Hindawi Publishing Corporation
International Journal of Geophysics
Volume 2012, Article ID 748921, 12 pages
doi:10.1155/2012/748921

Review Article
Review of Recent Developments and the Future Prospective
in West African Atmosphere/Land Interaction Studies
Yongkang Xue,1, 2 Aaron Boone,3 and Christopher M. Taylor4
1 Department

of Geography, University of California, Los Angeles, CA 90095, USA
of Atmospheric and Oceanic Sciences, University of California, Los Angeles, CA 90095, USA
3 Meteo-France, CNRM, Toulouse, France
4 Centre for Ecology & Hydrology, Crowmarsh Giﬀord,Wallingford, Oxon OX10 8BB, UK
2 Department

Correspondence should be addressed to Yongkang Xue, yxue@geog.ucla.edu
Received 29 June 2011; Accepted 3 January 2012
Academic Editor: Andrea Sealy
Copyright © 2012 Yongkang Xue et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This paper reviews West African land/atmosphere interaction studies during the past decade. Four issues are addressed in this
paper: land data development, land/atmosphere interactions at seasonal-interannual scales, mesoscale studies, and the future
prospective. The development of the AMMA Land Surface Model Intercomparison Project has produced a valuable analysis
of the land surface state and ﬂuxes which have been applied in a number of large-scale African regional studies. In seasonalinterannual West African climate studies, the latest evidence from satellite data analyses and modeling studies conﬁrm that the
West African region has a climate which is particularly sensitive to land surface processes and there is a strong coupling between
land surface processes and regional climate at intraseasonal/seasonal scales. These studies indicate that proper land surface process
representations and land status initialization would substantially improve predictions and enhance the predictability of West
African climate. Mesoscale studies have revealed new understanding of how soil moisture heterogeneity inﬂuences the development
of convective storms over the course of the diurnal cycle. Finally, several important issues regarding the future prospective are
brieﬂy addressed.

1. Introduction
West Africa is a diverse climatic region that includes a semiarid tropical zone in its northern section and a humid
tropical climate zone in its southern section. Today, it is
a bioclimatic zone of predominantly annual grasses with
shrubs and trees, receiving a mean annual rainfall of between
150 and 2500 mm per year (Figure 1(a)). According to
the United Nations’ deﬁnition [1], it includes 16 African
countries and covers an area in excess of approximately
6 million km2 . Its northern boundary is along the southern
margin of the Sahara Desert, with the Atlantic Ocean to its
west and to its south. There is no consensus on its eastern
boundary, which is commonly speciﬁed using a line running
from Mount Cameroon to Lake Chad. The elevation of the
vast majority of this land is less than 300 meters above
sea level, though isolated points of higher elevation exist in
several countries along the southern shore of the region.

West Africa has experienced signiﬁcant climate anomalies in the past century. Its northern section, which is
referred to as the Western Sahel, suﬀered the most severe and
longest droughts in the world during the twentieth century.
Annual rainfall has persistently remained below the longterm average since the late 1960s, with devastating droughts
during the late 1960s and the early 1980s (Figures 1(b) and
1(c)) [2–5]. Starting from the late 1980s, however, there has
been some rainfall recovery relative to the very dry period
(Figures 1(b) and 1(d)). A study by Lau et al. [6] ﬁnds
that there has been an increase in the “continentality” of
the West African monsoon (WAM), reﬂected by a shift of
the WAM convection towards land from the later 1980s
to the 1990s and the 2000s. The hydrologic variability in
West Africa shows one of the strongest interdecadal signals
worldwide during the 20th century [7]. There has been rapid
population growth in the region over the past 50 years [8].
The severe droughts and resulting famines have devastating
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Figure 1: (a) Observed climate annual mean precipitation (mm day−1 ); (b) time series of June-July-August-September (JJAS) mean
precipitation (mm day−1 ) averaged over 20◦ W to 20◦ E and 5◦ N to 20◦ N (the box outlined in (a)); (c) observed JJAS precipitation diﬀerence
(mm day−1 ) between the 1980s and the 1950s; (d) observed JJAS precipitation diﬀerence (mm day−1 ) between 1996–2006 and 1976–1987.
Data Sources: National Center for Environmental Prediction Climate Prediction Center Merged Analysis of Precipitation (CMAP, [23]).

