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ABSTRACT

The interannual and intraseasonal variability of West African vegetation over the period 1982–2002 is
studied using the normalized difference vegetation index (NDVI) from the Advanced Very High Resolu-
tion Radiometer (AVHRR).

The novel independent component analysis (ICA) technique is applied to extract the main modes of the
interannual variability of the vegetation, among which two modes are worth describing. The first component
(IC1) describes NDVI variability over the Sahel from August to October. A strong photosynthetic activity
over the Sahel is related to above-normal convection and rainfall within the intertropical convergence zone
(ITCZ) in summertime and is partly associated with colder (warmer) SST in the eastern tropical Pacific (the
Mediterranean). The second component (IC2) depicts a dipole pattern between the Sahelian and Guinean
regions during the northern summer followed by a southward-propagating signal from October to Decem-
ber. It is associated with a north–south dipole in convection and rainfall induced by variations in the
latitudinal location of the ITCZ as a response to the occurrence of the tropical Atlantic dipole.

The analysis of the intraseasonal variability of the Sahelian vegetation relies on the analysis of the
seasonal marches and their main phenological stages. Green-up usually starts in early July and shows a very
low year-to-year variability, while senescence ends by mid-November and is prone to larger interannual
variability. Six types of vegetative seasonal marches are discriminated according to variations in the timing
of phenological stages as well as in the greening intensity. These types appear to be strongly dependent on
rainfall distribution and amount, particularly those recorded in late August. Finally, year-to-year memory
effects are highlighted: NDVI recorded during the green-up phase in year j appears to be strongly related
to the maximum NDVI value recorded at year j � 1.

1. Introduction

Vegetation is a key parameter in land–atmosphere
interactions. As it is mainly climate driven, vegetation is

highly sensitive to temperature and/or precipitation de-
pending on the region considered [leaf area is larger in
warm to hot areas with low light and high humidity than
in sunny and dry environments or in cold climates; fo-
liage emergence and senescence respond quickly to
temperature increase and decrease in temperate cli-
mates while they are sensitive to rainfall and soil mois-
ture in semiarid environments (Bonan 2002)]. There-
fore, vegetation appears as a good marker for climatic
disruptions. However, and retroactively, vegetation
also affects climate over a wide range of spatiotemporal
scales (Bonan 2002; Schwinning and Sala 2004) through
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albedo, roughness, and soil moisture, which determine
the partitioning of energy (Betts et al. 1996; Hutjes et
al. 1998). The monitoring of vegetation is commonly
performed using the normalized difference vegetation
index (NDVI). This empirical index (Tucker 1979) is a
function of absorbed radiation by chlorophyll in the red
band and scattering by cellulose in the near-infrared
(NIR). The NDVI is linearly related to the sunlit leaf
area index (LAI) of the canopy and over vegetated land
areas it usually ranges from 0.1 to 0.7 for low to high
LAI.

West Africa has been subject to marked rainfall de-
creases over the last decades (Le Barbé et al. 2002,
among others) and studies have revealed the impor-
tance of vegetation distribution and variability for mon-
soon and rainfall dynamics (Charney 1975; Eltahir and
Gong 1996; Xue 1997; Zheng and Eltahir 1998; Zeng et
al. 1999; Wang and Eltahir 2000a,b). However, rela-
tively few studies that have examined vegetation
(through NDVI) and climate relationships were specifi-
cally devoted to the West African region as a whole
(Crépeau et al. 2003; Eklundh and Olsson 2003; An-
yamba and Tucker 2005; Jarlan et al. 2005). Moreover,
these few studies have given only a general picture of
the rainfall and NDVI relationships over West Africa,
and three major issues have not been comprehensively
addressed yet.

The first issue is on the spatial patterns of interannual
NDVI variability. Townshend and Justice (1986) and
Dregne and Tucker (1988) noted a high spatial variabil-
ity in the extension of the seasonal “green wave” from
year to year (e.g., located farther south in 1984 than in
1983). Anyamba and Tucker (2005) provided yearly
anomaly maps of NDVI over the Sahel. However, it is
still not clear whether NDVI interannual variability or-
ganizes in coherent patterns across the subcontinent.
Recently, Jarlan et al. (2005) extracted four modes of
NDVI spatiotemporal variability by focusing on the Sa-
hel region alone. During the core of the vegetative sea-
son, NDVI was shown to be highly correlated to the
rainfall amounts recorded in the concurrent plus two
previous months for the regions where less than 1000
mm are recorded (Malo and Nicholson 1990; Justice et
al. 1991). Thus, the spatial patterns of NDVI anomalies
partly resemble those of rainfall (Nicholson et al. 1990).
However, any clear picture of joint modes of rainfall
and NDVI variability over the region has never been
provided. In particular, the phase locking of the inter-
annual anomalies of NDVI with respect to the seasonal
shift of the rainbelt is not well understood. Although
specific patterns of NDVI variability can be extracted,
it is not clear whether they are only locked to those of

rainfall. They could also be partly dependent on the
vegetation cover type.

Second, though West African rainfall is known to be
related to sea surface temperature (SST) anomaly
fields, no clear link between the latter (more particu-
larly for the tropical Pacific) and NDVI has ever been
demonstrated over West Africa until now (Anyamba
and Eastman 1996; Myneni et al. 1996; Los et al. 2001
note that some of these studies were performed on pe-
riods less than 15 years long). Thus, little is known
about the potential predictability of NDVI anomalies,
even though it is important for impact studies and local
communities. Only recently, Jarlan et al. (2005) identi-
fied significant lagged correlations between NDVI
modes over the Sahel and various SST indexes over the
tropical basins, suggesting some predictive potential.

