and
the Global Precipitation Climatology Project (GPCP)
monthly precipitation dataset (Adler et al. 2003) are
used. CRU has a horizontal resolution of 0.5° X 0.5°
over only land area, while GPCP has 2.5° X 2.5° global
coverage. The outgoing longwave radiation (OLR) data
with a resolution of 2.5° X 2.5° are also used for vali-
dation. The OLR data are estimated from NOAA
polar-orbiting satellites, and missing values because of

TABLE 2. Summary of simulation characteristics.

Simulation name Land surface scheme

Convection scheme

Initial and boundary condition (period)

IGFIN IBIS
BSE40 BATS
BSEIN BATS
ISEIN IBIS
IMEIN IBIS

Grell FC

Standard Emanuel
Standard Emanuel
Standard Emanuel
Modified Emanuel

ERA-Interim (1989-2008; 20 yr)
ERA-40 (1989-2001; 13 yr)

ERA-Interim (1989-2008; 20 yr)
ERA-Interim (1989-2008; 20 yr)
ERA-Interim (1989-2008; 20 yr)
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FIG. 2. Spatial distribution of mean northern summer (JJA) precipitation (mm day ') from the (a) CRU and (f) GPCP observations,
(b)—(e) four experiments, and (g)—(j) their differences with GPCP observations.

incomplete global coverage are interpolated by the al-
gorithm described in Liebmann and Smith (1996). The
simulated surface energy budget components are evalu-
ated against the National Aeronautics and Space Ad-
ministration (NASA) Surface Radiation Budget (SRB)
version 3.0 dataset during 1989-98 (Gupta et al. 1999).
The simulated latent and sensible heat fluxes, vertical
wind fields, and pressure velocity are compared to ERA-
Interim. Even though reanalysis products do not constitute
direct observations, they present a feasible alternative way
for assessing the model performance over this region,
given the scarce observational coverage.

3. Results
a. Rainfall

We begin our analysis of the climatological aspects of
rainfall during the northern summer season. Figure 2
presents the spatial distribution of June-August (JJA)
mean rainfall derived from CRU and GPCP observa-
tion, the four experiments with the 20-yr period, and
their differences with GPCP observations. During JJA,
the spatial distributions of simulated rainfall exhibit a
meridional gradient with rainfall decreasing in intensity
from the southern Sahel to northern Africa in associa-
tion with the latitudinal migration of the intertropical
convergence zone (ITCZ). The localized maxima off-
shore from the western coast of Guinea along 5°-10°N,

over the Fouta-Jalon, over the Cameroon mountains,
and over the Soudano-Sahelian region including north-
ern Nigeria are features common to all the simulations.

Although all simulations exhibit different results in
terms of rainfall amount and localization, they can be
divided into three general categories of bias: too dry,
too wet, and a moderate mixed pattern. The IGFIN
simulation with the Grell FC convection scheme exces-
sively underestimates the rainfall, showing a strong
dry bias throughout the entire Guinean coast and the
southern Sahel. Using the Emanuel convection scheme,
the BSEIN simulation with the BATS land surface
scheme shows an excessive wet bias across the Sahel and
unrealistic rainfall north of 18°N, while ISEIN and
IMEIN with the IBIS land surface scheme show a mixed
bias pattern of relatively moderate magnitude compared
to the other simulations.

The common deficiency in all simulations appears
in the southwestern coast of the Guinean region and
the coastal region near the Cameroon mountains. All
models fail to accurately capture the intensity of the lo-
calized maximum over those regions regardless of the
convection or land surface scheme, thereby showing
a significant dry bias. Such a systematic bias is not limited
to our simulations, but rather seems to be a typical error
found in many other regional climate simulations over
West Africa (Flaounas et al. 2010; Sylla et al. 2009,
2010a,b; Hernandez-Diaz et al. 2013; Zaroug et al. 2013).
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When comparing the two land surface schemes, the
IBIS simulations (ISEIN and IMEIN) are quantitatively
in better agreement with the observed estimates, pre-
senting a substantial reduction in the wet biases pro-
duced by BSEIN. In addition, the IMEIN simulation
with modified Emanuel scheme tends to simulate less
rainfall. This improves the wet bias over the southern
Sahel, but it worsens the dry bias over the southwestern
coast of the Guinean region and the coastal area near
the Cameroon mountains.

Because of the relatively short integration period of
the BSE40 simulation, we exclude it from Fig. 2. Com-
paring BSE40 and BSEIN during the 13-yr period 1989-
2001, the spatial correlation of JJA mean rainfall is 0.98,
indicating that both simulations are mostly similar. In
case of area-averaged values of JJA mean rainfall over
land, BSE40 and BSEIN are 4.3 and 4.1 mmdayfl,
which are much higher than observed value (CRU is
2.6mmday ' and GPCP is 2.6 mmday'). Overall, the
BSE40 simulation tends to make the wet bias worse
compared to BSEIN, but their general behaviors are
very similar (not shown). Therefore, we conclude that
the effect of initial and lateral boundary condition
(ERA-40 versus ERA-Interim) seems to be less sig-
nificant, compared to the land surface and convection
schemes. To facilitate the comparison, the four simu-
lations with the same period of 20 yr are presented in
the following analysis.

