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Abstract A nine-member ensemble of simulations with a
state-of-the-art atmospheric model forced only by the
observed record of sea surface temperature (SST) over
1930–2000 is shown to capture the dominant patterns of
variability of boreal summer African rainfall. One pat-
tern represents variability along the Gulf of Guinea,
between the equator and 10�N. It connects rainfall over
Africa to the Atlantic marine Intertropical Convergence
Zone, is controlled by local, i.e., eastern equatorial
Atlantic, SSTs, and is interannual in time scale. The
other represents variability in the semi-arid Sahel, be-
tween 10�N and 20�N. It is a continental pattern, cap-
turing the essence of the African summer monsoon,
while at the same time displaying high sensitivity to SSTs
in the global tropics. A land–atmosphere feedback
associated with this pattern translates precipitation
anomalies into coherent surface temperature and evap-
oration anomalies, as highlighted by a simulation where
soil moisture is held fixed to climatology. As a conse-
quence of such feedback, it is shown that the recent
positive trend in surface temperature is consistent with
the ocean-forced negative trend in precipitation, without
the need to invoke the direct effect of the observed in-
crease in anthropogenic greenhouse gases. We advance
plausible mechanisms by which the balance between
land–ocean temperature contrast and moisture avail-
ability that defines the monsoon could have been altered
in recent decades, resulting in persistent drought. This

discussion also serves to illustrate ways in which the
monsoon may be perturbed, or may already have been
perturbed, by anthropogenic climate change.

1 Introduction

One of the outstanding problems of recent times in
tropical climate dynamics has been to understand the
cause(s) of the recurrent droughts that plagued the
African Sahel during the 1970s and 1980s. The Sahel, the
transition region between the humid tropical rainforest
to the south and the Sahara desert to the north, is
characterized in the climatological mean by a steep
meridional gradient in total annual rainfall—a one order
of magnitude decrease from 1,000 mm accumulated at
its equatorward limit to 100 mm accumulated at its
poleward limit—and by variability that increases as the
mean decreases, with the standard deviation rising from
10–20% of the mean at the southern edge to 50% at the
northern edge (Nicholson 1980).

The high variability, hence the potential for high vul-
nerability to climate of this semi-arid region is a conse-
quence of its geographical location, at the northern edge
of the area influenced by the African monsoon in its an-
nual meridional migration following the sun. The rainy
season at the poleward edge of the Sahel is on average
limited to the three-month period immediately following
the northern summer solstice, when the monsoon reaches
its most northern location. Failure of the monsoonal
circulation to migrate north during this short window of
time can have serious consequences for an environment
that is already dry for the better part of a year.

Total annual rainfall in the Sahel was above average
during the 1950s and early 1960s, then steadily decreased
from the late 1960s through the 1970s and 1980s. The
decline was punctuated by major widespread episodes of
drought and famine, e.g., in 1972–1973 and 1982–1984
(Nicholson 1979, 1980, 1993; also see, e.g., issues of the
National Geographic Magazine in April 1974, August
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1975, and August 1987). The persistence of anomalously
dry year-to-year conditions in the late 1960s and early
1970s (Glantz and Katz 1985) prompted scientists to
hypothesize that something had gone awry in the envi-
ronment of tropical North Africa, and that change in the
form of human-induced desertification, e.g., loss of
vegetative cover caused by the farming and overgrazing
of marginal lands to satisfy the needs of an ever-
increasing population, had set in (Otterman 1974;
Charney 1975).

The recent success of atmospheric models, of simpler
(Zeng et al. 1999) or more complex design (Bader and
Latif 2003; Giannini et al. 2003) in replicating the spa-
tio-temporal characteristics of observed Sahel rainfall
variability when forced only with the observed history of
sea surface temperature (SST) scores a decisive point in
favor of an alternative hypothesis, that climate in the
Sahel is sensitive to global conditions, more precisely to
global tropical SST anomalies, as hypothesized by ear-
lier observational and modeling studies (Lamb 1978a,
1978b; Folland et al. 1986; Palmer 1986; Rowell et al.
1995; Janicot et al. 1996; Fontaine et al. 1998). Such
success has revitalized the interest in the potential for
application of seasonal climate prediction in the Sahel to
early warning systems in food security and health
(Thomson et al. 2000; Traoré 2003; Palmer et al. 2004).

The purpose of this study is to document in detail
statistical and dynamical aspects of the simulation of the
boreal summer African monsoon obtained with
NSIPP1—version 1 of the atmospheric model developed
at the National Aeronautics and Space Administration
(NASA)’s Goddard Space Flight Center in the frame-
work of the Seasonal to Interannual Prediction Project.
A nine-member ensemble of integrations forced only
with observed SST from 1930 to 2000 (Giannini et al.
2003) is at the core of our investigation. Additional
integrations aid in the assessment of the roles of land–
atmosphere interaction (the ‘‘fixed-b’’ integration), and
of the SST patterns statistically related to the recent
trend in Sahel rainfall (the ‘‘Sahel’’ integrations). The
reader is referred to Section 2 and Table 1 for details on
the model and integrations.

The dominant patterns of African rainfall variability
during northern summer appear to be united in their
common, ocean-forced nature, but distinct in that one
pattern, representing the Gulf of Guinea coast, is inex-
tricably tied to the oceanic Intertropical Convergence
Zone (ITCZ), while the other, representing the Sahel,

defines the continental monsoon. Lebel et al. (2003) and
Gu and Adler (2004) have similarly argued for a
dynamical differentiation at intra-seasonal time scales
between the character of convection along the Gulf of
Guinea, at 5�N, and across the Sahel, at 15�N, with a
‘‘jump’’ occurring between the two—from the Gulf of
Guinea poleward into the Sahel—in June.

While observational studies in the 1970s and early
1980s emphasized the role of tropical Atlantic SSTs
(Hastenrath and Lamb 1977; Lamb 1978a, 1978b;
Lough 1986), work in the late 1980s and 1990s presented
a more complex picture of African rainfall variability,
with increasing evidence for the role of the tropical Pa-
cific and Indian Oceans (Wolter 1989; Shinoda and
Kawamura 1994; Rowell et al. 1995; Janicot et al. 1996;
Ward 1998; Janicot et al. 2001; Rowell 2001). Since the
influences of tropical Atlantic and Pacific patterns of
climate variability on the African monsoon have already
been discussed at length in the literature, we focus our
attention on the Indian Ocean.