environmental and socioeconomic consequences, which,
along with the scientiﬁc challenge to understand causes of
such extraordinary drought and climate variability, have
presented a strong motivation for the scientiﬁc community
to study West African climate variability and causes of Sahel
drought, most of which occurred in West Africa. The term
“Sahel drought” will be used interchangeably with “West
African drought” in this paper. The Sahel drought is known
to be strongly inﬂuenced by sea surface temperature (SST)
anomalies, both globally and in regions adjacent to the
African continent [9, 10]. Meanwhile, land surface processes,
including the land use and land cover (LULC) change, have
also been extensively investigated as one of the major factors
inﬂuencing the West African climate system, which is the
focus of this paper.
There is a steep latitudinal gradient in climate, soils,
vegetation, fauna, land use, and human utilization, with
strong correlations among them [11]. The continental-scale
land mass and relatively ﬂat orography suggests that landsurface/atmosphere interactions play a major role in the
regional climate. From the mid-1970s through the 1990s,
numerous studies have been conducted to explore the
impact of the land surface on the West African climate.
Modeling studies with diﬀerent levels of complexity in their
atmospheric models and land surface parameterizations have
consistently suggested that the Sahel is one of the regions
in the world where the land/atmosphere feedback plays an
important role in regional climate variability, and LULC may
be an important contributing factor to the persistent Sahel
drought [12–20]. Comprehensive reviews on the relevant

land/West African climate research mainly before the 21
century were summarized in Xue et al. [21].
There are several important characteristics in land/West
African climate research reviewed in [21]. (1) Most studies
test the sensitivities of regional climate to a few land parameters, such as surface albedo and soil moisture, explicitly or
implicitly with LULC change embedded in the experimental
designs. Only recently, encouraged by those early sensitivity
studies, have more sophisticated vegetation models been
introduced in West African climate studies (2) The Sahel
drought was the main motivation for those studies. Most
studies were conducted using either 3 D or 2 D coupled
atmosphere/land surface models to estimate the possible
land contribution to the drought. (3) There were only a
few measurements over very few sites. Due to the limited
availability of observational data over the West African
region at that time, validation of the land models for regional
climate and hydrological cycle study was largely missing.
However, these research eﬀorts have established a consensus
in the public and part of the meteorological community
that, in addition to SST, land surface processes are an
important component aﬀecting the West African regional
climate, thereby stimulating more extensive research in this
ﬁeld.
In the past decade, important developments for obtaining a better understanding of the West African monsoon (WAM)/land interaction at intraseasonal/interannual/
interdecadal scales have been made, in particular under
the African Monsoon Multidisciplinary Analysis (AMMA)
Project [22]. We will discuss a few major issues and
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achievements in the West African climate and land process interaction study in the past decade in this paper.
In Section 2, new land data development for the WAM
study and its application are presented. Section 3 focuses
on the land/West African climate interactions studies at
seasonal, interannual, and decadal scales. Section 4 discusses
mesoscale interactions, and Section 5 presents a summary
and future prospective in this ﬁeld.

