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Abstract

The climate impacts of leaf area index (LAI) and fractional vegetation cover (FVC) on the West Afri-
can summer monsoon in 1987 and 1988 were investigated through a series of numerical experiments
conducted with satellite products and the Simplified Simple Biosphere land surface model (SSiB). The
SSiB was run in the offline mode as well as in the coupled mode with the National Centers for Environ-
mental Prediction General Circulation Model (GCM). Prescribed monthly LAI and FVC from a look-up
table based on limited ground surveys and those derived from satellite remote sensing were employed
in the control and test runs, respectively.

Compared with the control runs, both the GCM and offline test runs with satellite measured LAI/
FVC produce higher soil moisture and lower surface temperature in tropical West Africa to the south of
about 15�N, with the maximum deviations being located around 12�N. This leads to the northward shift
of the maximum of positive latitudinal temperature gradient. The associated easterly shear in the lower
troposphere results in the African easterly jet and summer rainfall band in West Africa shifting to the
north, which partially corrects the dry bias in the GCM control runs. In addition, the GCM test run sim-
ulates a relatively stronger West African summer monsoon in 1988, with a northward shifted African
easterly jet, a stronger tropical easterly jet, and more rainfall than in 1987, consistent with observations.
However, due to small differences in satellite measured LAI/FVC between 1987 and 1988, the model
fails to produce interannual variations of precipitation as large as seen in the observation. Water balance
analysis has also been carried out to investigate the dominant processes affecting the changes in precip-
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itation. The relative contributions of moisture flux convergence and surface evapotranspiration are iden-
tified. The comparisons between GCM and offline results in this study demonstrate a possible future ap-
plication of CEOP data in African climate study.

1. Introduction

Coordinated Enhanced Observing Period
(CEOP) Inter-Monsoon Studies (CIMS) is a
CEOP scientific initiative to assess, validate,
and improve the capabilities of climate models
in simulating physical processes in monsoon re-
gions around the world and to demonstrate the
utility of CEOP data for better understanding
of the regional and global water cycles and for
model physics improvement (Lau et al. 2004).
From a modeling viewpoint, the most funda-
mental processes governing the variability of
monsoon regions are those associated with the
diurnal cycles, the annual cycles, and monsoon
intraseasonal oscillations which involve bound-
ary layer processes, surface radiative and hy-
drologic forcings, air-sea and air-land interac-
tions. Realistic simulation of these processes is
a prerequisite for reliable climate predictions
on seasonal, interannual, and longer time
scales. This paper aims at demonstrating use-
fulness of CEOP integrated satellite data, in-
situ observations, and assimilated data in pro-
viding a pathway for general circulation model
(GCM) physics evaluation and improvement,
which is one of the CIMS objectives. The focus
area in this study is the Sahel.

The Sahel region is located between the Sa-
hara desert to the north and moist tropical
West Africa to the south. It is the transition
zone of dry and moist climates and experiences
significant variations on seasonal to interan-
nual time scales. The Sahara desert is overlain
by low-level anticyclonic flow with strong large-
scale subsidence, which tends to inhibit the
poleward extension of the monsoon. As a result,
West Africa has the most limited meridional
continental reach of monsoonal rainfall com-
pared to other monsoon systems (Lau and Kim
2005). Ever since Charney (1975) proposed the
positive biogeophysical feedback mechanism in-
volved in the lasting Sahel drought, many nu-
merical simulations have explored the impacts
of surface albedo (Charney et al. 1977; Sud and
Fennessy 1982; Laval and Picon 1986) on Sahel
climate. The influence of soil moisture on sur-

face albedo and evaporation has also been ex-
tensively studied (Shukla and Mintz 1982; Sud
and Mollod 1988; Rowell and Blondin 1990).

It has been argued that large-scale atmo-
spheric circulation regulates the rainfall re-
gime in the Sahel (Newell and Kidson 1984).
One commonly accepted proposition for con-
trasting atmospheric circulations for wet and
dry years is that the African Easterly Jet
(AEJ) at mid-troposphere is weaker and the
Tropical Easterly Jet (TEJ) at upper-
troposphere stronger during wet years, and
vice versa for dry years (Newell and Kidson
1984; Fontaine et al. 1995). Grist and Nichol-
son (2001) further pointed out that the latitudi-
nal location rather than intensity of the AEJ
governs the instability mechanisms in the
Sahel, where baroclinic instability is probably
dominant. Nicholson and Grist (2003) discussed
the influence that the AEJ and TEJ may have
on rainfall and possible feedback effects of rain-
fall on the jets. They suggested that the mid-
tropospheric jets influence the development of
the rainy season, and the rainfall affects the
surface temperature gradient, which in turn
influences the jets. As to the formation of the
AEJ, Cook (1999) demonstrated through nu-
merical simulations that it is the realistic sur-
face wetness contrasts between the Sahara
and equatorial Africa that leads to strong posi-
tive meridional temperature gradients at the
surface and in the lower troposphere; the asso-
ciated easterly shear in the lower-level atmo-
sphere is strong enough to establish easterly
flow—the African Easterly Jet—above the
monsoon westerlies at the surface. At the same
time, the jet’s magnitude and position are sen-
sitive to sea surface temperature (SST) and
land surface conditions.

With increasing knowledge about vegetation
biophysical processes (VBP), the way changes
in vegetation due to anthropogenic and altered
climate feed back into that climate has also
been investigated (e.g., Henderson-Sellers et al.
1995), especially for the Sahel area (Xue and
Shukla 1993; Xue 1997; Zeng and Neelin 1999;
Clark et al. 2001; Xue et al. 2004). The role of
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vegetation is not limited to the effect on albedo
or roughness of the surface. Defined as the ratio
of leaf area to land surface area in a vertical
column, leaf area index (LAI) is a representa-
tion of the vegetation density at the surface. It
has been used in vegetation models to regulate
the radiative transfer and the amount of tran-
spiration from the surface, thereby controlling
partitioning of the surface heat budget. Gener-
ally speaking, transpiration and interception
loss increase with increased leaf area in the col-
umn while the surface sensible heat flux de-
creases, which affects atmospheric circulation
and the associated precipitation (Chase et al.
1996; Buermann et al. 2001).

