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larger precipitation amounts via more intense events, while 
the presence of tropical broadleaf evergreen trees tends 
to favor the occurrence of both more intense and more 
frequent events. The wetter conditions appear to be sus-
tained via (1) an enhanced soil moisture feedback; and (2) 
elevated moisture transport due to increased low-level con-
vergence in regions south of 10N where the most substan-
tial land cover differences are present. Overall the changes 
induced by the improved vegetation cover improve, to some 
extent, the performance of the high resolution regional cli-
mate model in simulating the main West African summer 
monsoon features.

Keywords  Regional climate modeling · Land cover 
distribution · Turbulent fluxes · West African summer 
monsoon climate

1  Introduction

West African monsoon (WAM) climate is characterized 
by strong interaction between ocean sea surface tempera-
tures (SSTs), atmospheric circulation, and continental land 
surface conditions (Fontaine et al. 1998; Wang and Eltahir 
2000; Giannini et al. 2003; Jenkins et al. 2005). Modeling 
this complex interplay between the monsoon and drivers 
is of primary importance for an accurate representation of 
precipitation over the Sahel and thus essential for a better 
understanding of the response of West African climate to 
increases in anthropogenic greenhouse gases (GHGs).

Recent modeling studies indicate that land surface 
changes significantly affect climate and ecosystems across 
the world (e.g., Koster et  al. 2004; Patricola and Cook 
2008; Abiodun et  al. 2012; van den Hurk and van Mei-
jgaard 2010; Alo and Wang 2010). Such influences are 

Abstract  The impact of high resolution modern vegeta-
tion cover on the West African climate is examined using 
the International Centre for Theoretical Physics Regional 
Climate Model implementing the NCAR Community Land 
Model. Two high resolution 25 km long-term simulations 
driven by the output from a coarser 50-km resolution simu-
lation are performed for the period 1998–2010. One high 
resolution simulation uses an earlier and coarser-resolution 
version of plant functional type distribution and leaf area 
index, while the other uses a more recent, higher-quality, 
and finer-resolution version of the data. The results indicate 
that the new land cover distribution substantially alters the 
distribution of temperature with warming in Central Nige-
ria, northern Gulf of Guinea and part of the Sahel due to 
the replacement of C4 grass with corn; and cooling along 
the coastlines of the Gulf of Guinea and in Central Africa 
due to the replacement of C4 grass with tropical broad-
leaf evergreen trees. Changes in latent heat flux appear to 
be largely responsible for these temperature changes with 
a net decrease (increase) in regions of warming (cooling). 
The improved land cover distribution also results in a wet-
ter monsoon season. The presence of corn tends to favor 
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established through biogeochemical and biogeophysical 
interactions involving the carbon cycle, hydrological pro-
cesses and exchange of energy and momentum through the 
atmospheric boundary layer (Bounoua et  al. 2002; Kuep-
pers et  al. 2007). The West African region is particularly 
sensitive to such changes in surface conditions (e.g., Koster 
et al. 2004; Abiodun et al. 2008). This sensitivity originates 
from the dependence of the monsoon circulation and pre-
cipitation on the meridional low-level air temperature, soil 
moisture and potential vorticity gradients (Cook 1999; 
Hsieh and Cook 2005; Sylla et al. 2011). Land cover dis-
tribution, soil characteristics and soil moisture determine 
the partitioning of net solar radiation into latent and sen-
sible heat fluxes (Feddema et al. 2005; Zaroug et al. 2012; 
Otieno and Anyah 2012). The resulting feedback strongly 
impacts the WAM circulation and precipitation (Xue et al. 
2004; Steiner et al. 2009). For instance, Xue et al. (2004) 
showed that vegetation processes are important for WAM 
evolution affecting both the intensity and spatial extent 
of precipitation and the associated circulation. Likewise, 
Abiodun et  al. (2010) argued that deforestation increases 
the intensity of the African Easterly Jet (AEJ) core, thus 
reducing the northward transport of moisture needed for 
precipitation over West Africa. Furthermore, Alo and Wang 
(2010) showed that dynamic vegetation feedback reverses 
the predicted future trend, leading to a substantial increase 
of annual rainfall. These studies emphasize the key role of 
land cover distribution in the land surface-climate interac-
tions over West Africa.