To provide a more quantitative measure of model
performance, rainfall seasonal cycle is presented in Fig. 3
for rainfall averaged over the three regions (the Guinean
coast, Sahel, and northern Africa) displayed in Fig. 1.
The four simulation results and CRU observation based
on the 20-yr climatology are presented in this figure.
The seasonality of the monthly mean rainfall shows a
regional dependency, highlighting the pronounced spatial
complexity of the monsoon rainfall over West Africa.
From CRU estimates over the Guinean coast, the tem-
poral evolution of rainfall exhibits a slight bimodal
structure, having two peaks in June and September.
The IMEIN simulation demonstrates the most capabil-
ity out of the four experiments in capturing the timing
of these rainfall peaks despite some underestimation,
showing good phase coherence with the observed vari-
ation. The BSEIN simulation also exhibits a bimodal
distribution; however, they display errors in not only
quantitative overestimation (except for July and August)
but also the timing of peak occurrence. These simula-
tions produce the first peak too early (May) and second
peak too late (October) with overestimation of both
peaks, whereas they underestimate the rainfall intensity
during the northward migration of the West African
monsoon to the Sahel region (over July and August).
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FIG. 3. Monthly mean variation of area-averaged precipitation
over the (a) Guinean coast, (b) Sahel, and (c) northern Africa
subregions from the four experiments and CRU observation during
20yr (1989-2008).

This error is a clear indication of inaccurate simulation of
the propagation of the monsoon rainfall northward.
For the Sahel region, all simulations reproduce the
observed peak timing in August; however, the corre-
sponding intensities are considerably different across
the simulations. The IMEIN simulation shows the best
performance, being much closer to the observations
than the other simulations and almost exactly matching
the observed peak (IMEIN is 4.6 mm day ' and CRU is
4.4mmday ). On the other hand, the BSEIN simula-
tion overestimates the peak intensity up to approxi-
mately 2 times (189%). The overestimation errors of
both BATS simulations are even more exaggerated in
northern Africa. The BATS land surface scheme tends
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FIG. 4. Latitude—time cross section of monthly mean
precipitation (mm day ') averaged from 10°W to 10°E
from (a)-(d) the four experiments and (e) the CRU
observations averaged over the period 1989-2008.

to produce unrealistic rainfall over very dry desert re-
gions, again exposing the model deficiency in over-
estimating the rainfall as seen in Figs. 2c and 2h.

One important feature of the WAM is the northward
propagation and gradual retreat of the rainfall (Le
Barbé et al. 2002; Sultan and Janicot 2000; Sylla et al.
2010b; Nikulin et al. 2012; Hernandez-Diaz et al. 2013).
Figure 4 shows the latitude—time cross section of the
zonally averaged monthly rainfall over the period 1989-
2008 along 10°W-10°E for the CRU observations and
the simulations using the ERA-Interim boundary con-
ditions. The seasonal advance and retreat of the summer
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monsoon behaves in a stepwise rather than a continuous
manner, indicated by northward jumps of maximum
rainfall. Both the simulations and observations display
abrupt phase transitions for the onset, maximum, and
retreat of the monsoon rainfall, with differing magni-
tudes (Eltahir and Gong 1996; Sultan and Janicot 2000).
For the CRU distribution, it is observed that the first
major quasi-stationary monsoon front appears near 5°N
in May, which corresponds to the onset of the monsoon
along the Guinean coast. Then the high-intensity rain-
band jumps toward the Sahel region and the maximum
appears around 9°-~12°N in August. The rainfall amount
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FI1G. 5. Vertical cross section of cloud fraction for the summer season (JJA) at 5°E from the four experiments averaged for the period
1989-2008. The vertical axis shows pressure in hectopascals (hPa). (Unit is fractional horizontal coverage of grid cell.)

during August, when the monsoon generally reaches its
peak, is less than that of the onset period in May. The
high amounts of rainfall, of more than 6 mmday ', end
around October after the monsoon retreat toward the
Guinean coast.

All simulations reproduce the maximum in the Sahel
region occurring in August, with different magnitudes.
However, all simulations tend to underestimate the
rainfall amount along the Guinean coast during that
period, which is probably due to a jump of maximum
rainfall farther north than observed. The IGFIN sim-
ulation tends to underestimate the rainfall amounts
during both onset and maximum period of WAM,
while the BSEIN and ISEIN simulations tend to over-
estimate them. The results are consistent with previous
studies showing that the Grell convection scheme tends
to underestimate rainfall and the Emanuel scheme
tends to overestimate it. However, the rainfall amount
in IMEIN agrees reasonably well with observations
during August with some small overestimation, al-
though it underestimates the rainfall intensity along the
Guinean coast during May and around 5°-10°N during
June and September, consistent with the results found
in the spatial and temporal pattern of rainfall in Figs. 2
and 3. One weakness of all the simulations is a failure
to capture the asymmetric behavior of the rainfall
amount between the onset and retreat periods as seen
in the CRU pattern. The BSEIN and ISEIN simula-
tions produce much longer and stronger retreat phases
compared to observations. In addition to the superi-
ority of IMEIN over other simulations in terms of ex-
tent and intensity of maximum rainfall around August,
its performance is also comparable to simulations in
the Coordinated Regional Downscaling Experiment in
Africa (CORDEX-Africa) reported by Nikulin et al.
2012 (see Fig. 8).