A last issue is related to NDVI variability at the in-
traseasonal time scale. Although different recent stud-
ies aimed at detecting the phenological stages of the
West African biomes (Crépeau et al. 2003; Zhang et al.
2005), none of them have ever explored the year-to-
year variability in these stages. The first question is
whether the year-to-year variability in green-up and se-
nescence timing is related to the overall quality of the
vegetative season. The second question is whether it is
possible to identify typical seasonal marches of vegeta-
tion. The third question is how anomalies in the rainfall
distribution impact the NDVI intraseasonal variability.
Finally, we would like to address the question whether
other factors play a role on seasonal phasing and also
assess if seasonal phasing is important. For instance,
recent studies argue for year to year memory in veg-
etation (Hiernaux et al. 1994; Schwinning et al. 2004;
Martiny et al. 2005; Philippon and Fontaine 2002; Phil-
ippon et al. 2005).

Faced with the current growing scarcity of rain gauge
data for Africa, NDVI data actually appear to be an
attractive proxy of rainfall on small spatial scales (My-
neni et al. 1996; Grist et al. 1997). The recent availabil-
ity of corrected and intercalibrated long-term time se-
ries of NDVI on a 10-day time scale offers a unique
opportunity to explore the above issues. These issues
are of importance for several purposes, including cli-
mate modeling and vegetation as well as rainfall moni-
toring over West Africa and the Sahel. Section 2 gives
a brief description of the data, including long-term
(1982–2002) bias-corrected NDVI, rainfall, outgoing
longwave radiation (OLR), and SST. Section 3 ad-
dresses the question of 1) the detection of the main
modes of NDVI interannual variability by using the
independent component analysis (ICA) and 2) their
connections with climate variability. The ICA is a novel
technique recently released in the field of geophysics.
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Particular emphasis is drawn on the spatial structures,
the seasonal phasing, and the temporal evolution of
these modes of variability. Their linkages and phasing
with anomalies of precipitation, OLR, and SST fields
are presented as well. Finally, section 4 is specifically
devoted to the question of the intraseasonal variability
of NDVI over the Sahel. A detection of the main phe-
nological stages is proposed, and types of vegetative
seasonal marches are also discriminated by considering
variations in the timing of phenological stages and
greening intensity. The factors governing the vegetative
seasonal marches and phenological stages timing are
discussed.

2. The datasets

a. The normalized difference vegetation index

The Advanced Very High Resolution Radiometer
Normalized Difference Vegetation Index (AVHRR
NDVI) dataset was downloaded from the Africa Data
Dissemination Service Web site (ADDS; http://
igskmncnwb015.cr.usgs.gov/adds). This Web site pro-
vides gridded time series of 10-day NDVI at 8-km spa-
tial resolution over the period 1982–2003 for Africa
only. This dataset has been processed by the Global
Inventory Modeling and Mapping Studies group
(GIMMS). Data are calibrated with respect to the
NOAA satellite NOAA-16 and SPOT VGT sensors
and corrected for effects associated with aerosol con-
tamination of the upper atmosphere and changes in
viewing and illumination due to sensor degradation and
orbital drift (Pinzon et al. 2004; Tucker 2005). Cloud
contamination is reduced by a standard maximum value
compositing technique (maximum value over the 10-
day period attributed to the midpoint of the 10-day
period). All of these corrections aim at reducing errors
in the data. However, residual errors still remain.

For our purposes, we selected the West African win-
dow (3–18°N, 18°W–18°E), and spatially aggregated
the data to a 48-km resolution (Table 1) by averaging
pixels. First, this increases the signal-to-noise ratio and
favors the detection of more coherent spatiotemporal
modes of variability (Anyamba and Eastman 1996; Ri-
gina and Rasmussen 2003). Second, this decreases the
number of variables (cf. section 3a), leading to more
robust patterns, and saves computing time. We retained
the original 10-day time scale for the intraseasonal
analyses but aggregated data to a monthly time scale
for the interannual analyses.

b. Rainfall and OLR

Rainfall and OLR fields over West Africa were used
as diagnostic variables for the NDVI variability. Rain-
fall data were extracted from (i) the Climate Research
Unit (CRU) database for the interannual variability
analysis and (ii) the Climate Prediction Center Merged
Analysis Precipitation (CMAP) database for the in-
traseasonal analysis (Table 1). The Climate Research
Unit rainfall dataset is a global gridded dataset of 0.5°
spatial resolution and monthly time resolution, ob-
tained by a direct interpolation from rain gauge records
(Mitchell et al. 2004). Data cover the period 1901–2000.
The CMAP dataset version selected is the merging of in
situ rainfall measurements with satellite products (Xie
and Arkin 1997). Its initial temporal and spatial reso-
lutions are 5 days and 2.5° and the period is 1979–2003.

For regions where rainfall is strongly linked to deep
convection, OLR data appears as a good indicator of
the rainbelt location and convection intensity. Low
OLR values are proved to signify deep convective
clouds. The OLR data were obtained from the Climate
Diagnostics Center Web site (http://www.cdc.noaa.gov/
cdc/data.interp_OLR.html). It provides global interpo-
lated OLR data over the period 1982–2005, on a

TABLE 1. Characteristics of the different data used: Provider, spatial and temporal resolutions selected, domain,
and period extracted.

Variable Provider

Resolution

Domain PeriodSpatial Temporal

NDVIa ADDS 48 km 10 day and month 3°–18°N, 18°W–18°E 1982–2002
Rainfall CRUb 0.5° Month 4.5°–20°N, 20°W–20°E 1982–2000

CPCc 2.5° 5 day 4.5°–20°N, 20°W–20°E 1982–2002
OLRd CDC 2.5° Month 5°S–25°N, 25°W–25°E 1982–2002
SSTe Met Office 1° Month 40°S–40°N, 180°–180° 1982–2002

a http://igskmncnwb015.cr.usgs.gov/adds.
b http://www.cru.uea.ac.uk/�timm/grid/CRU_TS_2_0.html.
c http://www.cdc.noaa.gov/cdc/data.cmap.html.
d http://www.cdc.noaa.gov/cdc/data.interp_OLR.html.
e http://badc.nerc.ac.uk/data/hadisst/.
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monthly time scale and at 2.5° spatial resolution (Lieb-
mann and Smith 1996). We extracted the domain 5°S–
25°N, 25°W–25°E (Table 1).

c. Sea surface temperatures

SST fields over the domain 40°S–40°N (Table 1) were
used as an additional diagnostic variable for NDVI and
its companion rainfall/OLR signals. We selected the
First Hadley Centre Sea Ice and Sea Surface Tempera-
ture (HadISST1) dataset that combines monthly global
fields of sea ice and sea surface temperature on a 1°
space resolution from 1871 onward. Its improved inter-
polation procedure and the superposition of quality-
improved gridded observations onto the reconstruc-
tions result in SST fields that show more uniform
variance over time and better month-to-month persis-
tence (Rayner et al. 2003) than those provided in the
old version of the dataset [namely the Global Sea Ice
and Sea Surface Temperature, version 2.3b dataset
(GISSTv2.3b)].