We are interested not simply in the role of SST
anomalies as a forcing mechanism for atmospheric
anomalies, but also, keeping in mind the coupled nature
of Indian Ocean climate variability (Gadgil et al. 1984;
Kirtman and Shukla 2002; Webster 2003; Krishna Ku-
mar et al. 2005), in the role of persistent deep convective
anomalies (Thiaw and Kumar 2001; Gadgil et al. 2003,
2004). In Section 2 we briefly describe the model and
integrations performed, and the observational data used.
In Section 3 we present a statistical analysis of the var-
iability of precipitation, and covariability of surface
temperature, in observations and in the model. Section 4
contains a characterization of the model’s externally
forced and internal modes of African climate variability.
This analysis is crucial to highlighting fundamental dif-
ferences between the mechanisms that control rainfall
variability in the Sahel and along the Gulf of Guinea
coast. Section 5 discusses the role of the Indian Ocean in
the context of large-scale teleconnections and climate
change. Section 6 presents some conclusions.

2 Model set-up and observational data

2.1 Model description and simulation set-up

The climate model used is NSIPP1, version 1 of the
atmospheric general circulation model developed at

Table 1 Summary of integrations analyzed. Also see text and the NSIPP website, at http://nsipp.gsfc.nasa.gov

Ensemble Name Period Covered Ensemble Size Specifics of Integration

AMIP 1930–2000 9 forced w/observed SSTs, 2�lat · 2.5�lon resolution
fixed-b 1950–1999 1 b fixed to climatology, i.e, land-atmosphere disabled
sahel 40 years climatology climatological SSTs

‘‘ positive SST pattern from Fig.4b of Giannini et al (2003) added
‘‘ negative same SST pattern as above subtracted from climatology
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NASA’s Goddard Space Flight Center in the frame-
work of the Seasonal to Interannual Prediction Project
(NSIPP) (Bacmeister et al. 2001; Giannini et al. 2003;
Schubert et al. 2004). The dynamical core uses a finite-
difference scheme (Suarez and Takacs 1995), convec-
tion is of the relaxed Arakawa–Schubert type (Moorthi
and Suarez 1992), and the land surface model is Mo-
saic (Koster and Suarez 1992). Details of the model
and integrations can be found at http://nsipp.gsfc.na-
sa.gov and in Table 1.

A nine-member ‘‘AMIP ensemble’’, so called in def-
erence to the ‘‘Atmospheric Model Intercomparison
Project’’ (Gates et al. 1998), is at the core of our anal-
ysis. It was integrated with a horizontal resolution of 2�
in latitude by 2.5� in longitude, and 34 levels in the
vertical in a standard r coordinate. Each ensemble
member was forced with different initial atmospheric
conditions, but the same observed history of SST and
sea ice. A medley of Hadley Centre, GISST, and Rey-
nolds and Smith products (Rayner et al. 1996, 2003;
Reynolds and Smith 1994) was used over the sub-peri-
ods 1930–1948, 1949–1981, and 1982–2000, respectively.
Because it can be shown a posteriori that our analysis
does not suffer from presumed step-wise changes in the
boundary conditions (Giannini et al. 2003), and because
we are interested in interannual to interdecadal vari-
ability, throughout this study we compute seasonal
anomalies with respect to the long-term (1930–2000)
mean.

In the AMIP ensemble atmospheric CO2 concen-
tration is held fixed at 350 ppm, and vegetation is
prescribed to be seasonally varying, but interannually
fixed. Hence, simulation of the persistent dry condi-
tions of the 1970s and 1980s in the Sahel (Giannini
et al. 2003) is evidence that the historical evolution of
SST variability, the only temporal link between the
model and real worlds, provided the dominant forcing.
In the absence of an interactive dynamic vegetation
model, we can only evaluate the role of vegetation
indirectly. Assuming that in the Sahel land–atmo-
sphere interaction and dynamic vegetation provide
successive amplifying steps to the initial, ocean-forced
precipitation anomalies (Zeng et al. 1999; Wang et al.
2004), we assess the role of land surface variables
impacted by rainfall, e.g., surface temperature and
evaporation, by comparing the AMIP ensemble to an
integration where land–atmosphere interaction is dis-
abled. This is done in a 50-year (1950–1999) simula-
tion by setting the evaporation efficiency b, defined as
the ratio of evaporation to potential evaporation, to
its model climatological value taken from the AMIP
ensemble. This integration is referred to as ‘‘fixed-b’’
(Koster and Suarez 1995; Koster et al. 2000).

Finally, in light of the results of Giannini et al.
(2003), additional integrations were performed, to test
the reproducibility of the relationship between the SST
pattern associated with the interdecadal variability of
Sahel rainfall, and rainfall itself. In this ‘‘Sahel
ensemble’’ NSIPP1 was run for 40 years in a control

simulation with climatological SSTs, and for 40 years
each in two simulations in which the anomaly pattern
statistically associated with the interdecadal variability
of Sahel rainfall is superimposed on climatological
SSTs, once with positive and once negative values.
This pattern (Fig. 4b of Giannini et al. (2003)) is
characterized by significant loadings in the South
Atlantic and Indian Oceans, in contrast to very weak
loadings in the Pacific and North Atlantic Oceans.

2.2 Climate observations over tropical Africa;
validation of the precipitation climatology

Two precipitation datasets are used to validate model
output. The seasonal climatology and variability of
the model’s northern summer (July–September, or
JAS) rainfall in the tropical Atlantic basin are com-
pared to the National Oceanic and Atmospheric
Administration (NOAA)’s Climate Prediction Center
(CPC) Merged Analysis of Precipitation (CMAP) of
Xie and Arkin (1997), a product that synthesizes sa-
tellite and ground-based information and therefore has
global coverage. Because CMAP only covers the last
20 years or so on record, to validate the long-term
variability we revert to station records of accumulated
monthly rainfall from the NOAA Global Historical
Climate Network (GHCN) (Vose et al. 1992; Peterson
and Easterling 1994; Easterling et al. 1996; see the
NOAA National Climatic Data Center (NCDC)
website at http://lwf.ncdc.noaa.gov/oa/ncdc.html).