Overall, Figs. 2-4 indicate significant sensitivity in
simulations of the WAM to the choices of land surface
and convection schemes. In particular, the improvement
in simulation of the spatial distribution and seasonal
variation of rainfall evident in the simulations with the
IBIS land surface scheme is comparable with the im-
provement shown in Steiner et al. (2009) using RegCM3
coupled with CLM3. Steiner et al. (2009) demonstrate
that the coupling with CLM3 could substantially im-
prove simulation of the WAM with RegCM3 relative to
coupling with the BATS scheme, reducing strong wet
bias. The work presented here supports the assertion
that parameterizations of the land surface are critical for
improving model performance for the WAM.

In spite of applying the same land surface and con-
vection schemes, ISEIN and IMEIN show fairly different
results, indicating that the modifications made to cloud
cover and autoconversion are the main driver of the
different behavior between these simulations. Generally,
it has been shown in earlier studies that the Emanuel
scheme tends to produce higher rainfall amounts than the
Grell scheme over tropical regions within the RegCM3
modeling system (Pal et al. 2007; Steiner et al. 2009).
Since the modifications incorporated in IMEIN tends to
reduce the simulated rainfall amount, IMEIN shows im-
provement with respect to the preexisting strong wet bias
in ISEIN but worsens the dry bias.

b. Clouds

Figure 5 presents the vertical cross section of cloud
fraction (i.e., fractional horizontal coverage of grid cell)
at 5°E for the four simulations using the ERA-Interim
boundary conditions, averaged over the JJA season for
the period 1989-2008. We present the cross section at
5°E because this location exhibits significant differences
among the simulations and corresponds to the longitude
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of localized maximum rainfall. The simulated cloud pro-
files exhibit differences that reflect the various influences
of the convection scheme and modifications made within
MRCM. The choice of land surface scheme appears
to have a relatively small impact on the simulated cloud
cover.

The IGFIN simulation exhibits more extensive cloud
cover in the lowest 100 hPa of the atmosphere than
the other simulations, but less cloud cover throughout
the rest of the vertical column. This reflects the weaker
convective activity simulated by the Grell scheme
compared to the Emanuel scheme: the Grell scheme
generates less vertical transport due to convective mass
flux, such that moisture generated at the surface result-
ing from latent heat flux largely remains in the lower
atmosphere. This build-up of moisture is then converted
into large-scale cloud cover by the SUBEX scheme
within RegCM3. The weak vertical transport simulated
by the Grell scheme results in little high cloud cover
owing to the comparatively small volume of moisture
transported aloft.

In contrast, the simulations using the Emanuel scheme
show less low-level cloud cover but more extensive cloud
cover throughout the vertical column and especially at
high altitudes. This results from the strong convective
mass flux generated by this convection scheme, which
transports large volumes of moisture vertically through
the atmosphere and produces large anvil clouds aloft. The
differences between BSEIN and ISEIN are relatively
small compared to the differences between IGFIN and
these two Emanuel simulations, indicating that the tur-
bulent heat fluxes generated by the different land surface
schemes play a less significant role in cloud formation
than the strength of the convective mass flux.

The IMEIN simulation exhibits a cloud profile that
appears shifted vertically compared to the other simu-
lations, with very little cloud cover in the lowest 100 hPa
of the atmosphere and more cloud cover within the top
100hPa of the vertical column. These differences are
associated with modifications made by Gianotti (2012).
The representation of large-scale cloud cover within the
PBL was modified such that cloud could only form
within the mixed PBL if its entire depth was saturated.
This was found to remove unrealistic dense cloud cover
close to the surface over land and improve the model
performance compared to the ISCCP observations
(Gianotti 2012). Figure 5 illustrates that this modifi-
cation had a similar impact over West Africa as was
documented over the Maritime Continent, inhibiting
the formation of extensive low-level cloud cover. A
second modification made in Gianotti (2012) was to in-
crease the altitude at which cloud was permitted to form
within RegCM3, extending the allowable cloud top to
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approximately 17-km elevation (compared to the default
setting of about 14 km). Since the tropical troposphere is
observed to extend to nearly 18 km, Fig. 5 indicates that
the default version of RegCM3 unrealistically limited the
vertical extent of simulated cloud cover, which is recti-
fied in IMEIN.

The time-mean cloud profile in IMEIN does not ap-
pear substantially different from BSEIN or ISEIN aside
from being vertically shifted, as already mentioned.
However, it was found that the temporal evolution of
the cloud profile is substantially different between these
simulations (not shown). In particular, the diurnal cycle
of cloud cover is shifted from a nighttime peak in BSEIN
and ISEIN to an early afternoon peak in IMEIN. This
is the result of two major changes contained within
IMEIN—new parameterizations for convective cloud
cover and autoconversion of convective rainfall. Al-
though these changes are not evident in Fig. 5, they
have significant impacts on the simulation of incoming
solar radiation and rainfall production, as described in
sections 3a and 3c.