2. Land Data Development for the West African
Monsoon Study and Its Application
Modeling the West African monsoon has proven diﬃcult
mainly due to both the paucity of observations at suﬃcient space-time resolutions, and because of the complex
interactions of the relevant processes between the biosphere,
atmosphere, and hydrosphere over this region. Distinct from
the previous observational eﬀorts which encompassed only
one or a few sites [24], the AMMA program has organized
comprehensive activities in data collection in order to
increase the understanding and improve the modeling of
the WAM/land interactions over a wide range of spatial and
time scales [7]. A comprehensive review of AMMA ﬁeld
campaigns’ key accomplishments and lessons learned from
the extraordinary eﬀorts made by a community of several
hundred researchers has been discussed by Lebel et al. [25].
The application of observations from many local sites
for large-scale atmosphere/land interaction study is always
a challenge due to scale discrepancy. The AMMA Land
Surface Model (LSM) Intercomparison Project (ALMIP;
[26]) addresses this issue. In ALMIP, a set of state-of-theart oﬀ-line land surface models (uncoupled from their host
atmospheric models) have been forced with the best quality
and highest space and time resolution data available to
better understand the key processes and their corresponding
scales. The forcing consists of a combination of shortterm numerical weather forecast low-level atmospheric state
variables, satellite-based rainfall (such as the Tropical Rainfall
Measuring Mission (TRMM, [27]), and downwelling radiation ﬂux products (Land-Satellite Application Facility; [28]),
and data from the AMMA observational ﬁeld campaigns.
The ALMIP LSM outputs for the period 2002–2007 have
been compared with satellite-derived surface brightness
temperature [29], satellite-based soil water storage estimates
[30], and observed turbulent ﬂuxes [26]. In the evaluation,
the site turbulence measurements were ﬁrst upscaled to the
ALMIP mesoscale grids for comparison [31].
Overall, there is a good LSM intermodel agreement.
For example, the predicted latent ﬂuxes agree well with a
coeﬃcient of variation ranging from approximately 5 to 15%
over most of West Africa, with the best agreement over
the semiarid Sahel where the vast majority of rainfall is
subsequently reevaporated at the land surface. The ALMIP
LSM-predicted surface ﬂuxes and thermal and hydrological
state variables at the land surface are akin to a multimodel
surface reanalysis product. Studies [32] have shown the
advantages and improved realism of using a multi-LSM
model average of simulated surface properties. The ensemble
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signal to noise ratio of the surface turbulent ﬂuxes is fairly
large (approximately 0.7 to 0.9) over most of the region [33].
Because the ALMIP data cover most of West Africa,
this data set can be considered as one of the best currently
available proxies for large-scale estimates of the land surface
state over West Africa for diﬀerent applications. For example,
ALMIP results have been used for a number of mesoscale to
regional scale case studies within AMMA, such as the study
of feedbacks between dust emissions and the atmosphere
[34, 35], and the regional atmospheric nitrogen balance [36].
Results have also been used to examine the inﬂuence of
initial soil moisture on medium range weather prediction at
the European Centre for Medium-Range Weather Forecasts
(ECMWF; [37]). In addition, ALMIP results have been
recently used for evaluating the land surface component of
numerical weather prediction (NWP) and mesoscale models
[38], regional climate models (RCMs, [39]), and general
circulation models (GCMs, [40]). Moreover, regional scale
water budget estimates have been made [41] using ALMIP
surface evaporation ﬂuxes.
The application of the ALMIP products in the West
African Monsoon Modeling and Evaluation (WAMME)
project [42] clearly demonstrated its utility in the largescale African land/atmosphere interaction studies [33]. It was
found that simulated net radiation within WAMME GCMs
and RCMs generally agrees rather well with ALMIP. However, the partitioning of this energy into turbulent ﬂuxes
is diﬀerent from ALMIP and is quite variable. This seems
to be due, in part, to further northward placement of the
monsoon in areas and positive precipitation bias with larger
potential energy for evaporation in most of the WAMME
models. Furthermore, ALMIP produces the maximum latent
heat ﬂux during the monsoon retreat as stored water is
evaporated before solar radiation reaches the boreal winter
minima; only 6 of the WAMME models have this feature, and
it is generally rather weak. These features are summarized
in the Hovmoller plot in Figure 2, where WAMME model
simulated latent heat ﬂuxes are compared to those from
ALMIP for 2004 averaged over the region from −10◦
to 10◦ E latitude, and the southern coast of West Africa
to 20◦ N. Finally, in contrast to ALMIP results and local
scale observations which indicate values on average of the
meridional ratio of sensible heat ﬂux to the net radiation
to be approximately 0.35, the ratio becomes quite low
(generally less than 0.10) from the Sahel to the southern
coast of West Africa during the core monsoon season
for nearly all of the WAMME models. All these ﬁndings
should help identify weaknesses in current West African
climate modeling, understand the WAM mechanisms, and
contribute to further model development.
By and large, ALMIP provides a robust regional scale
estimate of land surface state variables and ﬂuxes from an
ensemble of state-of-the art land surface models in its ﬁrst
phase experiment. Satellite-based data (GRACE, AMSR-E,
etc.) were introduced for evaluation of ALMIP data. ALMIP
data address many key science issues within AMMA, such as
how coupled models simulate the land states and ﬂuxes and
obtain better estimates of the regional scale water budget.
The development of the data was a major achievement in the
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Figure 2: The WAMME latent heat ﬂux area averaged from June through September (JJAS) for 2004 [33]. The corresponding ALMIP ﬁeld
is shown in panel (w).

past decade, which should pave the way for more scientiﬁc
understanding in Sahel climate and its relationship with land
surface processes and LULC change.

3. Seasonal and Interannual West
African Climate Variability and
Land Surface Processes
In the past decade, studies of West African climate/land
interaction have focused primarily on predictability and prediction, that is, whether introducing adequate land surface
processes improves the simulation of West African climate
and enhances its predictability at diﬀerent scales and possible