OLR, SST, and CRU rainfall data were extracted
over the period 1982–2000, while NDVI and CMAP
rainfall data were extracted over the period 1982–2002
(Table 1).

3. Detection of the main modes of NDVI
interannual variability over West Africa

a. The independent component analysis method

The identification of the main underlying modes of
NDVI variability was achieved using the independent
component analysis method (Hyvarinen and Oja 2000;
Hyvarinen et al. 2001). ICA has recently been applied
to geophysical fields and SST fields in particular (Aires
et al. 2000, 2002; Lotsch et al. 2003). It has proven to be
a powerful alternative to the common rotated principal
component analysis (RPCA) methods. In ICA, data do
not have to possess a Gaussian distribution (a rare fea-
ture in geophysical fields) and the components ex-
tracted are not simply uncorrelated but also statistically
independent. Consequently, the tendency that under-
lies RPCA methods to mix several components, even
when the signal is just their linear sum, is reduced with
ICA. This is particularly obvious in our study: the
RPCA method merges in a single mode, the first two
modes (cf. section 3c) extracted by the ICA. For a full
description of the method, readers are encouraged to
refer to the publications cited above. In the current
study, we ran the “FastICA” algorithm provided by the
FastICA team of the Computer and Information Sci-
ence Laboratory and Neural Networks Research Cen-
tre at Helsinki University of Technology (http://www.
cis.hut.fi/projects/ica/fastica/).

b. The NDVI data preprocessing

To show both the temporal (within a season) and the
spatial covariability of NDVI, as well as to highlight
possible latitudinal or longitudinal shifts in the course
of the season, we organized the data matrix in a “tem-
poral” and an “extended” form. Observations (in rows)
are made up of years, while a given grid point for a
given month stands for a distinct variable (in columns).
Moreover, months were ordered from February to
January to better match vegetative cycles. Such an ex-
tended matrix, already used with RPCA by Camberlin
and Philippon (2002), is proved to be useful in depicting
interannual and intraseasonal variability. However, due
to the large number of variables (2129 grid points by 12
months) compared with the number of observations (21
yr), results are prone to be more unstable and the levels
of variance explained are low. To ensure the robustness
of the modes, we carried out a series of experiments
where (i) data are detrended, (ii) different numbers of
modes are considered for data dimension reduction
(Table 2), or (iii) data are kept with their original 10-
day and 8-km spatiotemporal resolution (Table 1). In
all these experiments, similar modes were obtained.

Two types of preprocessing were applied to the ma-
trix before running the FastICA algorithm. First, data
were centered by removing the seasonal cycle, that is,
the corresponding monthly mean is subtracted from
each grid point and month over the entire 21-yr period.
Data were not normalized by the standard deviation so
that the errors, which characterize NDVI for low veg-
etated pixels, have small effects on the analysis. No
other processes, such as filtering or detrending, have
been applied. Indeed, a homogeneity test performed at
the gridpoint scale (not shown) did not reveal any
abrupt shift in the time series. In addition, over the
study period a positive trend in rainfall amounts over
the Sahel is observed (Eklundh and Olsson 2003;
Nicholson 2005). This rainfall trend gives a physical
basis to the trends that could be observed in NDVI.
Second, noise as well as matrix dimensions are reduced
by using a principal component analysis. Following the

TABLE 2. Cumulative percentage of explained variance (EV) by
the first p principal components. Boldface indicates the number of
PC retained for dimension reduction.

p EV p EV

1 41 7 75
2 51 8 78
3 58 9 81
4 63 10 83
5 68 15 93
6 72 20 100
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scree-slope criterion (Wilks 2006), only the first five
principal components (PCs) are retained. They explain
�68% of the total variance (Table 2).

c. Resulting leading independent components

Among the first five independent components re-
tained, only the first two (IC1 and IC2) are displayed
(Figs. 1 and 2, respectively). They are described by a
yearly time series and a series of monthly maps showing
the correlations between the time series and the NDVI
monthly fields. We only display monthly maps that
present the highest statistically significant correlations
(95% level).

The first component (IC1, Fig. 1) explains 26.8% of
the total variance. This can be considered as the “Sa-
helian” mode. It mainly captures the NDVI variability
over the Sahel from August to October. In September
(i.e., during the peak of photosynthetic activity) a very

distinct band appears between latitudes 13° and 18°N,
with a slight northwest–southeast tilt, consistent with
vegetation and precipitation distribution. In October,
the signal spreads southward. From November, it weak-
ens and its spatial coherence fades away. According to
the global land cover classification for the year 2000
(GLC2000; Africa map Mayaux et al. 2004), this Sahe-
lian mode encompasses from north to south the domain
of open grasslands to open deciduous shrublands where
herbaceous cover accounts for 80%–50% of the total
vegetation cover. In the south Sahel shrublands are
mixed with crops (representing up to 30% of the cover
in some places), while in the north Sahel bare soil domi-
nates (Hansen et al. 2002). Thus, IC1 includes vegeta-
tion with very different physiognomic characteristics
that, nonetheless, share a common interannual variabil-
ity in photosynthetic activity. The IC1 time series is
characterized by the anomalous low (high) photosyn-

FIG. 1. (top) Correlation maps of the first independent component (IC1) time series with August to November NDVI fields. Solid
(dashed) lines enclose positive (negative) correlations above 0.4 (below �0.4). Shading indicates statistical significance at the 95% level
over 1982–2002. (bottom) IC1 standardized time series and its linear trend and, in parentheses, the variance explained.
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thetic activity years of 1983–1984–1990–1997–2002
(1988–1994–1999). According to the Spearman rank
correlation (Wilks 2006), the IC1 time series positive
trend is not significant at the 95% level. This result is
obtained for a large region and is not contradictory with
those found by Eklundh and Olsson (2003), Olsson et
al. (2005), and Anyamba and Tucker (2005). At pixel
scale, significant positive trends are observed in par-

ticular over the eastern part of the Sahelian belt (i.e.,
east of 20°E, a region not considered in this study).