As another indicator to represent the effect of changes
in convection scheme on clouds, we compare the spatial
distribution of OLR. It is known that OLR is character-
istic of convective activity and the resultant cloudiness
(Fontaine et al. 2008). Low values of OLR correspond to
the presence of high cloudiness because the clouds tend
to emit radiation upward, from relatively cold altitudes.
Figure 6 presents the spatial distribution of JJA mean
OLR from NOAA estimates and the four simulations.
To clearly identify the anomalies in OLR of individual
simulation from observed pattern, we also present the
differences between four simulations and NOAA obser-
vations. All simulations generally reproduce the broad
patterns observed, such as high values over northern
Africa and a minimum band along the Guinean coast and
southern Sahel. However, quantitative discrepancies with
observations reflect their different performances, which
seem to be associated with differences in rainfall and
clouds simulations. For example, BSEIN characterized
by excessive wet bias of rainfall shows a predominant
negative bias across entire land area. On the contrary,
IGFIN shows a positive bias in the western coast of Guinea
where a strong dry bias is simulated. Compared to other
simulations, IMEIN shows relatively less bias of OLR. In
this regard, it is reasonable to conclude that the new clouds
and rainfall formation schemes introduced by Gianotti
(2012) and Gianotti and Eltahir (2014a,b) bring some
improvements in simulations of convection and cloudiness.

c. Surface energy balance

In addition to the significant differences in simulated
rainfall and cloud cover characteristics presented in
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experiments, and (f)-(i) their differences.

sections 3a and 3b, it is expected that the implementation
of different land surface and convection schemes would
also lead to differences in the simulated surface energy
distribution and partitioning. Table 3 provides the major
components of the surface energy budget, including both
radiative and turbulent heat fluxes, averaged over the
three analysis regions (Guinean coast, Sahel, and north-
ern Africa) during the summer season (JJA) for the pe-
riod of 1989-98. Beside our simulations, we also provide
the results from Steiner et al. (2009) (using BATS la-
beled S_BATS, and CLLM3 labeled S_CLM in Table 3).
Note that absolute comparisons between our simulations
and those of Steiner et al. (2009) are necessarily limited
in scope because our integration periods, initial and
boundary conditions, and analysis regions over the Sahel
and northern Africa are not exactly the same. Therefore,
the intent of this comparison is to investigate roughly the
different behaviors produced by different land surface
and convection schemes, in particular focusing on our
IBIS simulations and CLM3 simulations from Steiner
et al. (2009). We choose to focus on the Steiner et al.
(2009) results because these represent the state of the art
describing the skill of RegCM3 in simulating the WAM.

The incoming surface solar radiation is an impor-
tant variable characterizing the conditions at the land—
atmosphere interface. While the IMEIN simulation
matches the observations well for the Guinean coast, it
tends to significantly overestimate this variable over

the Sahel and northern Africa. This overestimation can be
at least partially explained by the lack of representation of
mineral aerosols in all the simulations. Simulations of in-
coming solar radiation in the other simulations (IGFIN,
BSEIN, and ISEIN) reflect to a significant degree their
respective errors in simulating clouds and rainfall.

Table 3 shows that the simulated net radiation, which
describes the balance between incoming and outgoing
radiation fluxes at the surface, is significantly different
across our simulations. Compared to the excessive net
radiation of the BATS simulation (BSEIN), the IBIS
simulations are quantitatively in better agreement with
observations. It is important to note that the net radia-
tions simulated by S_BATS and S_CLM are similar
between the Guinean coast and northern Africa, lacking
the latitudinal gradient decreasing in magnitude from
south to north as shown in the observations. Thus, both
simulations tend to agree with observations over the
Guinean coast while significantly overestimating net
radiation over the Sahel and northern Africa, with error
of 100% in the latter case. This implies that even though
the S_CLM simulation shows improvement in simulated
rainfall and temperature compared with the S_BATS
simulation (see Figs. 3 and 12 in Steiner et al. 2009), such
improvements are not a result of the corresponding
improvements in the surface radiation budget. In fact,
larger errors occur in the S_CLM simulation with
respect to both incident and absorbed shortwave
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TABLE 3. Surface energy balance components (W m™2) derived from the four experiments, observations (OBS, radiative fluxes from
SRB data and heat fluxes from ERA-Interim), and Steiner et al. (2009; S_BATS and S_CLM). Shown are the components for incoming
shortwave (SW In), absorbed shortwave (SW Abs), net longwave (Net LW), net radiation (Net R), sensible heat flux (SH), latent heat flux

(LH), and ground heat flux (GH).