mechanisms. The West African climate is dominated by
the WAM system. Monsoon circulations are forced and
maintained by sea-land thermal contrasts and by latent heat
released into the atmosphere. Therefore, the WAM/land
interaction was a major issue in these studies.
Insuﬃcient data was a major obstacle to the evaluation of
model-produced land/atmosphere interactions. Numerous
remotely sensed products have become available during
the past decade. Some derived satellite products, such as
the Normalized Diﬀerence Vegetation Index (NDVI) and
the fraction of photosynthetically active radiation (FPAR),
have been considered to be observed measures of green
vegetation condition. Analyses of these satellite products and
climate data have conﬁrmed a close relationship between
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vegetation conditions and precipitation at diﬀerent scales
[43–46], which early on was only suggested by modeling
studies. For example, Martiny et al. [43] found that, in
the southern Sahel, annual NDVI was highly correlated to
annual precipitation of the concurrent year and the previous
year. In another study with a statistical model of vegetation
greenness [46], the results suggested a positive feedback
between vegetation and Sahel rainfall at the monthly time
scale and a vegetation memory operating at the annual
time scale. This study suggests the previous year’s vegetation
growth aﬀects greenness in the following year.
The statistical model also found that these vegetationrainfall interactions increased the interannual variation in
Sahelian precipitation, accounting for as much as 30% of
the variability in annual precipitation in some sub-Sahel
regions between 15◦ and 20◦ N. Furthermore, the seasonal
diﬀerences had also been noted in some studies. For example,
Liu et al. [45] found that, in the Sahel region the FPARlead correlations with precipitation are positive in spring and
summer but become negative in fall and winter. Moreover,
the trends and variability of these satellite-derived products
and their major modes were also the subjects of some
diagnostic studies [47–49]. Studies have revealed an increase
in NDVI/LAI (leaf area index) and a decrease in surface
albedo over the Sahel during the period 1982–1999 [50–52]
that are interpreted as a vegetation recovery from the very
dry periods of the 1980s.
Despite limitations in these types of studies due to
data quality and data processing errors, short in duration,
robustness in statistical approaches used, and uncertainty
in using satellite products to represent real vegetation conditions, these results, nevertheless, shed light on the real
vegetation/atmosphere interaction and provide a new and
valuable reference for evaluating model-simulated vegetation/atmosphere interactions.
Meanwhile, modeling studies have shown more evidence
that land/atmosphere interactions have profound eﬀects on
the WAM system at diﬀerent scales. In a Global LandAtmosphere Coupling Experiment (GLACE) study [53]
investigating soil moisture/atmosphere coupling strength
with multiple general circulation models (GCMs), each
model conducted several ensembles of boreal summer
(June through August) simulations: in one ensemble of 16
simulations, soil moisture varied with the simulations, while
in another ensemble, the speciﬁed geographically varying
time series of subsurface soil moisture was forced to be
the same across the 16 simulations. If the model-simulated
precipitation does not respond to soil moisture, the precipitation diﬀerence between these two ensembles should
be very little. Soil moisture/atmosphere coupling strength
of each model then was estimated based on each model’s
two ensembles with a statistical method. Figure 3 shows the
global map of the diﬀerence averaged across twelve of the
participating models, with higher values implying a higher
impact of the soil moisture conditions on precipitation.
This multiple model estimation of land atmosphere coupling
strength reveals that the Sahel, along with a few other regions,
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Figure 3: The soil moisture-atmosphere coupling strength diagnostic for boreal summer (the diﬀerence, dimensionless, describing the
impact of soil moisture on precipitation), averaged across the 12
participating models. Courtesy by Dr. Randy Koster of NASA based
on Koster et al. [53].