Two interesting signals are depicted in the second
component (14.5%, Fig. 2). The first signal is dipole-
like. It opposes, during summertime (i.e., July–August),
the central Sahel and the Guinean region, which expe-
riences its minor dry season at this time. Indeed, the
intertropical convergence zone (ITCZ) is located at its

FIG. 2. As in Fig. 1, but for the second independent component (IC2) and the months of July to December.
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northernmost position (mean latitudinal location of the
maximum rainfall values around 10°N). However, cor-
relations are higher over Guinea. The second signal
consists of a southward propagation from October to
December of the NDVI anomalies observed in the
summer over the Sahel. Therefore, for the region south
of 12°N, the July–September and November–Decem-
ber periods show opposite variations (i.e., when sum-
mer is more active than average, autumn is less aver-
age). In fact, this mode depicts a change in the phase of
the seasonal cycle over the Guinean region. According
to IC2 time series, these dipole patterns (and propaga-
tion signals) were most pronounced in 1984, 1987, 1993,
1998, and 2001. They are obvious from the NDVI
anomaly maps provided by Anyamba and Tucker
(2005) for the years 1987, 2000, 2001, and 2003. Addi-
tionally, IC2 time series presents a positive and strongly
significant trend. This suggests that, over the last two
decades, vegetative activity became stronger (weaker)
over the central Sahel (Guinea coast) in summer and
also longer over the Sudanian region. Tateishi and
Ebata (2004) studied phenological changes at the near-
global scale between 1982 and 2000. The West African
pixels are divided between the 7th and the 11th class
characterized by increasing trends of NDVI peak level
and vegetative cycle duration, respectively. The IC2
time series trend, and to a lesser extent that of IC1,
agrees with those highlighted for rainfall in previous
studies: Nicholson et al. (2000) and Dai et al. (2004)
have shown that Sahelian rainfall has somewhat recov-
ered since the 1990s, even if the average remains below
the pre-1970 mean. Last, like IC1, IC2 spatial patterns
encompass different ecosystems. The Guinean pole ob-
served in July–September is the domain of deciduous
shrublands and woodlands, with tree cover ranging
from 20% to 70%.

Finally, among the five ICA modes obtained, most of
them mainly capture the summer to autumn NDVI
variability. Indeed, vegetative activity is the strongest
during these seasons. The NDVI variability related to
vegetation senescence is only depicted in two compo-
nents (IC2 and IC5, the latter not shown) as a south-
ward-propagating signal in autumn, whereas no com-
ponent depicts the one associated with the green-up,
frequently referred to as the green wave. This could be
explained by their different latitudinal shift rates: 0.12
days km�1 for green-up compared to 0.05 days km�1

for senescence according to Zhang et al. (2005).

d. Independent components linkages with
atmospheric fields

To assess the links between the two NDVI ICA
modes and the regional climate, we performed a com-

posite difference analysis (Von Storch and Zwiers
1999) on rainfall and OLR fields averaged over 20°W–
20°E and considered from April to December and from
2.5° to 22.5°N. Years of low (high) photosynthetic ac-
tivity were defined as those recording an NDVI
anomaly lower (higher) than �0.5 (0.5) standard devia-
tion over the period 1982–2000. The significance of the
results (95% level) was tested with a Student’s t test
(Von Storch and Zwiers 1999).

Results of the rainfall and OLR composite analysis
for IC1 are displayed in Figs. 3b,c as time–latitude dia-
grams. We also provide results for NDVI (Fig. 3a).
However, note that NDVI patterns from the composite
analysis can be somewhat different from those of the
ICA. Indeed, the composite analysis relies on samples
of years and the period considered is 1982–2000 instead
of 1982–2002, since CRU rainfall data are documented
for the former period only. The mean annual cycle for
each variable is also displayed as black thin lines. The
years when IC1 shows “low” and “high” photosynthetic
activity are 1983–1984–1990–1991–1997 and 1988–
1994–1999, respectively. The composite analysis indi-
cates that more intense photosynthetic activity over the
Sahel [from August to October (Figs. 1 and 3a)] is as-
sociated with higher July to September rainfall amounts
from 10° to 17.5°N (Fig. 3b) and lower OLR values
from 10° to 22.5°N, indicative of deeper convection
(Fig. 3c). This agrees with the 1-month lag that exists in
the rainfall–vegetation relationships over the Sudani-
an–Sahelian regions (Malo and Nicholson 1990; Nichol-
son et al. 1990; Justice et al. 1991; Shinoda 1995). The
differences between the two samples of years are large
for the three fields: up to 0.1 unit of NDVI, 100 mm,
and 16 W m2 at the core of the vegetative and rainy
seasons (September and August, respectively). The
rainfall and OLR largest differences are located just at
the northern edge of the ITCZ mean location (12.5°–
15°N, Figs. 3b,c). This suggests that convection is more
intense within the ITZC, which also covers a wider
area.