Fifty seven stations in tropical Africa, between 20�S
and 20�N, 20�W, and 40�E, were chosen in view of the
completeness of their precipitation records during
northern summer of 1930–2000.

Surface air temperature data from the same tropical
African region is briefly used in Section 3.2. This data
was also obtained from NOAA via the International
Research Institute (IRI) for climate prediction’s Data
Library (http://iridl.ldeo.columbia.edu/). A smaller
number of stations (44) has complete seasonally
averaged records of surface air temperature, and only
for the 1951–1990 period. Analysis in Section 3.2 is
limited to these records.

In Fig. 1 the CMAP climatology during the July–
September African monsoon season is compared to the
model ensemble mean precipitation over the common
period, 1979–1999. The model reproduces the correct
magnitude and spatial pattern over Africa in the cli-
matology, though it has a wet bias over the Caribbean/
Central American region, and over the southwestern tip
of the Arabian Peninsula. Climatology and variability in
the model are underestimated in the two regional max-
ima, over the Cameroon highlands, and over the Guin-
ean highlands stretching west into the Atlantic marine
ITCZ. Variability in general is muted in the model, but
overall the model seems to balance variability in oceanic
and continental precipitation in a way that compares
favorably with observations.
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3 A descriptive analysis of African climate variability
(1930–2000)

To describe climate variability over tropical Africa (20�S
to 20�N, 20�W to 40�E) during the northern summer
monsoon season (July–September, or JAS) we use
Principal Component Analysis (PCA; Preisendorfer
1988; Peixoto and Oort 1992; Von Storch and Zwiers
1999). This mathematical procedure is commonly ap-
plied to geophysical data to extract spatially coherent
patterns, also known as Empirical Orthogonal Func-
tions (EOFs) that sequentially maximize the fraction of
total variability that they represent. In this section we
compare results of PCA applied to precipitation (also
see Giannini et al. 2003) and to surface temperature, in
observations and in the ensemble mean of all integra-
tions. In the following section the same technique will be
applied to intra-ensemble member variability in rainfall.

3.1 Variability in northern summer precipitation

Figure 2 compares the two leading spatial structures, or
Empirical Orthogonal Functions (EOFs) of precipita-

tion, in observations and in the model’s ensemble mean.
These patterns explain 25 and 15% of the total variance
in observations, 32 and 21% of the total variance in the
model’s ensemble mean. Panels (a) and (d) in Fig. 2
represent the observed spatial structures, with each dot
depicting the loading at a station. Panels (b) and (e)
represent the model ensemble-mean spatial structures.
Note that the two leading model patterns represent
variability at the northern and southern edges of the
climatological precipitation pattern, depicted in con-
tours.

EOF1 in observations and EOF2 in the model’s
ensemble mean (Fig. 2, panels a and b) represent vari-
ability in continental precipitation between 10�N and
20�N. The zonally elongated pattern of positive loadings
centered on 15�N across northern Africa, from the
Atlantic Ocean to the Red Sea, defines the Sahel. The
regression of the associated model time series, or Prin-
cipal Component (PC), with global precipitation, in
Fig. 2c, shows the continental nature of the Sahel pat-
tern. It also shows a coherent pattern of out-of-phase
variation between precipitation anomalies in the central
and eastern equatorial Pacific, typical of the El Niño-
Southern Oscillation (ENSO) phenomenon, and in

a b

c d

Fig. 1 Comparison of the observed (CMAP, Xie and Arkin 1997) and modeled precipitation climatologies for the July–September season
(1979–1999). Top panels are for observations, bottom panels are for model output (in mm/day). Contour interval in the left panels is 2 mm/
day, in the right panels it is 0.5 mm/day
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many of the world’s monsoon regions. We will come
back to this pattern in Section 5.

EOF2 in observations and EOF1 in the model
(Fig. 2, panels d and e) represent rainfall variability
along the Gulf of Guinea coast. It should be noted here

that northern summer defines a relative minimum in the
seasonal cycle of precipitation for this region, caught
between the maxima in northern spring and fall. Nev-
ertheless, the Gulf of Guinea coast being more humid in
the mean, it exhibits a significant amount of variability

a d

eb

c f

Fig. 2 The spatial patterns associated with the leading Principal
Components (PCs) of northern summer precipitation variability
over tropical Africa. Anomalies are in mm/day. Top panels: EOFs 1
and 2 from observations (stations from NOAA/GHCN)—blue dots
represent negative anomalies, red dots positive anomalies. Middle
panels: EOFs 2 and 1 of the ensemble mean of the NSIPP1 AMIP
ensemble average of nine integrations—red is for positive anom-
alies, blue for negative anomalies. The contours, every 2 mm/day,

represent the precipitation climatology (1930–2000). Note that the
model PCA domain is slightly smaller in longitudinal range. It
extends to 35�E, instead of 40�E, to avoid giving too much weight
to the spurious maximum in simulated precipitation between the
Horn of Africa and the Arabian Peninsula. Bottom panels:
regression maps of the model PCs with global precipitation, in
mm/day, with contour every 0.4 starting at 0.2, and shading
representing statistical significance at the 99.9% confidence level
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even in the relatively dry summer season, appropriately
captured by this EOF. As shown in the regression pat-
tern of the associated model PC with global precipita-

tion, in Fig. 2f, this structure connects the Gulf of
Guinea coast to the tropical Atlantic Ocean ITCZ, west
of our domain of analysis, covering West Africa in the
latitudinal band between the equator and 10�N.

The fact that the two leading patterns appear in re-
verse order in the analysis of observed and modeled
precipitation may be related to the inhomogeneous
spatial distribution of the stations used. Because PCA is
computed on the covariance, not on the correlation
matrix, given that the variance in observed precipitation
is higher along the Gulf of Guinea than it is across the
Sahel (Fig. 1c), a Gulf of Guinea pattern should domi-
nate. Possibly because there are fewer stations in this
region, though, their coherent variability does not cap-
ture as large a fraction of the total variability as it does
in the model ensemble mean.