A critical issue in simulating WAM precipitation is the 
existence of significant biases in climate models (Afiesi-
mama et  al. 2006; Konaré et  al. 2008; Diallo et  al. 2013; 
Nikulin et al. 2012; Gbobaniyi et al. 2014). This deficiency 
can originate from the inability of the models to realisti-
cally simulate large-scale conditions (Pohl and Douville 
2011); respond adequately to such conditions via their con-
vective parameterizations (Crétat et  al. 2012); and from 
the quality of the various input data (Moufouma-Okia and 
Rowell 2010; Diro et al. 2012; Sylla et al. 2012a; Yu and 
Wang 2013). The quality of data used to specify land cover 
is likely to contribute to such biases via impacts to the sur-
face energy and moisture budgets and consequentially tem-
perature and precipitation.

Regional climate models (RCMs) are proven to be par-
ticularly valuable to simulate WAM climate (e.g., Afiesi-
mama et  al. 2006; Hourdin et  al. 2010; Xue et  al. 2010; 
Ruti et  al. 2010; Diallo et  al. 2012; Sylla et  al. 2013a; 
Mounkaila et al. 2014). Their higher resolution allows for a 
better representation of fine-scale forcing and land surface 
heterogeneity such as complex topography, coastlines and 
land surface variations—all of which are important to accu-
rately simulate the local and regional climate system (Paeth 
et al. 2005; Rummukainen 2010; Sylla et al. 2012b).

In this study, the International Centre for Theoreti-
cal Physics (ICTP) Regional Climate Model version 
4.3 (RegCM4.3) coupled with the National Center for 
Atmospheric Research (NCAR) Community Land Model 
(CLM3.5) is applied to examine the influence of improved 
land cover distribution on the simulation of WAM climate. 
Experiments are performed with both the default coarse 
resolution vegetation and newer high resolution improved 
land cover. The model and design of numerical experiments 
are described in Sect. 2; the results are presented and dis-
cussed in Sect. 3; and final considerations are provided in 
Sect. 4.

2 � Model description and experimental design

The ICTP RegCM4.3 is a primitive equation, sigma ver-
tical coordinate limited area model (Giorgi et  al. 2012). 
The version of RegCM4 in this study employs dynam-
ics and physical parameterizations identical to those in 
RegCM3 (Pal et  al. 2007). It is based on the hydrostatic 
dynamical core of the National Center for Atmospheric 
Research/Pennsylvania State University’s Mesoscale 
Meteorological Model version 5 (NCAR/PSU’s MM5; 
Grell 1993). Radiation is represented by the Commu-
nity Climate Model version 3 parameterization of Kiehl 
et al. (1996) and the planetary boundary layer according 
to the Holtslag et  al. (1990) formulation. The scheme of 
Zeng et al. (1998) is used to represent fluxes from ocean 

Fig. 1   Simulation domains and topography (m)
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surfaces while convective precipitation is calculated with 
the Massachusetts Institute of Technology scheme (Ema-
nuel 1991). Resolvable precipitation processes are treated 
with the Subgrid Explicit Moisture Scheme (SUBEX; Pal 
et  al. 2000). Interactions between the land surface and 
the atmosphere are described using the Community Land 
Model CLM3.5 (Oleson et  al. 2008). CLM3.5 is a state 
of the science land surface model with a physical repre-
sentation of surface energy budget and water cycle. The 
model represents land surface heterogeneity using a hier-
archical data structure. Each land grid cell can be divided 
into a different number of land units; each land unit can 
be divided into multiple soil/snow columns; each column 
can be occupied by multiple plant functional types (PFTs) 
that differ in physiology and structure. A total of 16 PFTs 
are considered in CLM3.5. In the vertical direction, a col-
umn consists of ten soil layers and up to five snow lay-
ers (depending on snow depth). Within each grid cell, 
all components share the same atmospheric forcing; the 

surface fluxes (that are passed to the atmospheric model) 
are area-weighted averages among different components 
(PFTs, columns, and land units) within each grid cell. Of 
particular interest in this study is the representation of 
land cover in the land surface model.