Results for IC2 are displayed in Figs. 3d–f. The years
used to perform the composite analysis are 1987–1993–
1996 (1982–1990–1998) for which detrended IC2
anomalies are lower (higher) than �0.5 (0.5) standard
deviation (�) and IC1 anomalies are lower than 0.5 � in
absolute value. The years 1984 and 1994 for which both
IC1 and IC2 record strong anomalies are therefore ex-
cluded. This highlights the specificities of the patterns
related to IC2, but, on the other hand, it also partly
weakens the signal and leads to lower difference values.
The Sahel–Guinea dipole observed from July to Sep-
tember in IC2 (Fig. 2) appears in the rainfall and OLR
patterns. Lower (higher) photosynthetic activity over
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Guinea (the central Sahel) is associated with below
(above)-normal rainfall amounts south (north) of 12°N
(Fig. 3e) and decreased convection south of 10°N (Fig.
3f). July–August over Guinea corresponds to the minor
dry season. Thus, the patterns of rainfall and OLR as-
sociated with IC2 feature variations in the latitudinal
position of the ITCZ rather than variations in convec-
tion intensity as compared to those associated with IC1.
Difference values are higher (and significant) for the
Guinean pole than for the Sahelian pole, which does
not appear anymore in the NDVI composite diagram
(Fig. 3d). As already mentioned, this is due to the small
number of years used in the composite and also to the
spatial average performed over longitudes 18°W–18°E.
Finally, the southward spread of the NDVI anomalies
from October to December (Figs. 2 and 3d) can be
related to above-normal rainfall amounts recorded dur-
ing the rainbelt withdrawal, and in particular during the
second rainy season over Guinea (Fig. 3e).

The unexpected result of this study is the extraction
of a NDVI dipole mode that matches the well-known

rainfall dipole (Janicot 1992). This implies a role played
by the minor dry season on Guinean vegetation photo-
synthetic activity.

e. Independent component linkages with SST fields

As a complementary diagnostic, we performed a
composite difference analysis on bimonthly sea surface
temperature fields considered between 40°S and 40°N
(Fig. 4).

May–June, July–August, and September–October
SST composite maps relative to IC1 are provided in
Figs. 4a–c. A higher photosynthetic activity over the
Sahel from August to October is primarily associated
with (i) negative SST anomalies in the tropical eastern
Pacific (i.e., a “La Niña” event) and (ii) positive SST
anomalies in the Mediterranean. Anomalies appear as
early as May, but they are mainly significant during
summertime for the two basins. Anyamba and Eastman
(1996) and Myneni et al. (1996) could not draw any
clear conclusions regarding the Sahel by analyzing the
NDVI variability over Africa and its link with ENSO.

FIG. 3. Time–latitude diagrams (from 2.5° to 22.5°N and April to December) of composite differences of NDVI (unitless), rainfall
(from CRU dataset, mm), and OLR (W m2) averaged over 18°W–18°E with respect to years of high minus low NDVI for (a)–(c) IC1
and (d)–(f) IC2. Solid red (dashed blue) lines enclose positive (negative) differences. Shading indicates differences significant at the
95% level according to a Student’s t test. Black solid lines display the mean annual cycle.
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FIG. 4. Bimonthly maps of composite differences of sea surface temperature fields with respect to years of high minus low NDVI (see
text for details) for (a)–(c) IC1 and (d)–(f) IC2. Solid (dashed) lines enclose positive (negative) differences. Shading indicates differ-
ences significant at the 95% level according to a Student’s t test.
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However, the sample of years that they used was lim-
ited (1986–90 and 1982–90, respectively). Our results
support previous studies linking global SST and Sahe-
lian rainfall variability and demonstrating

• an enhanced impact of the ENSO phenomenon on
Sahelian rainfall from the 1980s onward (Janicot et
al. 1996): The teleconnection is indirect and involves
a modification of the zonal pressure gradient be-
tween the eastern Pacific and the Atlantic tropical
basins. This gradient modulates the trade winds and
the moisture advection strength over West Africa
(Camberlin et al. 2001; Janicot et al. 2001). Rowell
(2001) also notes a direct atmospheric teleconnection
via Kelvin and Rossby waves interacting above West
Africa to enhance large-scale subsidence over the Sa-
hel. In the case of a cold event (as depicted by our
maps), the pressure gradient is decreased and trade
winds and moisture advection are strengthened.

• a significant role played by the Mediterranean: The
latter directly impacts moisture advection to West
Africa from the north (Raicich et al. 2003) and indi-
rectly moisture convergence and the hydrological
cycle through feedbacks between convection and the
local atmospheric circulation (Rowell 2003). When
warmer conditions prevail in the Mediterranean,
moisture advection, moisture convergence, and the
hydrological cycle are enhanced. It has been recently
demonstrated that the variability of the Sahelian
rainfall is also driven by SST variability in the tropical
Indian Ocean (Bader and Latif 2003; Giannini et al.
2003). No coherent and significant signal appears in
this study over this basin. However, this is merely
attributed to our study period that is restricted to the
recent two decades, which does not capture long-
term decadal variability.

On the whole, the SST patterns associated with a IC1
positive anomaly lead to a general intensification of
convection within the ITCZ, a northward shift of its
northern edge, and a rainfall increase. This is in agree-
ment with signals obtained in the OLR and rainfall
composite diagrams (Figs. 3b,c).

Figures 4d–f provide SST composite maps for IC2
(based on detrended time series). The most interesting
signals are found over the tropical Atlantic basin. The
dipolar NDVI pattern seems associated with the occur-
rence of the “tropical Atlantic dipole” (Servain 1991),
showing a colder south tropical Atlantic and a warmer
north tropical Atlantic when the photosynthetic activity
over the Guinean coast (the central Sahel) is low (high).
Such a SST pattern increases the meridional tempera-
ture gradient between the Gulf of Guinea and West
Africa and therefore induces a stronger monsoon. The

ITCZ is usually located northward, and a dipole rainfall
pattern develops over West Africa (Fontaine and Jani-
cot 1996; Fontaine et al. 1998; Vizy and Cook 2001
among others; see also Figs. 3e,f). The maintenance of
the tropical Atlantic dipole in September–October con-
tributes to a slowdown in monsoon withdrawal. It is
accompanied by larger rainfall amounts in October–
November over Guinea (Fig. 3e), which contributes to
an enhancement of the photosynthetic activity (Fig.
3d). Once again, SST anomalies precede those of NDVI
by at least two months, indicating that NDVI is poten-
tially predictable from SST. Jarlan et al. (2005) even
found significant 9-month lagged relationships between
Sahelian modes of NDVI and the interhemispheric SST
gradient over the Atlantic.