most of which lie along ecotones associated with semiarid
areas, has the greatest soil moisture/climate coupling strength
in the world.
The GLACE results are consistent with other soil moisture feedback studies. For instance, Douville et al. [54, 55]
found that the proper simulation of the African monsoon
required adequate soil moisture information, such as the
soil moisture data from the Global Soil Wetness Project
[56]. Using the Intergovernmental Panel on Climate Change
IPCC models’ simulation results, Notaro [57] also identiﬁes
North Africa as a region with strong soil moisture feedback.
Furthermore, Philippon and Fontaine [58] proposed a soil
moisture/monsoon regulation mechanism in which September to November Sahelian rainfall of the previous year could
inﬂuence July to September Sahelian rainfall. However, other
modeling studies [59, 60] showed that the root-zone soil
moisture did not act as a memory of rainfall anomaly that
would produce an eﬀect into the following rainy season,
and, therefore, it is not found to be related to the long-term
persistence of the drought. A study using a regional climate
model [61] found that the role of surface conditions in the
precipitation dynamics is generally not overwhelming, even
under conditions where soil moisture exerts a signiﬁcant
inﬂuence on surface evaporation. During the heart of the
wet seasons in the Sahel, soil moisture is abundant and
hardly constraining evaporation, precluding a strong landatmosphere coupling. In addition, Koster et al. [53] also
show that, although the average over 12 participating models’
simulations indicate the Sahel area had higher coupling
strength, substantial discrepancies among models existed.
Further investigation on the soil moisture issues is warranted.
The impact of the vegetation biophysical process (VBP)
on the WAM is another important subject under investigation. VBP refers to those land surface processes relevant to
climate interactions associated with vegetation [62]. Xue et
al. [62] analyzed two GCMs coupled to three diﬀerent land
models with varying degrees of physically based complexity
in the representation of VBP. The importance of VBP eﬀects
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on climate were assessed based on the skill of simulations of
observed global precipitation by two GCMs with diﬀerent
land models. Since a more realistic representation of VBPs
in a GCM should improve precipitation simulations if
VBP has eﬀects on the real climate system, the statistically
signiﬁcant reduction of absolute bias and root-mean-square
errors (RMSE) between simulated precipitation and the
observation was adopted as criteria to identify VBP eﬀects.
Figure 4 shows the reduced absolute annual mean bias of 5year precipitation simulations (or improved prediction skill)
due to VBP process in the GCM. West Africa again shows
the largest impact in the world. Further analyses revealed
that, in West Africa, land surface processes have the most
impact during the summer and the fall, with some impact
during spring. The VBP’s importance for the WAM has also
been demonstrated by the application of satellite-derived
vegetation products, such as LAI and vegetation coverage.
By using remotely sensed LAI datasets, compared with using
LAI based on a few ground surveys, the GCM produced
substantial improvements in the near-surface climate in a few
summer monsoon areas, including West Africa [63].
In addition to the seasonal mean, the land eﬀect on the
intraseasonal climate variability at large-scales was also a
subject for some modeling studies [39, 64–66]. The studies
showed that vegetation properties played a signiﬁcant role in
the intraseasonal variations of precipitation and circulation
over West Africa [64], and intraseasonal soil moisture
ﬂuctuations were intense enough to feed back on the lowlevel vorticity structure [65]. In another study with a regional
model, it has been shown that with a more realistic VBP
representation, the seasonal timing and magnitude of mean
monsoon precipitation more closely match observations,
especially the timing of the monsoon advance and retreat
across the Guinean Coast. In addition, the migration and

position of the African Easterly Jet more closely match
reanalysis winds [39].
The mechanisms for land surface/atmosphere interactions on the WAM, especially with respect to precipitation
and the important WAM feature-African Easterly Jet (AEJ),
have also been examined by a number of studies. When the
atmospheric temperatures below the mid-troposphere are
higher to the north (i.e., over the Sahara) and lower to the
south, meridional temperature gradients are positive over
tropical West Africa, and, according to basic atmospheric
circulation thermodynamics principles, the thermal wind
(and hence the jet) is easterly. The maximum latitudinal
temperature gradient, which is related to the hot, dry surface
conditions and a deep, well-mixed boundary layer in the
Sahara heat low and cool, moist surface conditions associated
with deep moist convection in the intertropical convergence
zone, is associated with the strongest easterly thermal wind
and therefore the AEJ in the mid-troposphere [67–69]. Wu
et al. [70] suggest that it is not only the evaporation gradient
that highly correlated with soil moisture, but a combination
of vegetation properties and orography is also essential for
the maintenance of the mean climatological AEJ. Therefore,
it is the very particular combination of moisture gradients,
vegetation distribution, and orography that produces the
AEJ, not the soil moisture gradients alone.
Modeling studies further demonstrate the close relationship between the meridional thermal gradient, AEJ, and
WAM precipitation and its onset. In the WAMME ﬁrst
experiment, 11 GCMs have been integrated from April
through October with multiple members [42]. Common
empirical orthogonal functions (CEOF) analysis based on
observational data and multimodel simulation results was
applied to characterize the major WAM features and has
identiﬁed that the PC1 of precipitation and PC1 (Sahara
mode) and PC2 (Sahel mode) of surface temperature
characterize the WAM precipitation evolution and the
northward movement of temperature gradient, respectively,
and the WAM precipitation northward movement/retreat is
closely associated with the weakening/enhancing of the Sahel
mode (temperature PC2) and the enhancing/weakening
of the Sahara mode (temperature PC1), which in turn
enhances/weakening the meridional temperature gradient.
The speed of the WAM evolution and the position of
the WAM precipitation band are closely related to the
development of this thermal gradient. The study identiﬁes
a close relationship between WAM onset and thermal low
development in the Sahara: the timing of monsoon onset is
about 10–15 days after the peak of the summer temperature
anomaly in the Sahara.
Analyses further show that spatial distributions of surface
sensible heat ﬂux, surface temperature, and moisture convergence were closely associated with the simulated spatial
distribution of precipitation; while surface latent heat ﬂux is
closely associated with the AEJ [42]. All these indicate the
important role of the land surface energy partitioning in
the WAM system, especially the thermal eﬀect and surface
induced large-scale circulation change as indicated by the
moisture ﬂux convergence change.