To examine the effect of vegetation feedback on the 
simulation of WAM climate, three simulations for the 
period 1997–2010 are conducted over the region (Fig. 1). 
The first year of the simulation (1997) is considered as 
spin-up and is not included in the analysis. The mother 
domain simulation (hereafter referred to as MD) is per-
formed at a 50-km grid spacing using the default CLM3.5 
PFT data. The remaining two simulations are nested within 
the mother domain at a 25-km grid spacing, with the only 
difference being the specified PFT data: default 0.5 × 0.5° 
PFT data (LoResDef) and the improved 10  ×  10′ PFT 
data better reflecting the vegetation cover over West Africa 
(HiResNew; Lawrence and Chase 2010). Over West Africa, 
the primary differences between the two PFT datasets are 

Fig. 2   Difference in fraction 
of area (in %) between the 
improved PFT and the default 
PFT data for different plants
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that most of the C4 and C3 grasses have been converted 
into corn in the Gulf of Guinea, Nigeria, and Northeastern 
Sahel and to tropical broadleaf evergreen trees over most of 
central Africa and a portion of the Gulf of Guinea (Fig. 2).

Initial and lateral boundary conditions used to drive 
RegCM4.3-CLM3.5 over the mother domain are derived 
from the ERA-Interim 1.5 ×  1.5° 6-hourly third genera-
tion of European Centre for Medium Range Weather Fore-
casts (ECMWF) reanalysis product gridded reanalysis 
(ERA-Interim; Dee et  al. 2011). SSTs for all experiments 
are obtained from the National Oceanic and Atmospheric 
Administration Optimum Interpolation weekly 1 × 1° grid 
dataset (Reynolds et al. 2002).

To examine the response of climate to the updated 
land cover, simulated precipitation and temperature from 
the experiments are compared to the gridded 0.5 ×  0.5° 
monthly station-based observations from the University 
of Delaware (UDEL; Legates and Willmott 1990) and the 

Climatic Research Unit (CRU TS 3.2.0; Harris et al. 2014). 
Due to the scarcity of meteorological station data in Africa, 
both the UDEL and CRU datasets are effectively coarser 
than the provided 0.5 × 0.5°. Despite this deficiency, how-
ever, many of the spatial and temporal characteristics of 
precipitation and temperature over Africa can be observed 
(especially with the UDEL data). To account for the lacking 
spatial coverage of the UDEL and CRU precipitation data, 
the daily and monthly 25 × 25 km satellite-gauge merged 
product of Tropical Rainfall Measuring Mission (TRMM; 
3B42 version 7) are used for further model validation and 
provide coverage over oceans (Kummerow et  al. 2001; 
Huffman et  al. 2007). Two measures are used to quantify 
the model performance: the mean bias representing the area 
average difference between the simulations and observa-
tions; and the pattern correlation coefficient (PCC) meas-
uring how well the simulations capture the distribution of 
spatial variations compared to observations.

Fig. 3   Time-Latitude Hov-
moller diagram of 2-meter 
monthly temperature (°C) aver-
aged for the period 1998–2010 
and between 15E to 15N for 
UDEL (upper panel), LoResDef 
(middle panel) and the bias 
(LoResDef minus UDEL: lower 
panel)
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3 � Results and discussion

Before analyzing the impact of the higher quality and finer 
resolution land cover distribution over West Africa, we 
first assess the performance of the regional climate model 
MD and LoResDef experiments in simulating seasonal and 
annual cycle of precipitation and temperature.

3.1 � Simulated temperature and precipitation

To evaluate the simulated temperature and precipitation 
of the WAM annual cycle, a time-latitude Hovmoller dia-
gram, along with some spatial and seasonal distributions, 
is adopted. This meridional cross-section analysis averaged 
from 15W to 15E provides a good framework to assess the 
regional climate model skill in simulating mean annual 
cycle and intra-seasonal variations of the WAM and asso-
ciated mechanisms responsible for the rainfall variability 
(Hourdin et al. 2010; Sylla et al. 2013a).