Careful inspection of Fig. 2a reveals the presence of a
meridional dipole structure in the observed Sahel pat-
tern, between the positive loadings in the Sahel and the
negative loadings along the Gulf of Guinea coast (Ja-
nicot 1992; Nicholson and Palao 1993; Rowell et al.
1995). Such a pattern is absent in the model ensemble
mean figure (Fig. 2b). Its reproduction has long been
considered a benchmark test for the models’ ability to
correctly simulate variability in the West African mon-
soon (e.g., Vizy and Cook 2001, 2002). Is NSIPP1’s
failure to reproduce this feature a model shortcoming,
possibly related to inadequate spatial resolution?
Awaiting a conclusive answer, we present evidence that
may point, instead, to the artificial nature of the dipolar
pattern. Further analysis reveals that the first EOF of
observed rainfall represents a large fraction of variability
in Sahel stations, not so in Gulf of Guinea coast sta-
tions, as measured by linear correlation. Correlations
between the time series associated with the Sahel EOF
and each station (not shown) are high and statistically
significant between 10�N and 20�N, not so equatorward
of 10�N. Furthermore, the correlation between the
averages of Sahel and Gulf of Guinea stations is insig-
nificant (r=�0.05 over July–September 1930–2000). We
will come back to this distinction between Sahel and
Gulf of Guinea coast patterns later in this paper, to
propose that it has dynamical substance; in Section 4 we
will show that the two patterns behave differently with
regards to the role that boundary forcing and internal
noise play in their definition.

The temporal structures of precipitation variability,
or Principal Components (PCs), are shown in panels (a)
of Figs. 3 and 4. The two leading PCs are statistically
separate, according to North et al.’s (1982) rule, in
observations and model output. The Sahel and Gulf of
Guinea PCs in observations and in the model correlate
at 0.74 and 0.62, respectively, over 1930–2000.

The Sahel PC (Fig. 3a) tracks the well-known
‘‘trend’’: precipitation was above-average in the 1930s, it
hovered around the long-term mean in the 1940s, was
well above it in the 1950s and early 1960s, and then
progressively declined through the 1970s and 1980s. In
the model time series the reversed trend, of increasing

a

b

c

Fig. 3 The Sahel, or monsoon PC. Time series in the top panel are
normalized (see text for additional information). The vertical lines
identify warm (red) and cold (blue) ENSO events. Panels (b) and (c)
are regression maps with surface temperature (in �C) for the
observed PC1 and modeled PC2, respectively (the two correlate at
0.74 over 1930–2000). Contour interval is every 0.4�C, starting at
0.2�C, solid contours represent positive anomalies, dashed contours
negative anomalies, and shading represents the 99.9% confidence
level
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precipitation from the late 1980s onwards, is accentu-
ated compared to observations. It should be noted here
that the comparison between observed and model
ensemble mean PCs benefits from standardization of the
time series, i.e., the original time series are divided by
their respective singular values (or, equivalently, by the
square root of their respective eigenvalues). This is be-

cause variability in the model is muted with respect to
observations, as mentioned in Section 2.2. In the case of
the Sahel PCs, the ratio of observed to model ensemble
mean singular values is 4. Regression maps of the Sahel
PC with surface temperature are displayed in panels (b)
and (c) of Fig. 3, for observations and model output,
respectively. Regions of highly significant values (the
shading in Figs. 3 and 4 represents statistical significance
at the 99.9% level) span the entire tropical oceans. In the
case of the model PC (Fig. 3c), the regression includes
the simulated, ensemble-mean surface temperature over
land: significant regression values can be noted over the
Indian subcontinent and across the Sahel itself.

The Gulf of Guinea PC is shown in Fig. 4a. No trend
is apparent in this time series, an indication that PCA
has successfully confined it, and hopefully its physics, to
the complementary leading mode. In Fig. 4, panels (b)
and (c) display the regression maps of this PC with
surface temperature, in observations and model,
respectively. The very different nature of this pattern,
when compared to that associated with the Sahel PC, is
immediately apparent: high positive regression values
are localized to the eastern equatorial Atlantic, in the
region of SST variability associated with the Atlantic
counterpart to the tropical Pacific ENSO.

3.2 Co-variability in surface temperature

The comparison of the leading PCs of the model’s
ensemble mean surface temperature and precipitation
(Fig. 5), calculated independently over the same region
(20�S to 20�N, 20�W to 35�E), reveals the coherence in
their variations. The two leading patterns of ensemble-
mean surface temperature explain 53 and 17% of the
total variance, respectively. Though obtained indepen-
dently, they correlate at 0.91 and 0.81 with the corre-
sponding leading PCs of precipitation, in reverse order:
PC1 of model ensemble-mean surface temperature is a
Sahel/continental pattern, related to PC2 of precipita-
tion, while PC2 of surface temperature is a Gulf of
Guinea/oceanic pattern, related to PC1 of precipitation.

Values of opposite sign in the spatial patterns asso-
ciated with the continental PCs of precipitation and
surface temperature (panel b of Figs. 2 and 5, respec-
tively) represent trends of contrasting sign across the
Sahel: as precipitation decreased over the past 50 years,
surface temperature increased. The coupling of trends of
opposite sign in precipitation and surface temperature in
the Sahel is confirmed by a repeat of PCA on station
surface air temperature data (not shown). The first PCs
of observed precipitation and surface air temperature
correlate at 0.82 during 1951–1990—analysis is limited
to this sub-period due to the temporal limitation of the
surface air temperature records available from GHCN.
PC1 of observed temperature explains 39% of the total
variance over Africa, 20�S to 20�N. Again, high spatial
loadings (not shown) are focused on the Sahel, 10�N to
20�N.