4. Characterization of variability in vegetation
phenology over the Sahel

The FastICA applied in an extended form provided
us with information on the intraseasonal variability
of NDVI. However, it did not allow us to precisely
characterize the course of the vegetative season, par-
ticularly its main phenological stages, and associated
variability. These points are examined for the Sahel
based on a Sahelian NDVI index computed according
to the FastICA results: this is done by averaging the
September grid points significantly correlated at the
95% level to the IC1 time series (i.e., those contained
inside the 0.4 contour line on the September map in Fig.
1). This index documents the area extending from 13°–
18°N and 18°W–18°E. Its correlation with the IC1 time
series gives a coefficient of 0.92 when taking the aver-
age over August–October. An analysis of the index
time series (raw data) revealed erroneous data from
October to December 2002. Consequently, we re-
stricted the study period to 1982–2001 in the following
analyses.

a. Main stages of vegetation phenology over the
Sahel

The NDVI mean seasonal cycle over the Sahel is
presented in Fig. 5 (shaded bars) as departures from the
annual mean (x � 0.21). We defined the vegetation
green-up (senescence) date as the 10-day period that
precedes the one when NDVI reaches up (down) to the
annual mean level (Fig. 5, level “0”). Thus, we mainly
extracted the limits of the highest photosynthetic activ-
ity period and not the actual onsets of vegetation green-
up and senescence. This simple method provides the
same results as those obtained using the method of
Tateishi and Ebata (2004) or Camberlin and Diop
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(2003) based on computation of slopes for three con-
secutive 10-day periods or on cumulative anomalies.
The main characteristics of Sahelian vegetation phenol-
ogy are summarized in Table 3.

The median date for the onset of high photosynthetic
activity is the first 10 days of July. This date, hereafter
referred to as the onset date (OD), is in agreement with
the dates obtained for a Sahelian pixel by Moulin et al.
(1997), as well as with those mapped for the whole West
Africa by Crépeau et al. (2003) and the Sahel by Zhang
et al. (2005). These maps highlight a substantial lag
between the OD at the southern and the northern parts
of the region (end of May versus mid-July). The onset
of high photosynthetic activity can be related to the
monsoon arrival over the region. The OD follows the
ITCZ northward shift (Sultan and Janicot 2000; Louvet
et al. 2003) by about 1 to 2 weeks. This shift clearly
appears in Fig. 6, which displays differences between
the rainfall field at the OD and the rainfall field at OD
minus two 10-day periods: the Sudanian and Sahelian
regions experience a rainfall increase while a decrease
is observed over Guinea. The rapid growth response to
the early rains is characteristic of savanna grasslands.
Herbaceous germination and growth only require shal-
low infiltration in the upper soil layer and react rapidly

even to small and short rainfall pulses (Akpo and
Grouzis 1993; Schwinning and Sala 2004). The OD
shows weak interannual variations. Its standard devia-
tion is 5.2 days and agrees with the standard deviation
obtained by Tateishi and Ebata (2004). Field observa-
tions suggest that a greater interannual variability is
observed at green-up; herbaceous germination can oc-
cur between early June and mid-July. However, germi-
nation is associated with rainfall events that are very
irregular in space and time and with low densities of

TABLE 3. Median dates, standard deviations, and trends over
the period 1982–2000 of the main phenological stages of the Sa-
helian vegetation index. Last column: correlation between the
dates of phenological stages and August to October NDVI (de-
trended within parentheses). One (two) asterisks denote coeffi-
cients significant at the 95% (99%) level, and # denotes low and
nonsignificant Spearman correlation coefficients.

Date (10-day
period, as

from January)

Std dev
(10-day
period)

Trend
(Spearman
correlation)

RASO

(detrended)

Onset 19 0.52 # �0.42* (�0.21)
Cessation 32 1.99 �0.65** 0.91** (0.90)
Peak 25 0.48 # 0.39
Length 13 2.24 �0.66** 0.91**

FIG. 5. (top) Mean seasonal cycles, expressed as departures from the 1982–2001 annual
mean (x � 0.21) of the Sahelian NDVI. Shaded bars display the 20-yr mean cycle, while
markers display the mean cycle for each of the six classes as determined from a cluster
analysis. Dash-dotted lines mark median onset and cessation dates of the high photosynthetic
activity period. (bottom) Distribution of the six classes over the study period.
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vegetation. As a consequence, vegetation development
at germination cannot be detected by the sensors.
Rather, our onset date corresponds to the time when
the herbaceous cover is large enough, in relation to a
monsoon well settled over the region (Fig. 6), accom-
panied by more regular rainfall events and higher rain-
fall amounts and soil wetness. Finally, OD time series
does not show any trend or robust association with Au-
gust–October NDVI anomalies. The OD of the high
photosynthetic activity period does not seem to deter-
mine the quality of the following vegetative season.

The cessation of the high photosynthetic activity pe-
riod (referred to as CD hereafter) occurs during the
second 10-day period of November. This is also consis-
tent with results from Crépeau et al. (2003). However,
field observations by Akpo and Grouzis (1993) indicate
that most of the vegetation is dry as early as in mid-
October (e.g., 70% of dry matter by mid October in
1990 in the Ferlo grasslands, around 14.5°N in Senegal).
This one month difference between observations and
our computation could rely on several factors. First, it is
certainly due to the size of our NDVI index. This index
encompasses southern regions characterized by higher
tree densities. De Bie et al. (1998) noted that the leaves
of deciduous trees do not fall immediately at the end of
the rainy season but only once they are dry. Thus, sev-
eral phenological behaviors are merged in our index.
Second, as compared to the abrupt decrease of rainfall
by September, the NDVI decrease is smoothed. This is
particularly noticeable by mid-October when the slope
becomes less sharp. This characteristic is thought to be
due to the presence of (i) dust aerosols and (ii) bare
soils at this period of the year. The brightness and color
of bare soils and the amount of aerosols are responsible
for NDVI variability, which can be even higher than the
one actually due to vegetation itself (Huete and Tucker