International Journal of Geophysics

7

4. Mesoscale Circulation Variability
and Land Surface Processes

3
Downwind distance from initiation (km)

Observations indicate high spatial heterogeneity of surface
vegetation and soil conditions in the Sahel area [71].
Results from AMMA have provided new understanding
of how this heterogeneity inﬂuences the development of
convective storms over the course of the diurnal cycle.
Because evaporative demand is high and the vegetation is
sparse across the Sahel, particularly early in the wet season,
the surface energy balance is strongly inﬂuenced by the
availability of soil moisture close to the surface [72]. Rain
events create strong mesoscale variability in soil moisture,
and the resulting patterns of sensible and latent heating have
been found to play an important role for the development of
new storms during the afternoon in a number of studies.
Using land surface temperature data from satellite as
a proxy for soil moisture (wet surfaces are up to 10 K
cooler than dry surfaces), aircraft ﬂights during AMMA were
targeted at areas containing wet and dry soils. Taylor et
al. [73] found that the temperature within the convective
boundary layer during the afternoon was signiﬁcantly correlated with the land surface temperature (i.e., anticorrelated
with soil moisture) for surface features as small as 2.5 km
and, furthermore, found a clear correlation between surfaceinduced temperature gradients and the low-level winds.
Further evidence for mesoscale circulations induced by the
land was presented over forest-crop transitions [74].
Numerical model experiments have shown how surfacedriven convergence provides a favored location for the
initiation of deep convection [75, 76]. The importance of this
feedback mechanism has been highlighted in a recent study
by Taylor et al. [77] analyzing nearly 4000 storms from satellite data of clouds and antecedent land surface temperature.
Through detailed tracking of Mesoscale Convective Systems
(MCS) with cloud-top temperature back to the location
where the ﬁrst deep cloud appeared, they were able to
examine the relationship between the spatial structure of soil
moisture and the probability of convective storm initiation.
They found that, compared to a homogenous surface, storm
initiation was twice as likely to occur 10 km upwind of a
transition from dry to wet soils. This result is consistent
with numerical modeling studies [75, 76], where contrasts in
sensible heat ﬂux drive a circulation which creates maximum
low-level convergence where the surface-driven component
opposes the large-scale ﬂow (Figure 5). The study estimated
that this eﬀect was important for 1 in 8 MCS initiations in
the region and implies a nontrivial impact of spatial scale on
the sign of the soil moisture-precipitation feedback. Storms
tend to initiate over dry soil (a locally negative feedback), but
the occurrence of previous rain to create the heterogeneity
is a prerequisite for this feedback. The MCS then travels,
often many hundreds of kilometers, in turn creating new
heterogeneity and favoring more initiations in subsequent
days. This implies a positive feedback on the scale of the
MCS, ∼100 s km. Similar mesoscale processes are likely to be
responsible for favored initiation of MCS around extensive
wetland areas such as the Niger Inland Delta [78].
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Figure 5: Favoured location (X) for initiation of convective
storms [77]. Storms tend to develop over locally warm surfaces
(shading denotes land surface temperature anomalies (K) based on
a composite of nearly 4000 cases), but close to wetter (cooler) soils
downwind. Arrows in mauve and black denote, respectively, the
surface-induced, and large-scale components of the wind.

Once MCS has developed, various processes may govern
the strength, and even the sign, of feedbacks between soil
moisture and individual storms [22]. Gantner and Kalthoﬀ
[76] show that mature MCS with well-developed gust fronts
can intensify over wet soils due to increased convective
available potential energy, consistent with an observational
case study from AMMA [72]. However, this positive feedback
may reverse depending on the phase of the diurnal cycle, the
convective inhibition and synoptic state, and the scale and
orientation of the wet patch relative to the large-scale ﬂow
[75].