a

b

c

Fig. 4 The Gulf of Guinea, or oceanic ITCZ PC. Time series in the
top panel are normalized. Panels (b) and (c) are regression maps
with surface temperature (in �C) for the observed PC2 and modeled
PC1, respectively (the two correlate at 0.62 over 1930–2000).
Contour and shading as in Fig. 3
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While over the tropical oceans surface temperature
and precipitation tend to be positively correlated, i.e.,
precipitation is usually largest over the warmest SSTs,
the opposite is true over land. Over land the surface
temperature signal is most directly interpretable as a
consequence of the precipitation signal: increased pre-
cipitation is associated with increased soil moisture,
which means that a given energy flux into the surface
will be used preferentially to evaporate the moisture,
rather than to heat the surface. A negative short-wave
cloud feedback is also consistent with an out-of phase
relationship between precipitation and surface temper-
ature anomalies: the cloud cover associated with rainfall
reduces the incoming solar radiation at the surface,
leading to surface cooling. Regression plots of the Sahel
PC of precipitation with precipitation, evaporation and
vertically integrated moisture convergence (Lenters and
Cook 1995; Vizy and Cook 2001) from the AMIP
ensemble (left column of Fig. 6) demonstrate that local
and large-scale processes contribute to the water budget
in comparable parts. Once a precipitation anomaly, in
our case remotely forced from the ocean, is established
(Fig. 6a), local moisture recycling, represented by the
evaporation anomaly (Fig. 6c), and large-scale dynami-
cal constraints, represented by the moisture convergence
anomaly (Fig. 6d), contribute in equally significant
terms to precipitation across Africa.

When land–atmosphere interaction is severed, in the
fixed-b integration (right column of Fig. 6), the anom-

alous precipitation (Fig. 6e) does not result in surface
temperature (Fig. 6f) or evaporation (Fig. 6g) anomalies
as large or significant as in the AMIP ensemble. Note
that the fact that surface temperature anomalies across
the Sahel in fixed-b are a fraction of the corresponding
AMIP ensemble anomalies implies that evaporation
plays a dominant role in defining surface temperature,
compared to cloud-radiative feedbacks. The fact that the
surface temperature anomalies are negative implies that
the short-wave cloud feedback, i.e., cooling by a
reduction of incoming solar radiation at the surface,
wins over the long-wave cloud feedback, which would
result in more energy being trapped below the clouds,
hence a warming.

The opposite sign in anomalies in precipitation and
land surface temperature is confirmed in the modeled
Gulf of Guinea patterns. The correlation between these
EOFs of precipitation and surface temperature (com-
pare panel d in Fig. 5 with panel e in Fig. 2) reflects the
association between anomalies of the same sign in pre-
cipitation and Gulf of Guinea SST, and of opposite sign
in precipitation and land surface temperature along the
Gulf of Guinea coast. For a discussion of the dynamics
involved in the forcing of an anomalous atmospheric
circulation by eastern equatorial Atlantic SSTs the
reader is referred to the comprehensive modeling studies
of Vizy and Cook (2001, 2002).

In brief, the following points summarize what de-
scribed so far:

a b

c d

Fig. 5 PCA of the ensemble-
mean surface temperature in the
NSIPP1 AMIP ensemble. Left
column: the PCs are
normalized. Solid lines are the
PCs of surface temperature,
dashed lines the PCs of
precipitation. Right column:
contour is every 0.2�C, solid
contours represent positive
anomalies, dashed contours
negative anomalies
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a

b

c

d

e

f

g

h

Fig. 6 Regression maps of the Sahel PC with (a–e) precipitation,
(b–f) surface temperature, (c–g) evaporation, and (d–h) vertically
integrated moisture convergence, from the AMIP ensemble (left
column), and from the fixed-b run (right column). a–e are in units of
mm/day, (b–f) are in �C, (c–g) and (d–h) are in mm/day. In (a–e),

(b–f), and (d–h) contour is every 0.4, starting at 0.2. In (c–g)
contour is every 0.2, starting at 0.1. Solid contours denote positive
anomalies, dashed contours negative anomalies, and shading
indicates the 99.9% confidence level
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1. When forced with the historical record of SST only,
NSIPP1 skillfully captures the observed interannual
to interdecadal variability of northern summer Afri-
can climate. This includes the interdecadal drying
trend in the Sahel, and interannual variability typical
of Gulf of Guinea rainfall.

2. The observed relationship between precipitation and
land surface temperature in the Sahel, while consis-
tently reproduced in the AMIP ensemble, vanishes in
an integration where land–atmosphere interaction is
disabled. This behavior is suggestive of a strong
control exercised by precipitation on surface tem-
perature through a land–atmosphere feedback. As a
corollary, the positive trend in Sahel surface tem-
perature can be interpreted as a consequence of the
negative trend in precipitation.

4 Signal and noise in the modeled African monsoon

Having shown that the model is capable of capturing the
dominant patterns of the observed variability of pre-
cipitation, and that such patterns owe their existence
primarily to SST forcing, next we exploit the informa-
tion contained in the ensemble of integrations to further
investigate the nature of such patterns. We are interested
in discriminating between signal and noise in African
rainfall variability as a first step towards quantifying
potential predictability.

We define the signal as the boundary-forced compo-
nent, while the noise is variability internal to the atmo-
sphere, or to the coupled land–atmosphere system,
which is independent of the prescribed oceanic boundary
conditions. Assuming linearity, Zwiers (1996), Rowell
(1998), and Koster et al. (2000), among others, write:

r2
Total ¼ r2

Forced þ r2
Internal

where r2 is variance. ‘‘Forced’’ refers to boundary
forcing from the prescribed oceanic conditions. In the
limit of infinitely large ensemble size, the ‘‘Forced’’
component of variability is represented by the time-
varying ensemble mean, while the ‘‘Internal’’ component
of the variance, i.e., that due to atmospheric noise and/
or variability arising from land–atmosphere interaction,
is represented by deviations from it.

We apply PCA to total and internal variability of
precipitation over Africa, 20�S to 20�N and 20�W to
35�E, as we did to forced variability in the previous
section. The percent variances explained by the leading
PCs of forced, total and internal variability are sum-
marized in Table 2.