IGFIN BSEIN ISEIN IMEIN OBS S_BATS S_CLM
Guinean coast SW In 170.7 203.9 185.5 184.8 183.5 170.9 197.5
SW Abs 142.7 179.6 157.0 154.8 150.1 147.6 153.7
Net LW 30.2 312 29.3 36.2 32.9 33.8 36.1
Net R 112.5 148.4 127.7 118.5 117.2 113.8 117.6
Albedo 0.16 0.12 0.15 0.16 0.18 0.14 0.22
SH 43.5 21.4 14.9 232 16.6 9.0 4.9
LH 65.5 109.4 98.5 86.8 94.3 110.6 79.3
GH 5.1 17.7 16.6 10.6 6.3 -58 33.4
Sahel SW In 272.2 256.5 261.5 278.9 262.1 236.3 288.3
SW Abs 191.3 204.1 185.3 196.8 180.4 187.3 2143
Net LW 85.7 62.6 79.2 85.7 83.4 59.4 82.6
Net R 105.5 141.5 106.1 111.1 97.0 127.9 131.7
Albedo 0.30 0.20 0.29 0.29 0.31 0.21 0.26
SH 65.1 57.1 47.7 60.1 53.7 40.30 44.10
LH 42.0 86.5 59.6 52.0 55.2 98.30 62.90
GH —0.6 -22 0.2 0.1 -11.9 —10.7 24.7
Northern Africa SW In 348.3 329.4 339.8 352.1 303.4 319.6 344.6
SW Abs 225.9 239.8 221.9 229.8 212.2 232.7 249.9
Net LW 158.4 130.5 153.1 150.9 154.5 116.6 135.1
Net R 67.5 109.3 68.7 78.9 57.7 116.1 114.8
Albedo 0.35 0.27 0.35 0.35 0.30 0.27 0.27
SH 62.8 92.9 61.4 73.9 71.6 92.4 86.9
LH 1.7 16.1 4.3 39 32 253 10.5
GH 3.1 0.3 32 1.2 -17.1 -1.6 17.4

radiation at the surface compared to the SRB obser-
vations. Therefore it appears that surface radiation
biases simulated by the BATS land surface scheme are
not adequately addressed by the CLM3 land surface
scheme.

Figure 7 shows the monthly mean meridional dis-
tributions of net radiation, zonally averaged over
10°W-10°E from the four experiments and the SRB ob-
servations. The impact of the land surface scheme on the
model performance is clearly illustrated in this figure,
with net radiation responding more sensitively to the
choice of land surface scheme than convection scheme.
Figure 7 also indicates that a much more realistic repre-
sentation of net radiation is simulated by IBIS than by
BATS with reasonable performance in capturing the
seasonal variation and latitudinal distribution of net ra-
diation, which is consistent with the area-averaged values
shown in Table 3. Compared to SRB, the BSEIN simu-
lation tends to systematically overestimate net radiation.
In particular, BSEIN exhibits a bias in net radiation over
northern Africa of about 60 Wm ™2 during the summer
season. This excess surface energy contributes to an en-
vironment that is favorable for convection, as evident in
the unrealistic rainfall simulated over northern Africa
(Fig. 4b).

One reason for the simulation of too much net radi-
ation in BSEIN is underestimation of the surface albedo.
Figure 8 shows the spatial distribution of surface albedo
for the summer season (JJA) derived from the four ex-
periments and the SRB observations. This figure sug-
gests a problem embedded in the BSEIN simulation,
where surface albedo is consistently lower over land
than the SRB observations and lacking the appropriate
spatial variation. Since the surface albedo determines
the ratio of solar radiation reflected by the surface to
incident solar radiation, a lower albedo results in more
absorbed solar radiation. Steiner et al. (2009) also noted
that the surface albedo was too low in their simulation
using BATS, and attributed this result to higher soil
moisture. Since wetter soils further reduce the soil al-
bedo, this can cause an enhanced feedback to absorbed
solar radiation, leading to excessive net radiation.
Figure 8 shows that the surface albedo is satisfactorily
simulated in the IBIS simulations. The spatial variations
reasonably represented when compared with observed
patterns, with values agreeing better with observations
except north of 15°N where the simulated albedo is
overestimated. It is worth noting that the bias of albedo
is more a reflection of prescribed input data for surface
properties such as soil color and soil texture rather than
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F1G. 7. Latitude-time cross section of monthly mean
net radiation (Wm™?2) averaged from 10°W to 10°E
from (a)—(d) the four experiments and (e) the SRB
observations averaged over the period 1989-98.

an intrinsic feature of the model itself. Different land
surface models have their own way to quantify the im-
pact of vegetation and soil moisture on albedo. In this
regard, strongly underestimated albedo of BSEIN over
the desert region is largely caused by the uncertainty of
soil color or dry soil properties prescribed by BATS land
surface scheme.

Considering the simulation of the surface turbulent
heat fluxes, Table 3 indicates that latent and sensible
heat fluxes show significant sensitivity to the choice of
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land surface and convection schemes. Total surface heat
flux is defined as the sum of the latent, sensible, and
ground (soil) heat fluxes, and it is balanced by the sur-
face net radiation. However, since the ground heat flux
should be negligible over long time scales (since the land
does not accumulate heat), the surface energy budget is
strongly influenced by the relative partitioning of latent
and sensible heat fluxes. Note that the observed ground
heat flux given in Table 3 includes some uncertainty
because it is not based on actual measurements, but
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F1G. 8. Spatial distribution of surface albedo for the summer season (JJA) from (a)—(d) the four experiments and (¢) the SRB observations
averaged over the period 1989-98.

rather is derived from the difference between the net
radiation from the SRB observations and the latent and
sensible heat fluxes of ERA-Interim.