A recent numerical simulation of the impact
of vegetation cover variability on the North
American monsoon (Matsui et al. 2005) indi-
cates a negative vegetation-rainfall feedback
rather than the supposed positive feedback:
the least vegetation cover produced the most
evaporation and rainfall. This result might be
attributed to the parameterization scheme in
the land surface model. Furthermore, only one
vegetation index (coverage) was investigated in
these experiments. Hales et al. (2004) studied
the relative impacts of surface conductance
and albedo on local climate through one vegeta-
tion index (LAI) and found that in the Sahel
with low vegetation, neither factor is negligible,
although albedo might have larger influence by
modifying the energy balance and large-scale
atmospheric circulation. Concerning surface
temperature, these two factors have opposing
effects but surface conductance is dominant.
Using nine-year (1982–1990) NOAA Advanced
Very High Resolution Radiometers (AVHRR)
observed LAI, Guillevic et al. (2002) studied
the sensitivity of evapotranspiration to vegeta-
tion phenology. They found that the high sensi-
tivity over sparsely vegetated wet continental
surfaces was compensated by a saturation ef-
fect over dense vegetation covers and by physi-
ological control due to environmental stress
over arid and semiarid regions. The low sensi-
tivity of evapotranspiration to vegetation phe-
nology in West Africa in Guillevic et al.’s study
(2002) might be due to insufficient changes in
LAI (Kang et al. 2006).

This study intends to address the influence of
VBP, especially LAI and fractional vegetation
cover (FVC), in modulating annual and inter-

annual variability of the West African summer
monsoon (WASM) and its dependence on large-
scale background circulation. In the majority of
previous simulations, seasonal LAI was pre-
scribed according to vegetation climatology,
which makes it impossible to reflect real vege-
tation conditions in a specific year. To validate
model results and understand the mechanism
of VBP effects, satellite derived LAI and FVC
data were used in this study. Satellite data uti-
lization and the integration of these data with
other types of data are one of the major foci of
the CEOP (Withee 2004). In addition to satel-
lite data, observed precipitation data from the
Climate Prediction Center Merged Analysis of
Precipitation (CMAP, Xie and Arkin 1997),
atmospheric circulation data from the NCEP
reanalysis (Kalnay et al. 1996), and the esti-
mated land surface energy balance were sub-
ject to analysis. The land surface energy and
water budget data were derived from the Sim-
plified Simple Biosphere Model (SSiB, Xue
et al. 1991) offline simulations by using ob-
served precipitation and other atmospheric
variables from the NCEP reanalysis as forcing.
Meanwhile, satellite derived LAI and FVC were
used to specify the vegetation conditions (Poc-
card and Xue 2004).

In this paper, data used are described in the
second section. Numerical experiments using
both offline SSiB and the coupled NCEP GCM/
SSiB and their results are presented in the
third section. The mechanism by which vegeta-
tion biophysical process can influence atmo-
spheric circulation is investigated in the fourth
section. The discussions and summary are given
in the fifth section.

2. Data sets

Two dataset have been applied in this study:
satellite derived vegetation data and surface
water and energy balance data over West Af-
rica. They will be described in the following
subsections.

2.1 Satellite-derived vegetation data
A global, monthly, 1� � 1� biophysical land

surface dataset for 1982–90 was derived from
the NOAA AVHRR based data (Sellers et al.
1996), which use empirical relationships of
NDVI-Fraction of Photosynthesis Active Radia-
tion (FPAR) and LAI. The AVHRR data are ad-
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justed for sensor degradation, volcanic aerosol
effects, cloud contamination, short-term atmo-
spheric effects, solar zenith angle variations,
and missing data (Los et al. 2000). The multi-
year vegetation data are consistent spatially
and temporally and are useful for studying spa-
tial, seasonal, and interannual variability in
the biosphere related to the hydrological cycle,
the energy balance, and biogeochemical cycles.
Monthly LAI and FVC for 1987 and 1988 in
this remote-sensing dataset are employed in
this study and are referred to as RSLAI and
RSFVC, respectively. In contrast, those from a
look-up table based on climatological distribu-
tion of vegetation (Hansen et al. 2000; Xue
et al. 2001) with no interannual variations are
referred to as Table LAI and Table FVC in this
paper.

Figure 1 displays the geographic distribution
of summer (July-August-September, JAS) Ta-
ble LAI, RSLAI, their difference in 1987, and

the interannual variation of RSLAI from 1987
to 1988. In the vegetation map of SSiB (not
shown), broadleaf tree with ground cover (sav-
anna) is the main vegetation type to the south
of 12�N, along with grassland around the
mouth of the Niger River. Broadleaf shrubs
with groundcover or with bare soil cover the
area from 12�N to 15�N; northward of 15�N is
bare soil. The northwest-southeast transition
area between bare soil and shrubs extends
from 16�N and 15�W in the northwest to 13�N
and 20�E in the southeast. The Table LAI value
generally reflects this vegetation distribution:
less than 0.5 to the north of this transition
area and larger than 3 to the south, with a
strong gradient over the transition area (Fig.
1a). The RSLAI has similar spatial distribution
but with more small-scale variability along the
Guinean coast area. The south-north gradient
of RSLAI is smaller than that of Table LAI in
the area to the north of 10�N (Fig. 1b). The dif-

Fig. 1. Geographic distribution of JAS mean Leaf Area Index (LAI) for (a) SSiB look-up Table (Table
LAI), (b) observation retrieved from NOAA AVHRR NDVI (RSLAI), (c) the difference between
RSLAI and Table LAI in 1987, and (d) the difference in RSLAI between 1987 and 1988. Contour
interval is 0.5 in (a), (b), (c) and 0.2 in (d). Shading indicates positive anomaly in (c) and (d).
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ference between RSLAI and Table LAI shows a
negative-positive dipole pattern in the meri-
dional direction: about �1 in magnitude in the
area to the south but much smaller to the north
of the transition area (Fig. 1c). The interannual
variation of RSLAI shows increases in 1988
larger than 0.2 northward of about 12�N and a
few places between 7�N and 12�N: from 2�W
to 5�E and eastward of 17�E. Most areas to
the south of 10�N see a decrease in 1988, with
the maximum decrease along the Guinea coast
(Fig. 1d).