PCA is first repeated on the total variability of pre-
cipitation as represented by the ‘‘stack’’ of deviations of
all the ensemble members from the ensemble’s July–
September precipitation climatology. Results are
displayed in Table 2 and in Fig. 7. The two leading
spatial patterns are indistinguishable from those of
ensemble-mean (Fig. 2, panels b and e), or forced vari-

ability, hence they are not shown. EOF1 is a Gulf of
Guinea pattern, explaining 19% of the total variance.
EOF2 is a Sahel pattern, explaining 15% of the total
variance. Note that the percent variances explained by
the two leading PCs of total variability, in the first col-
umn of Table 2, compare well with the percentages ex-
plained by the observed PCs 1 and 2 of precipitation, of
25 and 15%, respectively, over 1930–2000. Also note, in
Fig. 7b, that all the ensemble members reproduce the
trend in Sahel rainfall. Correlation values of the
ensemble-mean PCs 1 and 2 with the individual ensem-
ble-member realizations range between 0.94 and 0.96 in
PC1, the Gulf of Guinea PC, and between 0.84 and 0.89
in PC2, the Sahel PC. From visual inspection alone, it is
clear that the scatter between individual realizations of
the model’s Gulf of Guinea PC is smaller than that be-
tween individual realizations of the Sahel PC (compare
panels in Fig. 7). Following Koster et al. (2000), to
measure the tightness of the spread, or coherence among
realizations we compute:

X ¼ Ir2
Forced � r2

Total

ðI � 1Þr2
Total

where I is ensemble size. X can take values between 0
and 1. Where the I realizations to display variability
completely independently of each other, then, from the
Central Limit Theorem it would follow that r 2

Forced =
r 2

Total/I, hence X =0. Conversely, were the I realiza-
tions to all display the same variability, then r 2

Forced =
r 2

Total, hence X =1. In both our PCs, the coherence
among realizations is high, as seen in values of X of 0.91
and 0.70 in Table 2. As expected, coherence is higher for
the Gulf of Guinea PC than for the Sahel PC.

Not surprisingly, then, in the repeat of PCA on the
internal variability of rainfall, i.e., on the deviations of
each and every ensemble member from the time-varying
ensemble mean (Table 2 and Fig. 8), we find that the
dominant pattern of forced and total variability, the
Gulf of Guinea pattern, is no longer a preferred pattern.
Instead, the dominant pattern of internal variability
(Fig. 8), explaining 10% of the total variance of pre-
cipitation, is continental, bearing a strong resemblance
to the Sahel pattern. From a statistical standpoint, this
finding is consistent with the noise level in the individual
ensemble members of the two leading PCs being higher
for the Sahel than for the Gulf of Guinea, as noted
above in relation to the scatter in the time series in
Fig. 7. Similar results have recently been obtained by

Table 2 Percent variances explained by the leading PCs of the to-
tal, forced, and internal components of variability in the AMIP
integrations. X, the coherence reported in the fourth column, is
computed using the total and forced components of variability. See
text for details

r2
Total r2

Forced X r2
Internal

Gulf of Guinea PC 19% 32% 0.91 –
Sahel PC 15% 21% 0.70 10%
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Tippett and Giannini (2005), who analyzed the predict-
able components of West African rainfall in a different
atmospheric model. More relevant is the dynamical
interpretation this behavior lends itself to; Gulf of
Guinea and Sahel patterns represent two different

mechanisms of rainfall variability over West Africa, with
distinct spatial and temporal scales, as seen in Section 3,
and controls. The Gulf of Guinea pattern owes its
existence entirely to SST variability, more precisely to
tropical Atlantic SST variability. The Sahel pattern is
continental in nature, and displays a significant amount
of noise which is amplified by land–atmosphere inter-
action (see previous section and Fig. 6; also see Fig. 3 in
Giannini et al. (2003)). Because very similar spatial
patterns appear among the leading modes of boundary-
forced and internal variability, and because the ampli-
tude exhibited by the boundary-forced Sahel pattern is
larger than that exhibited by its internal variability
counterpart (the ratio of Sahel eigenvalues of boundary-
forced and internal variability is 3), we interpret the
Sahel pattern as an internal mode of variability of
northern summer African precipitation, a mode in which
land–atmosphere interaction matters, and that is pref-
erentially excited and amplified by SST variability.

5 Dynamics of the Indian Ocean–Sahel teleconnection

Over the past 30 years research into the linkages be-
tween the world’s oceans and the persistence of drought
in the Sahel has expanded from a focus on the tropical
Atlantic (e.g., Hastenrath and Lamb 1977; Lamb 1978a,
1978b) to include the Pacific (e.g., Folland et al. 1986;
Palmer 1986; Wolter 1989; Janicot et al. 1996), and In-
dian Oceans (Shinoda and Kawamura 1994; Janicot
et al. 2001; Rowell 2001). In this section we describe
three plausible dynamical mechanisms that may explain
the link between a warming trend in the tropical oceans
and the drying of the Sahel (Bader and Latif 2003;
Giannini et al. 2003). These three mechanisms are clo-
sely inter-related, and could be portrayed as three levels
of increasing complexity in the atmospheric response to
SST anomalies, rather than three independent, compet-
ing mechanisms. The first mechanism involves the ther-
mal contrast between land and ocean. Its consideration
follows from a study of Chou et al. (2001) on idealized
monsoons. The second mechanism relates to zonally

a

b

Fig. 7 PCA of the total variance of July–September precipitation
over tropical Africa. a Time series for each ensemble member
associated with a Gulf of Guinea pattern. b Time series associated
with a Sahel pattern. The amplitude is in units of standard
deviation

a b
Fig. 8 PCA of the internal
variance of July–September
precipitation over tropical
Africa. The leading pattern
represents noise in a Sahel-like
pattern. The amplitude for the
time series is in units of
standard deviation
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symmetric atmospheric dynamics involving the global
Hadley circulation. The third mechanism, the eddy re-
sponse to localized heating, interprets deviations from
the global Hadley circulation in light of the theory of
equatorial wave dynamics (Matsuno 1966; Webster
1972; Gill 1980).