As demonstrated by the time-latitude Hovmoller dia-
gram of UDEL temperature observations averaged over the 
region 15E to 15E (Fig. 3a), the Sahara desert experiences 

its warmest temperatures (>35  °C) during boreal summer 
and coldest temperatures during the boreal winter (~25 °C). 
The Gulf of Guinea, in contrast, experiences relatively 
lower and uniform temperatures throughout the year with 
a maximum of 25 °C in the boreal spring associated with 
the pre-monsoon season and a minimum of 23  °C during 
the peak monsoon season. The Sahel serves as a transi-
tion between the two regions. The temperature maximum 
in the Sahara, known as the Sahara Heat Low, intensifies 
and migrates northward from the northern Sahel in April–
May to the Sahara in July–August. This migration initiates 
a progressive increase in meridional surface air temperature 
gradient that strengthens and shifts northwards the features 
triggering and maintaining the WAM which ultimately 
favors intense convection and precipitation in the Sahel 
(Mohr and Thorncroft 2006; Steiner et al. 2009; Sylla et al. 
2010).

LoResDef exhibits close agreement in simulating the 
intensification and northward shift of the Sahara Heat Low 
(Fig. 3b); however, a notable cold bias is present through-
out the entire year (Fig. 3c). The largest bias (~−4 °C) is 
simulated in northern Sahel and the Sahara desert at the 

Fig. 4   Mean December–Febru-
ary (DJF: left panel) and June–
August (JJA: right panel) 2-m 
temperature (°C) for the period 
1998–2010 from UDEL (upper 
panel), LoResDef (middle 
panel) and the bias (LoResDef 
minus UDEL: lower panel)

(a) (b)

(c) (d)

(e) (f)
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beginning (January–March) and the end (November–
December) of the annual cycle. The smallest bias (<−2 °C) 
occurs during the peak of the monsoon season.

This is confirmed in Fig. 4 providing indications about 
the mean seasonal behavior of the spatial distribution of 
temperature averaged for December, January, and February 
(DJF) and June, July, and August (JJA). Figure 4 indicates 
that the general seasonal and spatial patterns are overall 
well simulated by the regional model. For instance, in DJF 
the relative positions of the coolest temperatures (<25 °C) 
observed in the Guinea Highlands, Jos Plateau and Cam-
eroon Mountains and warmer temperatures (>28  °C) 
observed in Ghana, Benin, and Southern Nigeria are well 
captured. Also for the JJA season, warm temperatures 
occurring over most of West Africa with the highest values 
along the Sahel band and the Sahara desert between 10N 
and 25N and coolest temperature occurring along the Gulf 
of Guinea are reasonably simulated. Analysis of spatial 

bias largely corroborates results from the Hovmoller dia-
gram and reveals that the cold bias is more tied to the desert 
areas and the coastlines along the Gulf of Guinea. Such a 
cold bias can originate from a number of factors including 
an inaccurate representation of surface albedo, vegetation 
distribution, cloud radiative forcing and partitioning of net 
solar and longwave radiation into latent and sensible heat 
(Jones et  al. 1995; Hudson and Jones 2002; Konaré et  al. 
2008; Sylla et al. 2012a; Giorgi et al. 2012).

Similar to temperature, time-latitude Hovmoller dia-
grams of the observed and simulated WAM precipita-
tion are considered in Fig. 5. In this case, daily precipita-
tion data is used to better characterize the annual cycle. 
To filter out the high-frequency variability, a 10-day run-
ning mean is applied to the daily time series. The TRMM 
data clearly display the three distinct phases of the annual 
cycle: the initiation or onset phase (March–May), the high 
rain period (JJA), and the southward retreat of the rainbelt 

Fig. 5   Time-Latitude Hov-
moller diagram of daily precipi-
tation (mm/day) considering a 
10-day running mean averaged 
for the period 1998–2010 and 
between 15E to 15N for TRMM 
(upper panel), LoResDef 
(middle panel) and the bias 
(LoResDef minus TRMM: 
lower panel)
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(September–October). The onset period is characterized 
by a northward extension of the rainbelt from the coast to 
about 4N. An abrupt shift, the monsoon jump, occurs at the 

beginning of June when the rain core moves rapidly north-
ward to about 10N (Sultan and Janicot 2003). This is the 
beginning of the high rain season in Sahel region and the 

Fig. 6   Mean December–Feb-
ruary (DJF: left panel) and 
June–August (JJA: middle 
panel) precipitation (mm/day) 
for the period 1998–2010 from 
TRMM (upper panel), LoRes-
Def (middle panel) and their 
bias (LoResDef minus TRMM: 
lower panel)

(a) (b)

(c) (d)

(e) (f)

Table 1   Temperature mean bias 
(in °C) with respect to UDEL 
over different homogeneous 
subregions and West Africa