The observed latent and sensible heat fluxes show
opposing latitudinal gradients, respectively decreasing
northward and southward pattern, because of differ-
ences in the way that heat is transferred over wet and dry
regions. Table 3 indicates that all the simulations re-
produce a similar gradient pattern, but with different
magnitudes. The simulations using the Emanuel scheme
generally produce surface heat fluxes that match more
closely with the observations, with ISEIN performing
the best over the Guinean coast and IMEIN performing
the best over the Sahel and northern Africa.
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Since the surface heat fluxes are influenced by net
radiation, we present the spatial distributions of the ra-
tio of latent and sensible heat fluxes to net radiation for
the summer season (JJA) (Fig. 9). Presentations of these
ratios give insight into model performances in simulating
surface heat fluxes as well as energy partitioning. Gen-
erally, BSEIN overestimates the ratio of the latent heat
flux across the Guinean coast and Sahel, which corre-
spond to regions characterized by strong wet bias. On
the other hand, BSEIN underestimates the ratio of sen-
sible heat flux over northern Africa even though sensible
heat flux itself is overestimated (not shown) because of
the positive bias in surface net radiation over this region.
It reflects wrong partitioning of surface heat fluxes,
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FIG. 9. Spatial distribution of the ratio of (top) latent and (bottom) sensible heat fluxes to net radiation for the summer season (JJA) from
the four experiments and ERA-Interim (heat fluxes) and SRB observations (radiation) averaged over the period 1989-98.
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FIG. 10. Vertical cross section of JJA mean (top) temperature (°C) and (bottom) specific humidity (gkg ') averaged over 10°W—-10°E
from (a),(f) ERA-Interim, and the differences between the four experiments and ERA-Interim for (b)-(e) temperature and (g)-(j)

specific humidity.

in addition to their systematic biases. Overall, the best
performing model appears to be IMEIN in terms of
adequate spatial distribution and absolute magnitudes
of the latent and sensible heat fluxes.

Like our simulations, the S_BATS and S_CLM sim-
ulations by Steiner et al. (2009) exhibit substantial
north-south gradients in latent and sensible heat fluxes,
with S_CLM in better agreement with the reanalysis
data (except for SH over the Guinean coast). Consid-
ering the results of Table 2 in Steiner et al. (2009), the
coupling of CLM3 with RegCM3 leads to improvement
in simulated surface heat fluxes compared to BATS, but
not in surface radiation. This inconsistency is reflected
in significant overestimation of ground heat flux. There-
fore, the RegCM3-CLM3 coupling does not appear to
correctly represent the surface energy balance, even
though it produces a better simulation of the WAM.

d. Vertical structure of temperature and humidity

Different behavior in the simulated cloudiness (sec-
tion 3b) and surface energy balance (section 3c) directly
affects the simulated temperature and humidity. Figure 10
presents the vertical structure of the zonally averaged
(10°W-10°E) temperature and specific humidity from
ERA-Interim and the patterns of the bias in the four
simulations. First, ERA-Interim shows the northward

increase and vertical decrease pattern in temperature.
The simulations reproduce reasonably well these gradi-
ents (not shown). However, all simulations also exhibit
some bias relative to ERA-Interim, of varying magni-
tudes. Generally, cold biases are dominant at lower al-
titudes while warm biases are dominant in the upper
levels. Also, the biases tend to become larger moving
from south to north. The IGFIN simulation shows the
strongest cold bias across all latitudes, consistent with
IGFIN also exhibiting the lowest surface net radiation.
In contrast, the BSEIN simulation shows the strongest
warm bias in the upper troposphere. The IMEIN simu-
lation appears to have the smallest temperature bias at
all latitudes and altitudes.

Considering the specific humidity distribution, it de-
creases with height as temperature does, but the lat-
itudinal displacement is rather opposite. The patterns in
the bias of simulated specific humidity reflect the de-
ficiencies of rainfall seen in Fig. 2. IGFIN shows the
largest negative bias of specific humidity among other
simulations; thus, cooler and direr conditions in the low
atmosphere hinder appropriate convective activity. On
the other hand, BSEIN is characterized by excessive
moisture, which is in line with strong wet bias of rainfall
simulation. In spite of the cold bias in temperature,
such excessive moisture can lead to the higher moist
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FIG. 11. Spatial distribution of wind vectors at (top) 850, (middle) 600, and (bottom) 200 hPa averaged for the month of August from the
four simulations and ERA-Interim. Here, color shading indicates the magnitude of the wind (ms™!).

static energy, and this results in an increase of CAPE
forming a favorable environment for inducing convec-
tion (Eltahir 1998; Findell and Eltahir 2003). Again, the
IMEIN simulation shows the best performance in the
vertical structure of specific humidity.

e. Large-scale circulation

Finally, we assess the model performances with respect
to the large-scale circulation at three atmospheric levels
to provide useful information about the simulated three-
dimensional dynamical structures of the WAM system.

Figure 11 presents the wind vectors at 850, 600, and
200 hPa averaged for the month of August derived from
the four simulations forced by ERA-Interim and the
ERA-Interim itself. To reduce the smoothing or cancel-
ation effect of the dynamic fields, we provide the results
for only August (peak timing of WAM) rather than JJA
mean in this section.

At 850hPa, ERA-Interim shows that the westerly
monsoon flow is prevailing over the Guinean coast and

Soudano-Sahelian region, which carries moist air from
the Atlantic Ocean. Winds are predominantly north-
easterly past the western Sahara and Mauritania in
the northwestern corner of the domain, along the
flank of the North Atlantic anticyclonic flow, while an
easterly flow stretches across the Saharan low thermal
region.