The starting point of our analysis is the decomposi-
tion of the Sahel PC of precipitation (Fig. 3a) into ‘‘low-
frequency’’, or interdecadal (21-year running mean), and

‘‘high-frequency’’, or interannual (its residual) compo-
nents (Giannini et al. 2003; see their Fig. 4). This pro-
cedure separates the influence of the tropical Pacific and
ENSO, which operates on the interannual time scale,
from that of the tropical oceans around Africa. Implicit
in our interpretation of this separation is the reasoning
that the time scale, interannual or interdecadal, is set by
the slower component of the ocean atmosphere system,
i.e., the ocean, or by ocean–atmosphere interaction, as in

a

b

c

Fig. 9 Regression maps of the
high-frequency component of
the Sahel PC with (a) 200 hPa
geopotential height (contour
every 40 gpm) and winds, (b)
precipitation (contour every
0.4 mm/day, starting at 0.2), (c)
850 hPa winds and surface
temperature (contour every
0.4�C, starting at 0.2). Solid
contours denote positive
anomalies, dashed contours
negative anomalies, and shading
indicates the 99.9% confidence
level
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ENSO. However, at any given time in the interannual or
decadal ‘‘cycle’’ of these anomalies, the atmosphere re-
sponds to the anomalies present, with no regard to the
characteristic time scale of their evolution.

Before focusing the rest of the discussion on the im-
pact of SST variability associated with the low-fre-
quency component of Sahel rainfall, we comment briefly
on ENSO’s role in shaping its interannual variability. In

Fig. 9, the high-frequency component of the Sahel PC is
regressed against relevant atmospheric variables. Posi-
tive SST anomalies in the tropical Pacific (Fig. 9c) are
associated with positive upper-level geopotential height
anomalies (Fig. 9a); in a warm ENSO, the entire tropical
troposphere warms up (Yulaeva and Wallace 1994), and
the vertical profile becomes more stable (Chiang and
Sobel 2002; Su et al. 2004). Hence, the regions clima-

a

b

c

Fig. 10 Composites of the
positive-climatology differences
in the Sahel ensemble. a
Geopotential height (contour is
every 40 gpm) and winds at
200 hPa (in m/s), (b)
precipitation (in mm/
day—contour is every 0.4 mm/
day, starting at 0.2 mm/day),
and (c) 850 hPa winds (in m/s)
and SST—in �C. Contour is
every 0.4�C. Shading in (a, b)
indicates the 99.9% confidence
level. The line plots to the right
of each panel represent the
zonal mean of the variable that
is contoured in the panel. In the
case of surface temperature
the zonal average is taken over
the oceans only
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tologically affected by deep convection all suffer a
reduction in rainfall, visible in Fig. 9b across Africa,
South Asia, and Central America. Consistently, as seen
in Section 3.2, as precipitation decreases, land surface
temperature increases.

To describe the impact associated with the low-fre-
quency component of Sahel rainfall we analyze the
‘‘Sahel ensemble’’. We designed this set of integrations
specifically as a test for the dynamical consistency of the

statistical relationship identified by Giannini et al.
(2003), between large-scale patterns of SST and the long-
term trend of Sahel rainfall. We compare a pair of 40-
year integrations, referred to as ‘‘positive’’ and ‘‘nega-
tive’’ Sahel, to a 40-year climatological SST integration.
The ‘‘positive’’ and ‘‘negative’’ Sahel simulations are
obtained by forcing the atmospheric model with the
pattern statistically related to the low-frequency vari-
ability of Sahel rainfall added or subtracted, respec-
tively, to climatological SSTs. Linearity of the response
to SST is tested, by comparing ‘‘positive minus clima-
tology’’ and ‘‘negative minus climatology’’ differences.
Since the response is found to be linear, we will only
discuss the ‘‘positive minus climatology’’ case.

The SST anomalies in the positive Sahel integration
(see Fig. 4b of Giannini et al. (2003) or Fig. 10c here)
capture the net warming of the South Atlantic and
Indian Oceans. The latter, according to Levitus et al.
(2000), dates back to the mid-1960s. The contribution
from the tropical Pacific is negligible, having been iso-
lated into the interannual component. Also of note is
the absence of significant anomalies in the North
Atlantic, hence of an Atlantic interhemispheric gradient
in SST, which has been argued to contribute to long-
term variability of rainfall in the Sahel (Folland et al.
1986; Rotstayn and Lohmann 2002; Hoerling et al.
2004).

Before we go on to interpret the role of Indian Ocean
SSTs in the Sahel simulations, we note that the validity
of the AMIP framework has been called into question by
observational and modeling studies which qualify the
breakdown of the association between warm SST and
above-average precipitation in the Indian Ocean during
the southwesterly monsoon season (Rao and Goswami
1988; Kirtman and Shukla 2002; Gadgil et al. 2003;
Krishna Kumar et al. 2005). In reality, warm SSTs in
the Indian Ocean during northern summer are more
consistently interpreted as the consequence of reduced
deep convection and cloud cover, and increased incom-
ing solar radiation at the surface, than as the cause for
increased precipitation. Hence, forcing a model with
SSTs can create an unrealistic source of energy and
moisture, which leads to an unrealistic precipitation re-
sponse. This could be, indeed, what our model simu-
lates. Assume, on the other hand, that we could separate
two components in Indian Ocean SST variability. One
component would be arising from local, coupled ocean–
atmosphere dynamics with strong signature on the in-
terannual time scale. The other would be externally
forced, e.g., from the radiative effect of increased
atmospheric greenhouse gas concentrations, or from
decadal or longer-term changes in ocean circulation, and
would manifest itself in the trend. By attributing the
equatorial Indian Ocean warming to the latter, exter-
nally forced mechanism, we could rightfully interpret the
response in Sahel rainfall as a consequence, via the
atmospheric response described above, of this externally
forced trend component in the variability of Indian
Ocean SSTs.

a

b

c

Fig. 11 As in Fig. 10, except for the zonal eddy circulation.
Contour intervals are: (a) every 20 gpm, (b) every 0.4 mm/day,
starting at 0.2 mm/day, (c) every 0.4�C, starting at 0.2�C
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5.1 The role of land-ocean temperature contrast

In their idealized study, Chou et al. (2001) show how, in
regions dominated by the monsoon, precipitation over
land can be favored at the expense of oceanic precipi-
tation. The balance ultimately involves temperature
gradients, set up by the differences in heat capacity of
land and ocean, and moisture availability. At equinox
conditions, if the land surface is artificially saturated in
moisture, there is no difference between land and
ocean—equatorial convection extends across land and
ocean surfaces. When soil moisture is not prescribed to
be saturated, and is, instead, allowed to interact with the
atmospheric circulation, oceanic convection is favored at
the expense of continental convection, presumably be-
cause moisture is readily available over the ocean. Fi-
nally, when a simple parameterization of the meridional
ocean heat transport is added, which effectively cools the
tropical oceans by exporting heat to mid-latitudes, the
continental convergence zone gains the upper hand.