For each subregion, the 1st column is for DJF season, the second represents JJA

Gulf of Guinea Sahel West Africa

CRU −0.14 −0.01 −0.01 0.19 −0.05 0.07

ERA-I −0.18 −0.71 −0.16 0.15 −0.10 −0.41

MD −1.71 −1.10 −0.55 1.30 −1.01 0.49

LoResDef −1.11 −1.17 −0.76 −0.66 −0.85 −1.05

HiResNew −1.01 −0.91 −0.70 −0.59 −0.80 −1.0

Table 2   Temperature pattern 
correlation coefficient with 
respect to UDEL over different 
homogeneous subregions and 
West Africa

For each subregion, the 1st column is for DJF season, the second represents JJA

Gulf of Guinea Sahel West Africa

CRU 0.89 0.87 0.80 0.97 0.86 0.97

ERA-I 0.83 0.77 0.75 0.97 0.79 0.95

MD 0.82 0.81 0.67 0.90 0.63 0.92

LoResDef 0.80 0.85 0.72 0.92 0.74 0.92

HiResNew 0.76 0.88 0.71 0.96 0.73 0.93
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abrupt termination of heavy precipitation along the Guinea 
Coast. In September, a gradual southward retreat of the 
rainfall belt occurs, corresponding to the last phase of the 
WAM annual cycle.

Compared to the TRMM data, the three distinct phases 
of the mean annual cycle are well simulated by LoRes-
Def. However, a number of differences are observed with 
regard to the magnitude and spatial extent of the features. 
For instance LoResDef shows a drier monsoon season and 
a wetter pre-monsoon and post-monsoon seasons over the 
Sahel. In the lower latitudes of the Gulf of Guinea, in con-
trast, a persistent dry bias prevails throughout the entire 
annual cycle.

Considering the spatial variability of precipitation 
(Fig.  6), the model captures the basic seasonal large-
scale patterns. For instance, during the boreal winter 
season (DJF), both observed and simulated precipitation 
are confined in the lower latitudes, while regions north 
of 5°N are predominantly dry. However in JJA, the rain-
band migrates to the Sahel where the Intertropical Con-
vergence Zone (ITCZ) is at its northernmost location. 
Maximum precipitation occurs along the monsoon belt 
with intensity decreasing to the south and north. Addi-
tionally, precipitation maxima are located in topographi-
cally complex regions of Guinea Highlands, Jos Plateau 
and Cameroon Mountains while dry conditions are expe-
rienced in regions north of 20°N. Less intense precipita-
tion, however, is simulated at the core of the ITCZ and 
more fine-scale features exist in the presence of complex 
topography. Additionally, a considerable dry bias is pre-
sent along the Gulf of Guinea and western Sahel and a 
wet bias along the eastern Sahel during JJA. This bias 

Table 3   Precipitation mean 
bias (in %) with respect 
to TRMM over different 
homogeneous subregions and 
West Africa

For each subregion, the 1st column is for DJF season, the second represents JJA

Gulf of Guinea Sahel West Africa

UDEL −20.13 −11.36 99.68 2.75 −22.34 −6.0

CRU −44.48 −1.77 −52.79 0.26 −49.32 −2.19

ERA-I 97.36 2.39 −30.18 −41.79 91.56 −17.58

MD 18.06 28.83 58.31 −10.57 19.89 11.02

LoResDef −34.99 −14.02 54.24 6.69 −30.93 −9.66

HiResNew 13.66 −2.88 60.98 8.59 60.05 6.37

Table 4   Precipitation pattern 
correlation coefficient with 
respect to TRMM over different 
homogeneous subregions and 
West Africa

For each subregion, the 1st column is for DJF season, the second represents JJA

Gulf of Guinea Sahel West Africa

UDEL 0.92 0.86 0.53 0.96 0.95 0.92

CRU 0.92 0.88 0.62 0.98 0.95 0.93

ERA−I 0.83 0.84 0.62 0.92 0.88 0.85

MD 0.48 0.64 0.40 0.68 0.63 0.72

LoResDef 0.40 0.75 0.49 0.66 0.54 0.70

HiResNew 0.40 0.75 0.47 0.69 0.53 0.72

Fig. 7   Mean December–February (DJF: upper panel) and June–
August (JJA: lower panel) Temperature differences (°C) between 
HiResNew and LoResDef
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appears to correspond to a sharper definition of the ITCZ 
in the regional climate model.