Consistent with the vegetation type distribu-
tion, Table FVC increases from the southern
border of the Sahara desert southward to the
Guinean coast, where more than half of the
ground is covered by vegetation and a strong
gradient exists along the southern coast (Fig.
2a). RSFVC in 1987 shows similar geographic
distribution but the coverage is generally

higher than Table FVC in almost the entire do-
main of interest (Fig. 2b). Compared to Table
FVC, RSFVC increases by more than 0.2 in the
area between about 7�N and 14�N, although
some small patches of reduced FVC exist along
the southwest coast of West Africa and along
the northeastern Guinean coast (Fig. 2c). The
pattern of interannual variation of RSFVC is
similar to that of RSLAI, with most of the area
to the north and several patches to the south of
10�N in West Africa having higher vegetation
coverage in 1988 than in 1987.

2.2 Surface energy and water balance data
from the offline SSiB simulations

Observational precipitation data, satellite-
derived LAI, and reanalysis atmospheric data
were applied to an offline version of SSiB to
produce surface fluxes, surface water and en-
ergy balances, and other surface variables,

Fig. 2. Geographic distribution of JAS mean Fractional Vegetation Cover (FVC) for (a) SSiB look-up
Table (Table FVC), (b) observation retrieved from NOAA AVHRR NDVI (RSFVC), (c) the differ-
ence between RSFVC and Table FVC in 1987, and (d) the difference in RSFVC between 1987 and
1988. Contour interval is 0.2 in (a), (b), (c) and 0.05 in (d). Shading indicates positive anomaly in (c)
and (d).
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such as soil moisture and surface tempera-
tures, from 1982 through 1990 over West Af-
rica. For the offline SSiB run, two hundred sev-
enteen rain-gauge stations have been selected
from the IRD (Institut de Recherche pour le De-
veloppement) daily rainfall database over West
Africa. The stations cover the spatial areas
between 2�N–20�N and 18�W–25�E and in-
clude seven vegetation types. The station data
with gaps during 1982–1990 were eliminated.
Daily precipitation was linearly interpolated
to hourly values. The atmospheric forcing vari-
ables were derived from NCEP/NCAR Reanaly-
sis data (Kalnay et al. 1996) and linearly inter-
polated from 6-hour to hourly values. The goal
of this biophysical model setup is to consis-
tently and coherently describe the process of
water and energy transfer in the soil-vegetation
complex. The model predicts soil wetness for
three layers, temperatures of the canopy, near-
surface soil, and deep-soil layers, snow depth
on the ground, and intercepted water on the
canopy.

The SSiB model was first run for 3 years with
the 1982 data for spin-up and then integrated
from January 1982 through December 1990.
The 217 stations’ data produced by the offline
run were interpolated into 1� � 1� grid boxes
using a cubic method. There are some blank
areas in the offline products over the south-
western part of the region due to lack of rainfall
data in several countries (southwest of Ivory
Coast, Liberia, Sierra Leone, west and central
Guinea, Guinea-Bissau). The offline simula-
tions with Table LAI and Table FVC are re-
ferred to as offline control runs, whereas the
other simulations with RSLAI and RSFVC are
referred to as offline test runs. Since it is impos-
sible to obtain measurement of the surface en-
ergy balance over all of West Africa, the appli-
cation of this proxy data set should provide
another constraint to the GCM simulations,
which will be discussed with the GCM results
later.

3. Impact of FVC and LAI on West
African summer monsoon rainfall

Similar to the offline SSiB runs, two sets of
numerical experiments using the coupled Na-
tional Centers for Environmental Prediction
General Circulation Model (NCEP GCM) with
SSiB were also conducted: one set with Table

LAI and Table FVC, referred to as GCM control
runs, the other with RSLAI and RSFVC, re-
ferred to as GCM test runs in this paper. The
GCM model has 18 vertical layers with T42
horizontal resolution. Each set of GCM runs
consists of five cases for each year. They start
from the thirtieth of April and the first, third,
fourth, and fifth of May of 1987 and 1988 and
are integrated to the end of the year with ob-
served SST. The initial atmospheric conditions
and initial soil temperature are from the
NCEP reanalysis data (Kalnay et al. 1996).
The initial soil moisture is from the Global Soil
Wetness Project (GSWP, Dirmeyer et al. 1999),
a pilot study intended to produce a global data
set of soil wetness by using 1987 and 1988
meteorological observations and reanalyses to
drive land surface models. It is expected that
the soil moisture products from this project are
the best available data for GCM initial soil
moisture conditions. SSiB participated in this
project and the results produced by SSiB were
used for this study. The ensemble mean of five
GCM runs with five 1987 and 1988 initial con-
ditions for the control and test runs are ana-
lyzed to investigate the influence of LAI and
FVC on the WASM at seasonal to interannual
scales and to study the improvement in the
simulation of the WASM by using satellite-
measured ‘‘realistic’’ vegetation indices rather
than those from a look-up table. The discus-
sions mainly apply to the JAS mean, the sum-
mer monsoon season of West Africa. We will
focus on the difference in the seasonal simula-
tions with RSLAI/RSFVC and with Table LAI/
Table FVC. The simulated interannual varia-
tion between 1987 and 1988 with RSLAI/
RSFVC is also briefly addressed.