The simulations all reproduce these major features
of the low-level circulation, but significant discrep-
ancies are observed in the simulated westerly monsoon
flow over the Guinean region. Compared to ERA-
Interim, the IGFIN simulation tends to produce less
moisture influx due to a weaker monsoonal flow while
the others simulations (with the Emanuel scheme)
produce stronger advection of moisture due to a stron-
ger westerly flow. In particular, the BSEIN simulation
exhibits a much stronger westerly flow than shown in
either the ERA-Interim or the other simulations, with
the maximum wind speed situated farther north. This
result relates well to the spatial distribution of rainfall
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FIG. 12. Vertical cross section of zonal wind (ms™') averaged from 10°W to 10°E for the month of August from (a)—(d) the four
experiments and (¢) ERA-Interim. The vertical axis is in units of hectopascals (hPa).

simulated by BSEIN characterized by a strong wet
bias over the Soudano-Sahelian region and a dry bias
over the Guinean coast. Regarding the circulation to
the west of the coast of Senegal, BSEIN, ISEIN, and
IMEIN show flows from cyclonic circulation linked
while high rainfall is simulated off the West African
coast.

At 600 hPa, strong easterly flow related to the African
easterly jet (AEJ) is the most dominant feature. Al-
though the simulated flow patterns at this altitude cap-
ture the major characteristics of ERA-Interim, none of
the simulations using the Emanuel scheme reproduces
the exact position and strength of maximum easterly
flow as seen in ERA-Interim. All simulations underes-
timate the strength of the easterly flow and the location
of maximum flow appears to be shifted eastward in
the simulations, lacking the broad maximum across the
Sahel shown in ERA-Interim. Unlike other variables
displayed in section 3a—d, IGFIN shows the best perfor-
mance in capturing not only the position of the maximum
but also the corresponding strength.

Lastly, at 200 hPa, there are strong easterlies in a
zonally broad band extending across the Guinean region
and strong westerlies along the northern boundary of
the domain. These strong flows in the upper troposphere
and the resultant upper-level divergence are consistent
with the simulated low-level convergence, which dy-
namically supports ascent of warm and moist air from

near the surface (see Fig. 13). The simulations appear
to reproduce these two major features of upper-level
flow. However, the BSEIN and ISEIN simulate easterlies
that are too strong compared to ERA-Interim, while the
IGFIN and IMEIN have the location of maximum east-
ward flow shifted eastward.

Figure 12 presents the vertical structure of the zonal
wind averaged from 10°W to 10°E for the month of
August. The vertical structure shows a rather stratified
behavior of the atmospheric circulation with three major
components. The westerly flow prevailing up to 800 hPa
describes the monsoon flow and the easterlies centered
around 600 and 200 hPa describe the AEJ and tropical
easterly jet (TEJ), respectively.

The westerly monsoon flow prevails between the
equator and 20°N. The intensity and position of the
monsoon flow is one important factor determining
the magnitude and the spatial distribution of rainfall.
Compared to ERA-Interim, Fig. 12 shows that the
simulations generally tend to shift the extent of the
westerly monsoon flow northward, locating the maxi-
mum flow around 10°-15°N rather than closer to the
Guinean coast (around 5°-10°N). Consistent with the
simulated wind fields at 850 hPa (Fig. 11), the BSEIN
simulation shows a positive bias in the strength of the
monsoon compared to ERA-Interim. The other simula-
tions produce monsoon flow with a comparable strength
to the reanalysis.
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FIG. 13. As in Fig. 12, but for o (pressure velocity; 10’ hPas™1).

The AEJ is also considered a key element of the West
African atmospheric flow. It is attributed to the strong
baroclinicity resulting from the strong meridional gra-
dient of surface temperature and moisture between the
Sahara and equatorial Africa (Newell and Kidson 1984;
Cook 1999; Thorncroft et al. 2003; Thorncroft and
Blackburn 1999). The simulations all reasonably repro-
duce the existence of the AEJ centered around 600 hPa
and 15°N. However, ISEIN and IMEIN produce an AEJ
with a somewhat distorted shape and with less intensity
than in the reanalysis. The BSEIN simulation also ex-
hibits a northward-shifted core, which is induced by er-
ror in the monsoon flow since an overly strong and
northward monsoon flow tends to push the AEJ farther
northward as well. It is interesting to note that the
IGFIN, which performs poorly in simulating the mon-
soon rainfall in the model, performs best in reproducing
the magnitude of the AEJ.