1991; Hanan et al. 1995). However, we think that the
one-month deviation of our cessation date from obser-
vation is minor and does not affect the relative varia-
tions for the purpose of studying interannual variabil-
ity. As compared to the OD (Table 3), CD shows larger
interannual variations. Its standard deviation is about
20 days. The CD is also characterized by a significant
rising trend. Spearman’s correlation coefficient is equal
to 0.65, significant at the 95% confidence level. This
trend suggests an extension of the vegetative season
with time. It is also related to the increased summer
rainfall amounts recorded in the last years over parts of
the Sahelian region (Nicholson 2005). The CD is
strongly linked to the quality of the vegetative season.
A correlation coefficient of 0.91 (remaining as high as
0.89 when both time series are detrended) is obtained
between August–October NDVI and the CD time se-
ries. Finally, the median length of the vegetative season
is thirteen 10-day periods (i.e., about 4 months). The
peak in photosynthetic activity occurs during the first
10 days of September and is very stable (Table 3). The
minimum (recorded in May) is likely ascribable to sig-
nal contamination by high levels of aerosols and water
vapor (Nicholson et al. 1990; Tanré et al. 1992; Holben
et al. 2001) rather than to an actual phenological stage.

b. Year typing

The next step aims at detecting specific seasonal
courses of vegetation. To that end, the NDVI seasonal
cycles for the 20 years between 1981 and 2001 were
expressed as departures from the annual mean and or-
ganized from the second 10-day period of March in year
i to the first 10 days of March in year i � 1. A cluster
analysis was applied to these cycles. Ward’s method
was chosen, based on inner squared distance, to find
homogeneous clusters. Six distinct classes were identi-

FIG. 6. Difference map of the rainfall field (from CMAP) at OD and OD minus two 10-day
periods. Solid (dashed) lines display positive (negative) differences above 10 mm (below �10
mm).
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fied by scrutinizing the hierarchical cluster tree. They
are composed of 6, 3, 1, 2, 6, and 2 yr, respectively.
Results are presented in Fig. 5 where the mean annual
cycle for each class (markers) is superimposed on the
mean annual cycle computed with all the observations
(shaded bars).

Classes 1 and 5 (Figs. 5, C1, and C5 represent years
for which the photosynthetic activity course and level
are close to average. Compared to Class 5, Class 1
records a slightly below normal vegetative activity that
also ends earlier. Classes 2 and 3 (Fig. 5, C2, and C3)
are representative of years of low photosynthetic activ-
ity. They show a delayed green-up and a slower veg-
etation growth (gentle upward slopes). The year 1984,
which in itself composes the third class, is exceptional.
The vegetative season lasted only 2 months (as com-
pared to a median of 4 months) from mid-July to the
beginning of October. Moreover, the NDVI maximum
recorded is as low as 0.24, suggesting very weak primary
production. Classes 4 and 6 correspond to years of high
photosynthetic activity (Fig. 5, C4, and C6) and feature
a longer season and a more acute vegetation growth.
The NDVI maximum for type 6 reaches 0.38.

The classes picture strong differences in terms of
peak intensity but small differences in the timing of the
peak (cf. low peak standard deviation in Table 3).
Classes 4 and 5 present close peak levels, but for Class
5 vegetation growth starts earlier. Class 5 year usually
follow the wettest years of 1988, 1994, and 1999 (C4 and
C6, Fig. 5, bottom panel). This suggests that the rainfall
conditions of the previous year could influence vegeta-

tion growth during the following year. This question is
explored in the next section. Last, the bottom panel in
Fig. 5 indicates that years of low (high) vegetative ac-
tivity preferentially occurred during the 1980s (1990s).
This is in agreement with the positive trends observed
in the IC1 and IC2 time series (Figs. 1 and 2).

c. Potential factors governing interannual variations
in vegetation phenology

The objective of this section is to document the
causes of the vegetation seasonal march variability.
Previous studies have demonstrated that rainfall is the
dominant climatic factor that controls NDVI variability
at tropical latitudes. Using the CMAP rainfall dataset
at the 5-day (pentad) time resolution, we computed the
rainfall marches associated with the six specific vegeta-
tion marches highlighted in the previous section (Fig.
5). These mean rainfall courses were filtered using a
15-day moving average. Results are presented in Fig. 7.
As in Fig. 5, shaded bars give the 20-yr mean annual
course, and markers show the mean annual course for
each of the six classes. The differences between years of
low and high photosynthetic activity concern the rain-
fall amounts and the rainy season phase. Years of low
(high) photosynthetic activity (C2 and C3 versus C4
and C6) are usually associated with large rainfall defi-
cits (excess), particularly at the end of August, so that
the rainfall seasonal cycle peak seems to be shifted to-
ward July (September). Thus, the rainfall distribution
during the season is as important as rainfall amounts for
vegetation growth, and rainfall amounts recorded at the

FIG. 7. As in Fig. 5 top panel but for April to November 5-day rainfall amounts from
CMAP (x � 4.4 mm).
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end of August appear to be the most crucial in deter-
mining the overall quality of the vegetative season. Se-
quences of consecutive dry spells usually lead to veg-
etation growth failure. For instance, in 1984 (C3),
anomalies in August rainfall amounts were very pro-
nounced. Added to marked successive deficits during
the first five pentads of July, these anomalies contrib-
uted to the early collapse of the vegetative season, de-
spite the return to positive rainfall anomalies in mid
September.