To further assess the model performance at the regional 
scale and to highlight possible added value of LoRes-
Def with respect to MD, biases and PCCs are computed 
for the Gulf of Guinea, the Sahel, and all of West Africa 
(Tables 1, 2, 3, 4). Temperature differences from CRU and 
ERA-Interim with respect to UDEL during DJF and JJA 
ranges from −0.14 to 0.2 °C and from −0.71 °C to 0.15 °C 
respectively and correlation coefficients exceeds 0.8 in 
most cases. This indicates a good level of agreement in the 
observed but also reanalyzed temperature patterns. In addi-
tion, the MD bias appears to be lower than ERA-Interim 
except in JJA over the Sahel and whole West Africa. A 
comparison between LoResDef and MD shows that the 
nested simulation exhibits a lower mean bias during DJF in 
the Gulf of Guinea and JJA in the Sahel and a greater PCC 
in most cases.

Similarly, Tables  3 and 4 reveals that in general, high 
correlation coefficients in the precipitation field (exceed-
ing 0.8) are found between TRMM and CRU, UDEL and 
ERA-Interim. However, considerable differences are found 
in the magnitude of the precipitation. For instance CRU and 
UDEL appear to be substantially drier than TRMM in the 
Gulf of Guinea and whole West Africa for all seasons and a 
bit wetter in Sahel during JJA highlighting thus the uncer-
tainty observed in different precipitation products due to 
the lack of precipitation gauges for ground truthing (Niku-
lin et al. 2012; Sylla et al. 2013b). Additionally, LoResDef 

underestimates precipitation in the Gulf of Guinea (−35 % 
in DJF and −14 % in JJA) and West Africa (−31 % in DJF 
and −10 % in JJA) and overestimates in the Sahel (54 % in 
DJF and 7  % in JJA). In contrast, however, MD overesti-
mates precipitation in all regions and seasons except in JJA 
in the Gulf of Guinea. PCC for all seasons and all regions 
are either comparable in magnitude or slightly greater in 
LoResDef than in MD. This implies that although the nested 
simulation may provide a slightly better spatial pattern than 
the mother domain, improvement in model performance is 
not systematic and is probably tied to the mature phase of 
the monsoon season in JJA. It should be noted that these 
model performances characterized by relatively substantial 
biases in precipitation are generally in line with the state-of-
the-art regional climate models previously studied over West 
Africa (Nikulin et  al. 2012; Sylla et  al. 2013a; Gbobaniyi 
et al. 2014; Klutse et al. 2014). Note that the large magni-
tude of relative bias (in %) in DJF (Table 3) is more a reflec-
tion of precipitation being low than mean bias being high.

In summary, with a relatively coarse resolution 
(50 km), RegCM4 exhibits good performance in simulat-
ing the main characteristics of the WAM precipitation and 
temperature. However, at higher resolution (25 km), this 
performance is downgraded mostly in the Gulf of Guinea. 
The relatively small resolution increase (50–25-km) is 
likely not able to compensate the errors introduced by the 
nesting process inherent in regional climate modeling. 
Other errors may come through the increase of resolu-
tion itself because of the hydrostatic nature of the regional 

Fig. 8   Mean December–Feb-
ruary (DJF: upper panel) and 
June–August (JJA: lower panel) 
Sensible Heat (left panel) 
and Latent Heat (right panel) 
differences (W/m2) between 
HiResNew and LoResDef
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model. In addition, RegCM4 settings are optimized at 
50-km (Giorgi et  al. 2012) and therefore, using it at 
25-km without any additional fine-tuning can also intro-
duce some errors. In fact, under the same land cover/land 
use conditions as the 50-km mother domain, the 25-km 
nested simulation is cooler and dryer over most West Afri-
can regions. In the next section, we examine how the pro-
vision of higher resolution and improved PFT data modi-
fies such deficiencies and highlight the underlying driving 
features and processes.