In the CMAP observation, a slightly
northwest-southeast oriented rainfall band is
located over West Africa in JAS 1987, with two
centers along the western (around 15�W) and
eastern (around 7�E) part of the Guinean coast
(Fig. 3a). Both GCM runs using Table LAI/
Table FVC and RSLAI/RSFVC mimic the JAS
rainfall band of West Africa quite well, except
that the simulated rainfall band is almost due
east-west oriented, and the meridional span of
the rainfall band is narrower than that in the
CMAP. The above two rainfall centers in the
observation are also captured, but the inten-
sities are weaker in both simulations and the
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Fig. 3. JAS mean precipitation rate (mm day�1) in the GCM runs and CMAP for 1987 (a, b, c, d) and
1988 (e, f, g, h). (a), (e) for CMAP, (b), (f ) GCM control runs using Table LAI/Table FVC. (c), (g)
GCM test runs using RSLAI/RSFVC. (d), (h) differences between GCM control and test runs. Light
(heavy) shading in (d) and (h) indicates where the difference is significant at 90% (95%) level of stu-
dent t-test.
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east rainfall center is shifted to the northeast
relative to the observation (Figs. 3b–c). The
overall dry bias over tropical West Africa in
the 1987 GCM control run is partially corrected
to the north of 5�N in the GCM test run with
RSLAI/RSFVC (Fig. 3d). A student t-test shows
that this improvement and most of the im-
provements that we discuss later are statisti-
cally significant at the 95% confidence level.

In comparison to the situation in 1987, the
WASM in 1988 is stronger and most areas to
the north of 8�N experience more rainfall in
the CMAP observation; the aforementioned
two rainfall maxima are also intensified. The
4 mm day�1 isopleth is shifted about 2 degrees
latitude northward, crossing Lake Chad. But
the Guinean coast from 10�W to 6�E is drier in
1988 (Fig. 3e). Similar to the 1987 case, the
1988 GCM control run with Table LAI/Table
FVC again simulates less rainfall than the ob-
servation in almost the entire region of tropical
West Africa (Fig. 3f ). Further, the simulated
rainfall band is narrower than that in the
CMAP, and the two maxima, especially the cen-
ter along the eastern Guinean coast, are weaker
in the GCM control run. The 1988 GCM test
run using RSLAI/RSFVC produces a wetter
condition than the control run using Table
LAI/Table FVC and is closer to the observation
over most areas to the north of 5�N (Fig. 3g).
Unlike that in 1987, the correction of the dry
bias in 1988 by using RSLAI/RSFVC is rela-
tively small yet statistically significant over
West Africa, and constrained in a relatively
narrower zonal band between 6�N and 15�N
(Fig. 3h).

The temporal evolution of areal mean precip-
itation over central-west Sahel (10�W@20�E,
10�N@16�N) for 1987 and 1988 is given in Fig.
4 to evaluate the impact of VBP on seasonal
variation of the Sahel rainfall. Rainfall in-
creases from May to August, the height of the
WASM, and then decreases with time in the
CMAP observation. Both GCM simulations
with Table LAI/Table FVC and RSLAI/RSFVC
capture the seasonal variation of the rainfall.
The dry bias in the GCM control runs using
Table LAI/Table FVC from May to October
is obvious, while the GCM test runs using
RSLAI/RSFVC make improvements in almost
every month, especially during the summer
season from July to September, indicating the

potential of using ‘‘realistic’’ vegetation indices
to improve seasonal prediction of summer rain-
fall in West Africa.

4. Surface energy and water balance

The VBP affects the atmosphere through the
surface water and energy balances. The differ-
ence in precipitation discussed in the previous
section is caused by changes in LAI and FVC

Fig. 4. Temporal evolution of regional
mean monthly precipitation rate
(mm day�1) in 1987 and 1988 averaged
over tropical West Africa (10�W@20�E,
10�N@16�N) for CMAP and the GCM
runs. Solid, dashed and dotted curves
are for observation from Xie and Arkin,
GCM test runs and GCM control runs,
respectively.
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between control and test runs. The difference in
surface net radiation between simulations us-
ing Table LAI/Table FVC and RSLAI/RSFVC
are shown in Fig. 5. As indicated in Section
2.1, RSFVC is larger than Table FVC, which re-
sults in lower surface albedo (not shown) and
more surface net radiation in both offline and
GCM test runs using RSLAI/RSFVC (Figs.
5a–b). Although RSLAI is less than Table LAI
to the south of 13�N (Fig. 1c), its relative
changes are much smaller than the changes in
FVC (Fig. 2c). It suggests that FVC’s effects
dominate the surface albedo and therefore net
radiation changes over tropical West Africa.
Since the coupled GCM runs include positive
feedback processes between the surface and
the atmosphere, which is discussed later in
this section, the difference in surface net radia-
tion from the GCM runs is larger than those in
the offline runs.

The net radiation affects the available energy
and its partitioning at the surface. Figure 6

presents the difference in canopy evapotranspi-
ration between the simulations using RSLAI/
RSFVC and Table LAI/Table FVC. Consistent
with the aforementioned net radiation changes,
the evapotranspiration in 1987 is increased in
most parts of West Africa in both the offline
and GCM runs using RSLAI/RSFVC, except
the southwest coast of tropical West Africa and
eastern Guinean coast in the offline run (Fig.
6a) and around the southwest coast in the
GCM run (Fig. 6b), which is rather similar to
the vegetation coverage change (Fig. 2c). The
GCM produces a larger difference in evapo-
transpiration between control and test runs for
1987 than that between the offline control and
test runs due to the positive evaporation-
precipitation feedback, in response to the in-
crease of rainfall in the GCM test runs using
RSLAI/RSFVC instead of Table LAI/Table
FVC (Fig. 3d).