5. Summary and Future Research Prospective
Based on numerical sensitivity studies using land models
with diﬀerent complexity, conducted from the late 1970s to
the 1990s, it has been recognized that, in addition to SST,
land surface processes are an important component aﬀecting
the West African regional climate, thereby stimulating more
extensive research in land/atmosphere interactions for the
region. During the past decades, AMMA has conducted
extensive large-scale ﬁeld measurements over the West
Africa. Taking the advantage of this unprecedented eﬀort, the
ALMIP has produced a valuable analysis of the land surface
state and ﬂuxes which has been applied in a number of largescale African regional studies.
Meanwhile, the latest evidence from satellite data analyses and modeling studies conﬁrm that the West African
region has a climate which is particularly sensitive to land
surface processes and there is a strong coupling between

8
−10

0

10

20

30

40

50

20

20

16

16

12

12

8

8

4

4

0.15

50
0.12

40
0.09

0.06

30
0.03

20
0

−0.03

10
−0.06

0
−0.09

−0.12

−10
−0.15

land surface processes and regional climate. It has been
found that, in addition to the sea/land thermal contrast, the
development of the West African monsoon is also closely
associated with the evolution of a thermal gradient between
the Sahara and southern Sahel. The variations of the West
African climate system are closely associated with the surface
energy partitioning. Mesoscale studies have revealed new
understanding of how soil moisture heterogeneity inﬂuences
the development of convective storms over the course of
the diurnal cycle. The strong coupling between convective
storms and soil moisture on time scales associated with soil
drying (a few days) suggest that considerable progress could
be made in short-term prediction of rainfall. All these studies
indicate proper land surface process representations and land
status initialization would substantially improve predictions
and enhance the predictability of West African climate.
Despite this progress, some key scientiﬁc issues still
remain. Recent observational evidence has supported the
notion that there are strong decadal climate variabilities in
the Sahel and surrounding areas from the 1950s to the 2000s,
not only in precipitation, but also in SST, vegetation cover,
land use and land cover (LULC) change, and aerosol types
and spatial distributions. Understanding of the complex
interactions of the WAM/Sahel precipitation variability associated with SST and land surface and aerosol forcings is still
lacking. Further multimodel intercomparison experiments
have to be carried out to improve understanding of the possible feedback to SST, land use change, vegetation, and aerosol
forcings at seasonal to decadal scales. Given the complexity
of the WAM/Sahel precipitation variability associated with
these forcings and their interactions, it is imperative to gain
basic understanding of the contribution/roles of land surface
process relative to other forcings on the regional water cycle
of the Sahel, to assess the relative contributions of land and
its interaction with other forcings in producing/amplifying
the Sahelian seasonal and decadal climate variability, and to
understand the mechanisms involved. For instance, Koster et
al.’s study [53] and Xue et al.’s [62] study show consistence
and discrepancies in soil moisture and VBP eﬀects on the
West African monsoon. It is important to further explore the
mechanisms behind. Furthermore, there are a few issues that
have to be carefully and adequately addressed.
The inﬂuence of LULC change on West African drought
was the focus of early land/atmosphere interaction studies
(see references listed in Section 1). However, due to the
controversy in terms of the degree and extent of land
degradation there, the assessment of its realistic impact on
the West African climate variability is still an outstanding
issue. An early study [79] deﬁned the desertiﬁcation in the
Sahel as the expansion of the Sahara Desert. Given the lack
of evidence from satellite observations for the expansion
of the boundary of the Sahara desert [80], the notion of
Sahel land degradation has been discredited even in a very
recent study [46]. A LULC change map even shows there
were no noticeable LULC change in West Africa since 1870,
which may lead to underestimation of its eﬀect in the region
[81]. In fact, studies have indicated that land degradation
in West Africa is like “patches,” which tends to be localized
around settlements [82–84]. Based on a ground surveys,
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Figure 6: Mean August-September-October broadband surface
albedo absolute diﬀerence between year 1984 and 2003 over the
Sahel region. Missing data are shown in white. Courtesy by Dr. Yves
Govaerts of EUMETSAT Based on Govaerts and Lattanzio [51].