3.2 � Impact of improved land cover distribution

The nested simulation using higher resolution improved 
land cover distribution (HiResNew) results in substantial 
changes in surface air temperature (Fig.  7). In particular, 
the conversion of grass into corn in central Nigeria, north-
ern Cameroon, northern Gulf of Guinea and southern Niger 
leads to 0.25–1 °C of warming; and the increased broadleaf 

evergreen trees results in similar magnitudes of cooling 
along the Gulf of Guinea coastal areas and central Africa. 
The magnitudes of the changes tend to be greater in DJF 
than in JJA, indicating that the summer monsoon precipita-
tion tends to offset the effects of local vegetation distribu-
tion on surface air temperature.

The partitioning of net radiation into fluxes of sensible 
and latent heat largely controls the changes in temperature 
(Fig. 8). Changes in sensible heat flux are as large as 20 W/
m2 and coincide with the largest changes in surface tem-
perature. In areas where temperature increases (decreases), 
sensible heat flux tends to increase (decrease). Similarly, 
increased (decreased) latent heat flux tends to occur in 
areas of cooling (warming) due to evaporative cooling. 
These changes are simulated in both DJF and JJA, imply-
ing that they are mostly tied to changes in local vegetation 
distribution. The response, however, during the monsoon 
season tends to be dampened likely due to the presence of 
saturated soil condition and resulting evapotranspiration 
amounts close to the potential regardless of the land cover 
type.

It is thus clear that the different plant types exhibit differ-
ent responses of surface air temperature with corn tending 
to result in warming and trees cooling. In terms of model 

Fig. 9   Mean December–February (DJF: upper panel) and June–
August (JJA: lower panel) precipitation differences (%) between 
HiResNew and LoResDef

Fig. 10   Latitude-Height cross-section of December–February (DJF: 
upper panel) and June–August (JJA: lower panel) water vapor mixing 
ratio with superimposed wind vectors in the (v, w) plane and moist 
static energy
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regional temperature bias, these modifications reduce the 
model bias in the Gulf of Guinea, Sahel, and the entire 
West Africa when compared to the simulation with default 
land cover dataset (LowResDef) (Table  1). The largest 
improvements are simulated in Gulf of Guinea where the 
summer seasonal temperature bias is reduced from −1.2 to 
−0.9 °C. The improvements are smaller (probably due the 
smoothing of the area average) but consistent in the Sahel 
and entire West Africa where the summer seasonal biases 
are reduced slightly (from −0.7 to −0.6 °C and −1.05 to 
−1 °C, respectively).

Of particular interest is the response of monsoon pre-
cipitation to the changes in landcover distribution. Conver-
sion of grass into corn and increased broadleaf evergreen 
tropical tree coverage both tend to lead to more precipita-
tion over Central Nigeria, Gulf of Guinea, western Sahel 
and Central Africa (Fig.  9). This increase in precipitation 
occurs due to enhanced lower-level convergence and conse-
quently stronger upward motions in land areas below 15N 

during both DJF and JJA (Fig.  10). These conditions are 
consistent with the lager amount of simulated water vapor 
in the region, explaining thus the increases in monsoon 
precipitation. Such dynamic is favored by a net increase 
in Moisture Static Energy (MSE) from the surface to the 
mid levels during both seasons indicating more instabilities 
above the regions of vegetation changes. Also, consistent 
to precipitation and to some extent latent heat changes, the 
finer-resolution improved land cover distribution produces 
wetter soil conditions over most land areas sustaining thus 
the precipitation increase via a stronger soil moisture feed-
back (Fig. 11). The increased precipitation reduces the dry 
bias in the Gulf of Guinea and West Africa as a whole, but 
increases the wet bias simulated in Sahel (Table 3).

Whether these increases are due to the frequency (days 
with precipitation >1 mm) and/or the intensity of precipita-
tion events is examined (Fig. 12). In DJF, increases in the 
frequency and intensity of precipitation events occur only 
in the lower latitudes tied the Gulf of Guinea coastlines and 
Central Africa. However in JJA, changes are more hetero-
geneous. In fact compared to LoResDef, HiResNew exhib-
its more frequent precipitation events in Western Sahel, a 
small portion of the Gulf of Guinea, and Central Africa; 
and higher precipitation intensity in Central Nigeria, some 
portions of the Gulf of Guinea and Sahel, and over Cen-
tral Africa. These changes suggest that increased broad-
leaf evergreen tropical tree coverage favors an increase in 
both intensity and frequency of precipitation. However, in 
regions where corn dominates, such as central Nigeria, the 
precipitation increase is primarily due to an increase in pre-
cipitation intensity.