Energy balance at the surface can affect the
surface temperature. For example, more can-

Fig. 5. JAS mean difference in surface net radiation (W m�2) between the control and test runs for
1987 in the offline run (a), the GCM run (b); interannual variation between 1988 and 1987 in the
offline test run (c), the GCM test run (d). Shading indicates positive anomaly.
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opy evapotranspiration usually reduces surface
temperature. Indeed, this is the case in both
the offline and GCM simulations. The anomaly
patterns of surface temperature in Fig. 7 are
generally opposite to those of evapotranspira-
tion in Fig. 6. Consistent with the offline con-
trol run for 1987, the offline test run using
RSLAI/RSFVC produces generally lower sur-
face temperature between 6�N and 13�N (Fig.
7a) due to more canopy evapotranspiration
(Fig. 6a). Meanwhile, higher surface tempera-
ture along a few coastal areas is consistent
with decreased evapotranspiration. A positive
temperature anomaly to the north of 13�N is
associated with more net radiation (Fig. 5a),
which outweighs the slight increase of evapo-
transpiration (Fig. 6a). In the seasonal simula-
tion, larger temperature differences exist be-
tween the GCM control and test runs than
between the offline control and test runs be-
cause of positive feedback involving rainfall
and soil moisture (Fig. 8) in the GCM simula-

tions, especially to the south of 15�N, with the
maximum decrease of temperature being lo-
cated around 12�N (Fig. 7b).

Soil moisture budget is closely related to pre-
cipitation and vegetation properties. In the off-
line case, the rainfall is the same in both con-
trol and test runs. Therefore, the soil moisture
difference is mainly controlled by vegetation
properties. Figure 1c and Fig. 8a show a clear
anomaly phase lock in the offline run. For ex-
ample, RSLAI is smaller than Table LAI to the
south of 14�N (Fig. 1c). Less LAI leads to more
rainfall reaching the ground; hence soil mois-
ture is greater to the south of 14�N in the off-
line test run than in the offline control run
(Fig. 8a). In the GCM runs, in addition to the
vegetation property effect, the soil moisture dif-
ferences generally respond to the rainfall varia-
tions since the canopy interception of precipita-
tion is relatively small in West Africa. For
example, the soil moisture difference in Fig. 8b
between the 1987 GCM control and test runs is

Fig. 6. JAS mean difference in canopy evapotranspiration (W m�2) between the control and test
runs for 1987 in the offline run (a), the GCM run (b); interannual variation between 1988 and
1987 in the offline test run (c), the GCM test run (d). Shading indicates positive anomaly.

372 Journal of the Meteorological Society of Japan Vol. 85A



consistent with the anomaly of precipitation
shown in Fig. 3d. Nevertheless, the offline and
GCM runs again show consistent patterns.

The impact of RSLAI on the interannual
variation of surface energy balance is more
complex. The differences in RSFVC between
1987 and 1988 (Fig. 2d) are not as large as
those between RSFVC and Table FVC in 1987
(Fig. 2c). To the north of about 14�N where
both RSLAI and RSFVC are increased in 1988,
surface net radiation in both the offline and the
GCM test runs are increased in comparison to
that in 1987. The area of decreased net radia-
tion (Fig. 5c) in the offline test run is associated
with less downward solar radiation in 1988 (not
shown). The GCM also reproduces this behav-
ior. The negative anomaly in net radiation,
however, is shifted southward compared to the
offline test run (Figs. 5c–d). Comparing Figs.
5c and 5d shows that the interannual variation
in the GCM test run is weaker than that in the
offline test run because the observed interan-

nual rainfall and radiation differences, which
are used for the offline simulation, are larger
than in the GCM test run (not shown).

The interannual variations of canopy evapo-
transpiration in the offline and GCM test runs
are generally consistent with the changes in
net radiation. Evapotranspiration is increased
to the north of 10�N, while generally decreased
southward of 10�N in 1988. However, 1988 had
more net radiation but less evapotranspiration
than 1987 along the western Guinean coast
area in the offline test run (Fig. 5c, Fig. 6c) be-
cause both RSFVC and RSLAI are reduced
there in 1988. Since the interannual variation
of RSLAI (RSFVC) between 1987 and 1988 is
smaller than the difference between RSLAI
(RSFVC) and Table LAI (Table FVC) in 1987,
the interannual variations shown in Figs. 6c–d
are smaller than the seasonal differences in
1987 displayed in Figs. 6a–b, respectively.

With the increase of vegetation and rainfall
in 1988 over most of tropical West Africa, espe-

Fig. 7. JAS mean difference in surface temperature (�C) between the control and test runs for 1987
in the offline run (a), the GCM run (b); interannual variation between 1988 and 1987 in the offline
test run (c), the GCM test run (d). Shading indicates positive anomaly.
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cially to the west of Lake Chad, soil is colder
(Figs. 7c–d) and wetter (Figs. 8c–d) than in
1987. However, the interannual variability of
surface temperature and soil water content in
West Sahel is slightly weaker in the GCM test
runs (Figs. 7d, 8d) than in the offline test runs
(Figs. 7c, 8c) because the simulated interan-
nual variation of rainfall is smaller than the ob-
served rainfall difference between 1987 and
1988 (not shown). By and large, the GCM simu-
lations with RSLAI/RSFVC produce similar
patterns of interannual variations of surface
energy and water balances compared to the off-
line test runs.