Hiernaux et al. [85] found that the overall trend in land use
in southwest Niger conﬁrmed the historical increase of the
cropped areas since mid-20th century, at an annual rate of
2% from 1994 to 2006. A recently compiled historical landuse data also indicate substantial land-use conversion over
West Africa [86], consistent with dramatic population gains
across West Africa. Furthermore, more accurate and highresolution assessments of land condition data start to provide
quantitative measurement of land condition change in this
region.
For example, Govaerts and lattanzio [51] used the data
from the Meteosat spacecraft to compare the derived surface
albedo over Sahel from a dry year (1984) and a wet year
(2003). They found that, between 12◦ N and 18◦ N, the
mean August-September-October surface albedo decreased
by about 0.06 with a mean zonal diﬀerence as large as 0.08
at 16◦ N between 1984 and 2003, consistent with the partial
rainfall recovery in the region. The spatial distribution of
surface albedo changes also showed an overall decrease in
surface albedo in this period over the Sahel with the largest
diﬀerences locally exceeding 0.15 (Figure 6). The authors
indicate that, although precipitation is identiﬁed as a decisive
controlling factor in this greening trend [87], human factors,
including among other improved land management, might
also explain some local trends [88]. According to the United
Nation’s deﬁnition [83], desertiﬁcation results from various
factors, including climate variations and human activities.
It could be expected that the great Sahel drought during
the 1970s and the1980s should have substantial impact on
the land degradation since even a partial rainfall recovery
from 1984 to 2003 could cause a change in albedo for
about 0.06. The speciﬁcation of albedo change of 0.1 in a
desertiﬁcation impact study [15] showed a signiﬁcant impact
on the regional climate. However, there is an imperative
need to incorporate/identify/distinguish the impact of land
degradation caused by anthropogenic land use change and
regional climate change. A few studies have tackled this issue.
For instance, in an oﬀ-line modeling study forced by the
NCEP reanalysis, d’Orgeval and Polcher [89] suggested that
the impact of land-use changes was much less important
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than the impact of precipitation changes over the years 1951–
2000 in large West African catchments’ runoﬀ. More studies
with coupled models are necessary to further evaluate this
issue, especially since this issue is very relevant to the future
climate projection.
A number of studies have explored the climate/vegetation
relationship in West Africa based on ground survey/
measurements [52, 90]. Rian et al. [90] quantitatively identify strong relationships between vegetation types, LAI, and
climate variables (precipitation and surface temperature)
and distinguish features in the vegetation/climate transition
using the satellite data and ﬁeld measurements. The study
indicates that precipitation diﬀerences and the resulting
impact on available soil moisture are the main drivers of
the land cover transition in this region. The analysis shows
the dominant control of summer precipitation on vegetation
zonation and structure, with woody savanna being restricted
to areas receiving >1000 mm mean annual precipitation, the
lightly wooded savanna to areas of >700 mm precipitation,
the dense shrub savanna to areas of >500 mm precipitation,
and the open and sparse shrub savanna to areas of >200 mm.
The importance of incorporating two-way vegetation/climate interaction has also been demonstrated in modeling studies, some of which focused on the African paleoclimate [91, 92]. Wang et al. [93] investigated the impact of
large-scale oceanic forcing and local vegetation feedback on
the variability of the Sahel rainfall using a global biosphereatmosphere model. The study examined the eﬀect of treating
vegetation as a dynamic component of the earth climate
system rather than a static boundary condition. When
vegetation is dynamic, the model realistically reproduces
the multidecadal scale ﬂuctuation of rainfall in the Sahel
region; keeping vegetation static in the same model results
in a rainfall regime characterized by ﬂuctuations at much
shorter time scales, indicating that vegetation dynamics acts
as a mechanism for persistence of the regional climate. The
above-mentioned DVM studies mainly focus on a longterm equilibrium conditions. To study the future climate
change and societal planning with enhanced atmospheric
CO2 concentration [94–96], application of DVM for short
time scales, for instance interannual to decadal time scale,
remains a great challenge. Examining the DVMs with local
scale/high resolution satellite data and ﬁeld data is necessary.
Furthermore, to achieve substantial progress in fully
coupled atmospheric modeling at meso to regional scales
and to improve seasonal prediction and projection of
climate change and its impact, as well as understanding the
mechanisms involved, it is evident that eﬀort must be made
to improve the representation of land surface and hydrological processes which are speciﬁc to this region (such as
transpiration from very deep layers in the soil, hydrophobic
inﬁltration eﬀects, signiﬁcant subgrid lateral water transfer)
and to provide numerical weather prediction models with
more accurate spatial structure in the initialization of soil
moisture. This requires the development of techniques
to assimilate satellite data pertaining to the land surface,
most notably soil moisture, land surface temperature, and
vegetation LAI. ALMIP phase 2 is addressing this issue by
evaluating an ensemble of LSM and hydrological models at
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the local to basin (meso) scale using observational data from
the AMMA-CATCH transect [11]. However, the example of
the study by Agustı́-Panareda et al. [97] provides a cautionary
note here. In that study, ALMIP-derived soil moisture was
used to initialize a series of forecasts and the output compared with the standard soil moisture initialization based on
assimilation of screen-level observations. The authors found
that the substantial dry bias in Sahel precipitation in their
model was rather insensitive to the soil moisture, suggesting
that other processes (notably radiation and convection) were
dominating. Only when the description of the basic processes
which shape the monsoon system are adequately captured by
the models may we expect the full value of additional land
surface information to improve forecasts.
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