Overall, the changes induced by the higher resolution 
and higher-quality PFT data enhance to some extent the 
performance of the high resolution regional climate model 
in simulating temperature and precipitation in West Africa. 
The improved simulated temperature is due primarily to 
changes in turbulent heat fluxes, which causes an overall 
warming over most areas. The increased and somewhat 
improved precipitation is likely due to increased lower-
level convergence and enhanced soil moisture feedback.

4 � Conclusion

It is well established that West Africa is a region of strong 
land–atmosphere coupling, likely due to the sensitivity 
of the summer monsoon circulation to soil moisture and 
lower-level meridional temperature gradients. Modification 
of surface conditions can thus have considerable effects on 
the regional climate. In this study, the impact of higher res-
olution and improved land cover distribution is investigated 
over West Africa using RegCM4.3 coupled with CLM3.5. 
Model results are compared to those simulated with the 

Fig. 11   Mean December–February (DJF: upper panel) and June–
August (JJA: lower panel) total soil moisture (left panel) and surface 
runoff (right panel) differences (%) between HiResNew and LoRes-
Def
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default coarser resolution PFT data present in CLM3.5. 
Key differences between the two sets of vegetation distri-
bution are that the higher resolution improved PFT data 
replaces most of the C4 and C3 Grasses with corn and 
tropical broadleaf evergreen trees in most parts of West and 
Central Africa. The other land cover distribution remains 
relatively similar between the datasets. Both experiments, 
performed at high resolution (25  km) over West Africa, 
are driven by atmospheric data generated by the model at 
50 km over a “mother domain” encompassing all of Africa.

The simulations reproduce the most prominent observed 
temperature and precipitation features of the West Afri-
can monsoon. There, however, tends to be a cold bias over 
much of West Africa and a northward displacement of the 
monsoon. It should be emphasized that although the pat-
terns are similar between all of the simulations, the biases 
are of different magnitude and spatial extent. Of particular 
importance, the simulation implementing the higher reso-
lution updated PFT data, results in reduced temperatures 
biases and to some extent precipitation biases, highlight-
ing the importance of high-quality vegetation data in West 
Africa.

Key processes leading to the moderately improved per-
formance include partitioning of surface radiation into 
latent and sensible heat, which modifies atmospheric 
humidity and circulation. In regions where grass is con-
verted to corn (central Nigeria, northeastern Sahel and 
northern Gulf of Guinea), sensible heat flux increases at the 
expense of latent heat flux. Conversely, in regions where 

grass is converted to broadleaf evergreen trees (central 
Africa and along the coastal areas of the Gulf of Guinea), 
latent heat flux increases at the expense of sensible heat 
flux. Therefore, conversion of grass into corn tends to result 
in warming conversion to broadleaf tends to result in cool-
ing. While the presence of corn and broadleaf evergreen 
trees induce temperature changes opposite in sign, the pre-
cipitation change is mostly positive for both. In fact, wet-
ter conditions are simulated over most of the domain even 
where changes in land cover are negligible. This origi-
nates from an increased lower-level convergence favoring 
stronger updrafts resulting in the presence of more atmos-
pheric water vapor above the surface and also at the mid 
and higher levels. These conditions are primarily driven by 
the presence of more MSE indicating more atmospheric 
instabilities in regions of vegetation changes.

These results have important implications for regional 
climate and land surface modeling and also for West Afri-
can afforestation, agricultural expansion and in general 
landuse/land cover politics. Accurate and high resolution 
land cover conditions are required for a realistic simula-
tion of the WAM precipitation and temperature. In addition, 
large-scale removal of grass for corn agricultural expansion 
could slightly amplify the regional warming associated with 
anthropogenic climate change while afforestation of broad-
leaf evergreen tropical trees could mitigate it. Therefore, the 
results presented here indicate that the impact of land cover 
distribution should be accounted for in climate model exper-
iments considering climate change over West Africa.

Fig. 12   Mean December–
February (DJF: upper panel) 
and June–August (JJA: lower 
panel) rainy days frequency 
(left panel) and intensity (right 
panel) differences (%) between 
HiResNew and LoResDef. A 
wet day is defined as a day with 
precipitation amount <1 mm
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