5. Mechanisms by which vegetation
biophysical processes influence the
WASM

5.1 Meridional temperature gradient and the
African Easterly Jet

The changes in surface energy balance due to
FVC and LAI variations can affect atmospheric

circulation. Figure 9 displays the height-
latitude cross-section of the meridional temper-
ature gradient averaged from 10�W to 20�E.
The patterns and magnitude in the GCM con-
trol run for 1987 (Fig. 9b) are consistent with
the NCEP reanalysis (Fig. 9a), except that the
maximum temperature gradient is located
around 12�N, which is shifted slightly to the
south compared to the NCEP reanalysis. In
the GCM test run with RSLAI/RSFVC for
1987, the maximum temperature gradient is
close to the NCEP reanalysis (not shown). The
difference in the gradient between the GCM
control and test runs (Fig. 9c) shows a positive
anomaly to the north of 12�N and a negative
anomaly to the south, which is closely related
to the surface temperature changes (Fig. 7)
caused by vegetation as discussed in Section
3.2. It suggests that the vegetation-induced
surface temperature change ‘‘pushes’’ the maxi-
mum positive temperature gradient northward
in the GCM test run in comparison to the GCM

Fig. 8. JAS mean difference in top layer volumetric soil water content (m3 m�3) between the control
and test runs for 1987 in the offline run (a), the GCM (b); interannual variation between 1988 and
1987 in the offline test run (c), the GCM test run (d). Shading indicates positive anomaly.
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control run for 1987. The contrast between
1987 and 1988 is also apparent. In the NCEP
reanalysis and the GCM control runs for 1988,
the maxima of this latitudinal temperature
gradient are located around 15�N and 13�N, re-
spectively (Figs. 9d–e). The difference between
the GCM control and test runs for 1988 (Fig.
9f ) is similar to that for 1987 (Fig. 9c). How-

ever, the magnitude is much smaller, which
might be responsible for the smaller difference
in atmospheric circulation and therefore
smaller difference in the simulated rainfall be-
tween the GCM control and test runs for 1988
(Fig. 3h).

According to the thermodynamics of atmo-
spheric circulation, a positive latitudinal tem-

Fig. 9. Latitude-height cross-section of JAS mean meridional temperature gradient (�C degree�1

latitude) averaged for 10�W@20�E for the GCM simulations and the NCEP reanalysis in 1987
(a, b, c) and 1988 (d, e, f ). (a), (d) the NCEP reanalysis; (b), (e) the GCM control runs; (c), (f ) the
difference between the GCM control and test runs. Contour interval is 0.2 for (a), (b), (d), (e), and
0.1 for (c), (f ).
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perature gradient will generate easterly ther-
mal wind. The thermal wind equation is

U ¼ �ðqT/qyÞp lnðP0/P1ÞR/f ð1Þ

where ðqT/qyÞp is the mean latitudinal temper-
ature gradient in the layer between pressure
levels P0 and P1, R is the gas constant for dry
air, and f is the Coriolis force. When the atmo-
spheric temperatures below mid-troposphere
are higher to the north (i.e., over the Sahara)
and lower to the south, ðqT/qyÞp is positive
over tropical West Africa and the thermal wind
(and hence the jet) is easterly. The maximum
latitudinal temperature gradient is associated
with the strongest easterly thermal wind and
therefore the AEJ in the mid-troposphere (Cook
1999). In the NCEP reanalysis, the AEJ core is
located around 12�N at the 600-hPa level in
central-West Africa in 1987 and the TEJ is
around 5�N at about the 150-hPa level (Fig.
10a). In the GCM control run for 1987, the
AEJ is located around 10�N and weaker than
that in the NCEP reanalysis. Further, the mid-
troposphere easterly flow southward of 5�N is
weaker, but the near surface westerly flow is
stronger from 10�N to 16�N (Fig. 10b). Consis-
tent with the northward shift of the maximum
latitudinal temperature gradient in the GCM
test run, the easterly flow below 500 hPa is
weaker to the south and stronger to the north
of 12�N, indicating the AEJ is ‘‘pushed’’ north-
ward in comparison to that in the GCM control
run. The GCM-simulated relationship between
the meridional location of the AEJ and the un-
derlying surface conditions (especially the neg-
ative meridional gradient of soil moisture) cor-
roborates the viewpoints of Cook (1999). The
easterly flow above 500 hPa is stronger, hence
a stronger TEJ in the GCM test run (Fig. 10c).
Both the northward shift of the AEJ and a
stronger TEJ are responsible for more rainfall
in West Africa in the GCM test run than that
in the GCM control run for 1987, which is in
line with many diagnostic and numerical
studies (e.g., Fontaine et al. 1995; Grist and
Nicholson 2001).

The difference in zonal wind between 1987
and 1988 is quite obvious. In the NCEP reanal-
ysis, the AEJ shifts further northward than
in 1987. The TEJ is much stronger than its
1987 counterpart (Figs. 10a, 10d). Similar to

the NCEP reanalysis, the GCM control run for
1988 produces a northward-shifted AEJ, which
is located around 14�N. The TEJ around 5�N at
150 hPa is also stronger than its 1987 counter-
part (Figs. 10b, 10e). Compared with those in
the NCEP reanalysis, the TEJ in the GCM con-
trol run for 1988 is about 2 m s�1 weaker (14
vs. 16 m s�1), the GCM-simulated AEJ is lo-
cated at a higher level than that in the NCEP
reanalysis (500 hPa vs. 600 hPa), and the
near-surface westerly flow is stronger around
15�N but weaker around 7�N. The higher loca-
tion of the AEJ in the GCM control runs may
be due to the more deeply extended positive
meridional temperature gradient (Figs. 9b, 9e)
and the associated easterly shear. Similar to
the differences between the GCM control and
test runs for 1987, the GCM test run for 1988
also reproduces a stronger TEJ, a northward
shifted AEJ, and stronger near-surface west-
erly flow along the Guinean coast but weaker
westerly flow over the Sahel than those in the
GCM control run for 1988.