The sensitivity of vegetation growth to rainfall accu-
mulated in the course of the rainy season is further
explored and quantified through correlation analysis.
The thick black line in Fig. 8 provides correlations be-
tween NDVI of a 10-day period i of year j and rainfall
accumulated since the beginning of year j (squares de-
note significant correlations at the 95% level). Given
the fact that, over the region, the first rains usually
occur in June and the last rains are recorded in late
September, attention must be mainly paid to June–Sep-
tember correlations. Interestingly, there is virtually no
significant relationship between accumulated rainfall
and NDVI before mid August. By September (i.e., the
core of the vegetative season) the relationships become
significant, but variations in rainfall accumulated until
then are far from fully contributing to NDVI variability
(about 50% of variance explained only). The sustained

high correlations after the end of the rainy season are
mainly due to strong persistence effects in NDVI [see
Fig. 1, which shows a persistence of the signal until
November, as well as Philippon et al. (2005)]. Note that
the Sahelian NDVI averaged over August–October
correlates at 0.64 with rainfall amounts recorded during
the last 10 days of August. Thus, the underlying ques-
tion is what are the other factors that control NDVI in
the course of the vegetative season?

As observed in Fig. 5, years with abnormally high
NDVI levels in May–June (C5) follow years with the
highest NDVI levels and the longest vegetative season
(C4 and C6). Martiny et al. (2005) noted that the annual
NDVI level is not only highly dependent on the rainfall
amounts of the concurrent year but also on that of the
previous year. Given the fact that upper soil moisture
anomalies over the Sahel disappear two months after
the beginning of the dry season (Shinoda and Yamagu-
chi 2003), such an interseason memory is thought to
pass through vegetation itself, in particular through
roots, seeds, and foliation (Schwinning et al. 2004). For
example, Hiernaux et al. (1994) observed for the Sahel
that tree foliation of one given year depends on the
quality of the previous rainy season. These interseason
memory effects are explored by computing correlations
between NDVI of a 10-day period i of year j with the
maximum NDVI value of the year j � 1. This value is
representative of the quality of the vegetative season.
Results are presented in Fig. 8 as the full gray line. An
unexpected result is that the quality of the past year
vegetative season seems to impact on NDVI in June
rather than during the core of the vegetative season.
June is the time of the actual green-up of woody veg-
etation over the region. Tree foliation occurs before the
first rain (de Bie et al. 1998) and herbaceous and woody
covers in savannas present asynchronous behavior in
terms of biological activity (Fontès et al. 1995). Thus,
these results are in agreement with the study by Hier-
naux et al. (1994). Partial correlations computed inde-
pendently from current year accumulated rainfall (gray
dash line) indicate that about 16% of NDVI variability
is still explained by the quality of the past year vegeta-
tive season during its core period. This is also coherent
with findings by Schwinning et al. (2004) and Martiny et
al. (2005) for subarid regions of North America and
tropical Africa, respectively.

5. Summary and conclusions

This paper aimed at providing a detailed picture of
the interannual and intraseasonal variability of the veg-
etation photosynthetic activity over West Africa over
the last 20 years through analysis performed on nor-
malized difference vegetation index (NDVI) data.

FIG. 8. Total correlation coefficients between 10-day NDVI of
year j and (a) rainfall (from CMAP) accumulated since the be-
ginning of year j (black solid line) and (b) NDVI maximum value
of year j � 1 (gray solid line, see text for details). Markers denote
10-day periods for which the correlation is significant at the 95%
level. Partial correlation coefficients are displayed as dashed lines.
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The first set of analyses was dedicated to the extrac-
tion of the main modes of NDVI interannual variabil-
ity. To this aim, we used the recently developed inde-
pendent component analysis technique and applied it to
an extended matrix in order to assess the temporal
(month to month) and spatial coherence of NDVI vari-
ability. A climatic interpretation of the detected modes
was then performed based on composite analysis of
ocean–atmospheric fields. Two dominant modes of
NDVI variability could be linked to well-known pat-
terns of rainfall, OLR, and SST anomalies:

• First, a “Sahelian” mode depicting the NDVI vari-
ability from August to October over the region 13°–
18°N, 18°W–18°E. Years of high photosynthetic ac-
tivity are usually characterized by above-normal rain-
fall and deep convection at summertime over a broad
Sudanian–Sahelian band while the eastern tropical
Pacific (Mediterranean) exhibit negative (positive)
temperature anomalies. These SST patterns were
proved to favor a more intense convection at the
ITCZ mean location.

• Second, a “dipole” mode featuring opposed varia-
tions between the Sahel and Guinea at summertime.
Years with a positive (negative) NDVI pole over the
Sahel (Guinea) experienced comparable patterns in
rainfall and OLR, as well as a north–south SST dipole
in the tropical Atlantic.

The time series of both modes exhibit positive trends
between 1982 and 2002 in agreement with observations
made on rainfall amounts. This supports previous re-
ports arguing for a recovery of the Sahelian vegetation
from the drought conditions of the 1970s and 1980s.

The second set of analyses specifically focused on the
Sahel region and the variability in the vegetation sea-
sonal course. From the ICA first mode, we derived a
Sahelian NDVI index and determined high photosyn-
thetic activity onset and cessation dates. These dates
occur in the first 10-day period of July and the second
10-day period of November, respectively. The onset
date follows by only 1 to 2 weeks the northward shift of
the ITCZ and shows small interannual variations com-
pared to the cessation date. The latter is characterized
by a positive significant trend coherent with an increase
of rainfall over the study period. A second step con-
sisted of classifying years according to their vegetative
seasonal cycle. Years of low (e.g., 1984, 1987) and high
(e.g., 1994, 1999) photosynthetic activity show con-
trasted seasonal cycles: early versus delayed cessation,
slow versus steep NDVI growth, and weak versus high
NDVI levels. Specific rainfall courses are jointly ob-
served. They feature below- versus above-normal rain-
fall amounts and a phase shifted toward July versus

September. However, rainfall amounts are not the only
factor governing the NDVI intraseasonal variability.
The NDVI anomalies recorded at the green-up (i.e.,
June–July of year j) are mostly related to NDVI
anomalies recorded for the previous vegetative season
(i.e., NDVI maximum value of year j � 1). This finding
supports the hypothesis of a year-to-year memory in
vegetation already proposed in recent studies.
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