Regarding the TEJ, the simulations all reproduce the
strength, vertical depth, and latitudinal location rea-
sonably well compared to ERA-Interim. There is some
overestimation of the strength of the easterly in the TEJ
core within BSEIN, which is consistent with the over-
estimation of the strength of the monsoon circulation.
In general, a northward shift of the AEJ and the in-
tensification of the TEJ shown in the BSEIN simulation
are found in the observed behavior during abnormally
wet period over Sahel (Gu et al. 2004; Grist and Nicholson
2001; Newell and Kidson 1984).
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Figure 13 presents the vertical cross section of w
(pressure velocity) averaged from 10°W to 10°E for the
month of August. The vertical motion shows strong
sensitivity to the choice of convection scheme, with
greater similarities among the BSEIN, ISEIN, and
IMEIN simulations than between IGFIN and any one
of the Emanuel scheme simulations. Despite differ-
ences in the simulated magnitude and shape, three
positions of strong ascending motion are reproduced in
the regional simulations when compared to the re-
analysis. The first is located at 5°N along the coastline of
the Gulf of Guinea. The vertical depth of this ascending
motion is very shallow, and all simulations tend to un-
derestimate its magnitude. This result is consistent with
the underestimation of rainfall shown by all simulations
along the coastal Guinean region. The central and pri-
mary region of ascending motion is located around 10°N
with a depth extending all the way to 200 hPa. The sim-
ulations show a diversity of performances in simulating
this rising core, which is related to convective activity.
Compared to the reanalysis, BSEIN and ISEIN exhibit
a northward displacement of the vertical motion, with
a stronger and broader region of maximum ascent. This
bias in the BSEIN and ISEIN simulations relative to the
reanalysis is consistent with the excessive rainfall in these
simulations over the Soudano-Sahel region. In IMEIN,
the region of deep ascent becomes narrower and weaker,
more closely resembling the reanalysis. The rising mo-
tion shown in the reanalysis between 15° and 25°N is
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FIG. 14. As in Fig. 13, but for September.

characterized by dry convection in the Saharan heat
low (Nicholson 2009; Sylla et al. 2011; Redelsperger et al.
2002). The simulations all underestimate the strong ascent
in this location. In general, the IGFIN simulation sys-
tematically underestimates ascent, which is consistent
with the weaker convective activity simulated by the Grell
convection scheme compared to the Emanuel scheme.

The pressure velocity in September again clearly shows
the different performances of the simulations imple-
menting the default and modified Emanuel schemes
(Fig. 14). The ERA-Interim shows the reduced magni-
tude and extent of ascending motion, indicating that
the WAM enters the retreat phase. The IMEIN simu-
laton demonstrates skill at capturing this evolution fea-
ture. The central and primary ascending motion becomes
weaker in September than in August, which is consistent
with ERA-Interim. On the other hand, the BSEIN and
ISEIN simulations still maintain strong ascending motion
in September, failing to capture the WAM retreat at the
correct time. Figure 14 clearly demonstrates how well the
IMEIN simulates this key feature of the WAM compared
to any of the other simulations shown in this study.

4. Summary and conclusions

This paper presents results of simulation using the
MIT regional climate model (MRCM). The MRCM is
built on the RegCM3, but with several significant im-
provements. First, MRCM couples RegCM3 to the IBIS

land surface scheme with the addition of a new irrigation
scheme. Other important features of MRCM are the
introduction of new schemes for convective cloud cover
and convective rainfall autoconversion, a modified rep-
resentation of the nocturnal planetary boundary layer
height, and a modified representation of large-scale cloud
cover within the mixed boundary layer. This work eval-
uates the performance of MRCM in simulating features
of the West African monsoon (WAM), with particular
emphasis on the impact of the choices of land surface
scheme and convection scheme.

The results of the numerical experiments presented
here indicate that simulation of the WAM exhibits
strong sensitivity to the choice of both land surface
scheme and convection scheme. The improvement in
the spatial and temporal distribution of rainfall in simu-
lations using IBIS, rather than the default BATS scheme,
is significant. In addition, the modifications incorporated
within MRCM with respect to convective cloud cover,
autoconversion, and boundary layer characteristics sig-
nificantly improved the simulation of rainfall.

First, this study shows that using MRCM with the
Emanuel convection scheme with all modifications, in-
cluding those introduced to the representation of clouds
and rainfall formation, produces the best overall per-
formance with respect to simulation of rainfall. This is
especially true for the spatial distribution, monthly
evolution, and magnitude of monsoonal rainfall com-
pared to observations. On the other hand, the Grell
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convection scheme tends to underestimate rainfall over
western Africa while the default version of RegCM3
using the Emanuel scheme significantly overestimates
rainfall, which is consistent with previous studies
(Steiner et al. 2009).

Second, the simulated surface energy budget is also
shown to be sensitive to the choices of the land surface
and convection schemes. The choice of land surface
scheme appears to have a greater influence on net ra-
diation. In this respect, simulations using IBIS are shown
to be more accurate compared to observations over
West Africa than simulations using other land surface
schemes. The overestimation in net radiation exhibited
by BATS is shown to be strongly influenced by an un-
derestimation of surface albedo in this scheme.

The MRCM simulations, using IBIS and the Emanuel
convection scheme with all new modifications, exhibit
the best overall performance with respect to the spatial
distributions and magnitudes of surface net radiation
and turbulent heat flux partitioning. The Grell scheme
seems to underestimate the net radiation and latent heat
flux, which leads to the underestimation of rainfall.
Using the default version of the Emanuel scheme to-
gether with BATS leads to an overestimation of both net
radiation and latent heat flux and thus a substantial wet
bias in simulated rainfall.

Finally, it is shown that the MRCM is capable of
reproducing the main features of the large-scale circula-
tion of the WAM, including a low-level westerly mon-
soonal flow, midlevel African easterly jet, and high-level
tropical easterly jet. In particular, MRCM demonstrates
a significant skill at capturing seasonal intensification
and decay of dynamic fields when compared to other
simulations shown in this work. The results presented
here suggest a significant potential for MRCM as a tool
to investigate land—atmosphere interactions over West
Africa, such as the impact of land use changes resulting
from irrigation.
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