5.2 The vertical circulation and moisture
convergence

The change in zonal wind is a manifestation
of the general circulation, of which the vertical
movement is closely connected with precipita-
tion. The zonal mean summertime meridional
circulation over central-west Africa is shown in
Fig. 11. In the NCEP reanalysis for 1987, deep
convection occurs from around 2.5�N to 12.5�N,
and shallow dry convection exists from around
15�N to 22.5�N below 600 hPa, which is over-
lapped by descending motion (Fig. 11a). Mean-
while, a shallow weak descendent occurs
around 10�N between aforementioned two con-
vections. These convective activities are consis-
tent with the rainfall belt in CMAP between
5�N and 10�N and low precipitation to the
north (Fig. 3a). The 1987 GCM control run
with Table LAI/Table FVC produces a
northward-shifted and narrower convection
band than that in the NCEP reanalysis. In par-
ticular, the downward movement to the south
of 5�N suppresses the deep convection (Fig.
11b). Unlike that in the NCEP reanalysis, the
GCM simulated southerly moist flow from the
Gulf of Guinea, merging around 15�N with
the northerly dry flow from the Sahara desert.
The ascending of this mixed flow turns to the
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south at about 550 hPa and then moves up-
ward (Fig. 11b). The entrainment of dry air
from the Sahara desert contributes to the dry
bias over tropical West Africa, especially along
the Guinean coast around 5�N (Fig. 3b). With
a northward shifted AEJ and a stronger TEJ,
the 1987 GCM test run with RSLAI/RSFVC

partially corrects the descending motion around
5�N and produces stronger upper level convec-
tion to the south of 15�N, which brings more
rainfall over tropical West Africa than the
GCM control run with Table LAI/Table FVC
(Fig. 3d).

The 1988 summer convection in the NCEP

Fig. 10. Latitude-height cross-section of JAS mean zonal wind (m s�1) along 0�E for the GCM simu-
lations and the NCEP reanalysis in 1987 (a, b, c) and 1988 (d, e, f ). (a), (d) the NCEP reanalysis;
(b), (e) the GCM control runs; (c), (f ) the difference between the GCM control and test runs. Con-
tour interval is 2 (m s�1) for (a), (b), (d), (e), and 1 (m s�1) for (c), (f ). Isopleth 11 (m s�1) is added in
(b), (d), (e) to identify the location of the AEJ.
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reanalysis (Fig. 11d) and in the GCM control
run with Table LAI/Table FVC (Fig. 11e) are
stronger and occupy a broader latitudinal band
than their 1987 counterparts, which brings
more abundant summer rainfall in 1988 (Figs.
3e–f vs. 3a–b). Again the suppressed deep con-

vection around 5�N in the GCM control run for
1988 is responsible for the dry bias along the
Guinean coast. The convection is stronger from
5�N to 10�N below 700 hPa and southward of
17�N above 600 hPa in the 1988 GCM test run
than that in the 1988 GCM control run (Fig.

Fig. 11. Latitude-height cross-section of JAS mean meridional circulation averaged for 10�W@20�E
for the GCM simulations and the NCEP reanalysis in 1987 (a, b, c) and 1988 (d, e, f ). (a), (d) the
NCEP reanalysis; (b), (e) the GCM control runs; (c), (f ) the difference between the GCM control and
test runs. Vertical velocity is enlarged by 100 times. Thick solid lines in each panel represent the
boundary between ascending and descending movement.
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11f ), which is the cause of more rainfall over
tropical West Africa (Fig. 3h). The upper level
anomalous northerly flow around 200 hPa
(Figs. 11c, 11f ) contributes partially to a stron-
ger TEJ (Figs. 10c, 10f ), although the strength
of the powerful Asian monsoon strongly modu-
lates the intensity and location of the TEJ.
This mechanism deserves more extensive re-
search.

Once the atmospheric general circulation is
changed, the associated moisture transport
and its convergence would contribute to
changes in rainfall. Figure 12 displays the sum-
mer differences in rainfall, vertically integrated
column moisture convergence, and surface
evaporation in the GCM control and test runs
for 1987, as well as the interannual variations
of these variables between 1987 and 1988. By
checking the pattern and magnitude of these
variables, it becomes clear that variations of
both moisture convergence and surface evapo-
ration contribute to the difference in rainfall
between control and test runs for 1987 over
tropical West Africa. Changes in moisture con-
vergence dominate along the Guinean coast
area, while anomalies of surface evaporation
are more important in the latitudinal band
between 10�N and 15�N (Figs. 12a–c). For
the area within 10�W–20�E and 5�N–20�N,
the regional mean rainfall difference is
1.10 mm day�1, the difference in the surface
evaporation is 0.54 mm day�1, and the differ-
ence in the vertical integrated moisture conver-
gence is 0.51 mm day�1.

The interannual variation of rainfall is
mainly controlled by the vertically integrated
moisture convergence, although the surface
evaporation contributes more in the restricted
area to the south of Lake Chad (Figs. 12d, 12e,
12f ). For the area bounded by 10�W–20�E and
5�N–20�N, the regional mean rainfall differ-
ence between GCM test runs for 1987 and
1988 is 0.45 mm day�1, the difference in the
surface evaporation is 0.12 mm day�1, and the
difference in the vertically integrated moisture
convergence is about 0.31 mm day�1, which in-
dicates the overall dominance of atmospheric
general circulation and the associated moisture
flux in the interannual variation of West Africa
summer precipitation. Different SST and other
surface conditions (e.g., vegetation characteris-
tics and initial soil moisture) contribute to the

interannual variation, of which SST usually
dominates. However, in the seasonal simula-
tion for 1987, all other conditions except the
vegetation indices are the same. Therefore
changes in canopy evapotranspiration make
more contribution to rainfall in the GCM sea-
sonal simulation for 1987 (especially over the
Sahel) than to simulated interannual variation.

It should be kept in mind that tropical Atlan-
tic SST anomalies are connected to the out-of-
phase rainfall anomalies in the Sahel and the
Guinea coast regions: warm (cool) SST anoma-
lies in the Gulf of Guinea are associated with
anomalously high (low) precipitation over the
Guinean coast countries and low (high) precipi-
tation rates over the Sahel (Ward 1998; Nichol-
son et al. 2000; Vizy and Cook 2001). Year 1987
shows a strong dipole, with more than 0.8�C
warm SST anomalies (based on the 1982–2000
average) in the Gulf of Guinea, while 1988 is a
neutral year, with the SST anomaly along the
Guinean coast being less than 0.4�C and almost
all of tropical West Africa seeing more rainfall
than the 19-year (1982–2000) average. The dy-
namics of this dipole mode variability probably
explain most of the differences in precipitation
and circulation between 1987 and 1988 in this
numerical study.

6. Concluding remarks

The climate impacts of FVC and LAI on the
WASM were investigated by running SSiB in
both offline mode and coupled to the NCEP
GCM. Compared to the GCM simulations with
LAI and FVC from a look-up table (Table LAI/
Table FVC) based on the climatological distri-
bution of vegetation, the GCM simulations with
LAI and FVC from satellite remote sensing
measurements (RSLAI/RSFVC) improved the
mean summer precipitation over West Africa
in 1987 and 1988.

The GCM simulated atmospheric circulation
and surface water and energy components were
further analyzed and compared with those from
the offline runs. The difference between experi-
ments using Table LAI/Table FVC and RSLAI/
RSFVC, as well as interannual variation be-
tween 1987 and 1988 using RSLAI/RSFAC in
both the offline and the GCM simulations, indi-
cates that with the increase of FVC in West Af-
rica (from small values in the look-up table to
large values by satellite measurements or from
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1987 to 1988), surface albedo is decreased and
net surface radiation increased. Meanwhile,
surface temperature around the Sahel is de-
creased in response to larger vegetation cover-

age and more canopy evapotranspiration, re-
sulting in the decrease of the latitudinal
temperature gradient to the south of the Sahel
and the increase of the latitudinal temperature

Fig. 12. JAS mean difference in precipitation rate (a, d), vertically integrated column moisture con-
vergence (b, e), and surface evaporation (c, f ) between the GCM control and test runs for 1987 (a, b,
c); difference between 1988 and 1987 in the GCM test runs (d, e, f ). Contour interval is 0.5
(mm day�1). Shading indicates positive anomaly.
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gradient to the north. These lead to the north-
ward shift of the rainfall-bearing AEJ and a
stronger TEJ in the GCM test runs with
RSLAI/RSFVC than those in the control runs
with Table LAI/Table FVC, producing more
summer rainfall in tropical West Africa, espe-
cially along the Sahel. But the exact location of
the AEJ and the magnitude of the TEJ are not
very well simulated compared to the NCEP re-
analysis, which indicates the complexity and
difficulties in simulating the WASM.

In terms of interannual variation, the GCM
simulations with RSLAI/RSFVC produced a
northward shifted AEJ and a stronger TEJ in
1988 compared with those in 1987, contributing
to a relatively stronger WASM. However, the
differences in RSLAI and RSFVC between
1988 and 1987 are relatively small. This weak
forcing fails to produce the interannual differ-
ences in precipitation and land surface vari-
ables as large as seen in the observation and
the offline SSiB simulations. Kang et al. (2006)
found that the climate signal introduced by
vegetation indices is discernable only when the
variation of indices is large enough. Otherwise,
atmospheric general circulation may ‘‘swamp
out’’ the signal due to model internal variabil-
ity.

The atmospheric water budget shows that
the improvement in the GCM simulation of
precipitation is caused by both the moisture
convergence and the surface evaporation. The
moisture convergence is dominant along the
Guinean coast in the 1987 GCM simulation,
while the surface evaporation is more impor-
tant over the Sahel region between 10�N and
15�N. As for the interannual variation between
1987 and 1988, the difference in precipitation
was dominantly induced by the moisture con-
vergence associated with large-scale atmo-
spheric circulation.

In this numerical simulation study, vegeta-
tion change (especially change in vegetation
cover) to the south of the Sahel exerts signifi-
cant impact on the surface energy and water
balance as well as overlying atmospheric circu-
lation, and ultimately influences WASM rain-
fall. This impact indicates that the VBP along
the Guinean coast, in addition to the local bio-
geophysical feedback along the southern Sa-
hara border, contributes to the variation in
Sahel rainfall (Zheng and Eltahir 1998).

We have discussed the influence of the land
surface on the AEJ, but the mechanism of vari-
ation of the TEJ at the upper troposphere is not
clear. TEJ variability is related to large-scale
atmospheric circulation, especially to the pow-
erful south Asian High in boreal summer. The
relationship between the middle troposphere
AEJ and upper troposphere TEJ is worthy of
further study. How land surface processes in-
teract with the boundary layer and influence
the AEJ and the TEJ, the feedbacks among the
atmospheric dynamics and rainfall, and the
mechanism by which the WASM and the Asian
summer monsoon interact with each other all
remain to be resolved by further diagnostic and
numerical studies.

The investigation presented in this paper is a
preliminary study to apply both satellite prod-
ucts and land surface proxy data for GCM
investigation. The offline results are used to
evaluate the GCM simulations of surface water
and energy balance and understand the VBP
and interaction mechanisms. Some discrepan-
cies exist between the offline SSiB and GCM
simulations. These might be due to the differ-
ent spatial resolution between these two sets
of numerical experiments. A higher resolution
regional atmospheric circulation model nested
with the GCM may help to reduce this discrep-
ancy and enhance the understanding of vegeta-
tion impact on regional climate in tropical West
Africa. We believe that assimilation data with
more satellite products and CEOP field mea-
surements would provide better land surface
proxy data for future model validation and bet-
ter understanding of land/atmosphere interac-
tion mechanisms.
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