In our simulations, the positive minus climatology
difference equates to a warming of the tropical oceans.
Composites of this difference, i.e., the difference between
the July–September 40-year average in the positive Sahel
and climatology integrations, in 200 hPa geopotential
height and winds, precipitation, and surface temperature
and 850 hPa winds are displayed top to bottom in
Fig. 10. The line plots to the right of each panel repre-
sent the zonal mean of the quantities contoured in the
corresponding spatial plot. These anomaly patterns are
virtually indistinguishable from regression plots (not
shown) of the low-frequency component of the Sahel PC
on the same variables taken from the AMIP ensemble
mean.

If we focus our attention on the precipitation
anomalies in the positive-climatology difference
(Fig. 10b), we find that concomitant with the warming
of the Indian and South Atlantic Oceans, and with the
drying of the Sahel, precipitation increased in the
equatorial Indian Ocean. Unfortunately, due to the ab-
sence of critical station data from available archives, we
are unable to confirm the relationship between long-
term variability of rainfall in the Sahel and in the
equatorial Indian Ocean. For example, the record from
the one station in GHCN representative of the western
equatorial Indian Ocean, Mahé in the Seychelles, is
incomplete—data is missing for the crucial years which
signaled the transition between wet and dry epochs in
the Sahel, i.e., 1963–1972. However, a recent study by
Hurrell et al. (2004) finds basin-wide consistency be-
tween observed and modeled trends in precipitation in
the Indian Ocean.

The association between below-average rainfall in the
Sahel and above-average precipitation in the equatorial
Indian Ocean fits the mechanism described above: a
warming of the tropical oceans, as in the idealized sim-
ulation of Chou et al. (2001) where meridional ocean
heat transport is disabled, shifts convection from land to
ocean. This interpretation then brings to our attention

the question of attribution—why have the tropical
oceans consistently warmed up in the past few decades?

5.2 The response of the Hadley circulation
to an equatorial SST warming

The precipitation anomalies in the equatorial Indian
Ocean (Fig. 10b) are colocated with, and of the same
sign as, the SST anomalies (Fig. 10c), and are most
conspicuous just to the north and to the south of the
equator between 50�E and 90�E. Precipitation shows a
decrease all around the globe at latitudes between 10�N
and 20�N—noticeable in the zonal-mean plot to the side
of Fig. 10b. The decrease is marked across the mon-
soonal regions of Central America and the Caribbean, in
the Sahel, and over the western tropical North Pacific. In
contrast, precipitation increases in the equatorial Indian
Ocean, between 50�E and 110�E, in the Bay of Bengal,
and in the western equatorial Pacific. These changes
imprint the zonal mean picture, representative of the
global Hadley circulation. We hypothesize that a
warming not only of tropical SSTs, but more specifically
of equatorial SSTs, warming which is especially marked
in the Indian Ocean, may have favored a more equato-
rial position of the ascending branch of the global
Hadley circulation, hence of the locus of deep convec-
tion. Near-surface and upper-level winds would then
have adjusted to the newly found equilibrium between
the global atmospheric circulation and the diabatic
heating anomalies that perturbed it.

Positive 200 hPa geopotential height anomalies
(Fig. 10a) not unlike those associated with the response
to the equatorward shift of convection typical of a warm
ENSO event (see Fig. 9) are consistent with an increase
in equatorial deep convection in the Indian and western
Pacific Oceans, with a marked center in the Indian
Ocean between 60�E and 100�E. Away from the equator,
the anomalies in 200 hPa winds are consistent with
quasi-geostrophic flow along the geopotential height
anomaly contours. Of particular interest here is the
weakening of the tropical easterly jet in the region be-
tween South Asia and Africa, in the latitudinal band
between 10�N and 20�N—a weaker than normal upper-
level jet is a hallmark sign of years of reduced Sahel
precipitation (Newell and Kidson 1984; Nicholson and
Grist 2001).

5.3 The zonal eddy response and equatorial wave
dynamics

An interesting degree of complexity is added when one
considers deviations from the zonal mean in the atmo-
spheric circulation (Fig. 11). Then, the eddy component
of the upper-level and near-surface flows in the African–
Asian sector can be interpreted as the dynamical re-
sponse of the atmosphere to the superposition of two
competing diabatic heat sources, one equatorial and
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another off-equatorial (Webster 1972; Gill 1980). The
equatorial heat source is, again, one associated with
anomalously strong convection in the Indian Ocean
(Fig. 11b). Consistent with Gill’s (1980) description, to
the west of the heat source are near-surface westerly
wind anomalies converging towards it (Fig. 11c), and
upper-level easterly anomalies diverging away from it
(Fig. 11a). The Rossby-wave component of the response
to this heat source alone would draw a northeasterly
near surface flow across the Sahel, recurving to westerly
at the equator, synonymous with a weakening of the
southwesterly monsoon across Africa. However, the
picture is complicated by the presence of off-equatorial
heat sources, which represent strengthening of the
monsoon, and are centered on the Bay of Bengal and in
the western North Pacific. Consistently, zonal eddy
200 hPa geopotential height anomalies (Fig. 11a) are
positive in a sector centered on the Bay of Bengal, from
across the Sahel to East Asia. Upper-level wind anom-
alies capture a strengthening of the tropical easterly jet
between Africa and India, while near-surface wind
anomalies capture a strengthening of the South Asian
monsoon. The off-equatorial heat source in the Bay of
Bengal would alone draw southwesterly flow to the west
of it, strengthening the African monsoon across the
Sahel. In the balance, Sahel rainfall in the positive-cli-
matology difference of the zonal eddy field (Fig. 11b) is
negative, but not significantly so, compared to the total
(Fig. 10b) field.

The African response to SST and precipitation in the
Asian sector has potential value for understanding and
predicting a new balance of forces, one that could de-
velop with climate change. If the warming of the tropical
oceans (Levitus et al. 2000) is a sign of anthropogenic
climate change (Barnett 2005), will it necessarily spell
doom for the Sahel and other semi-arid climates of the
Earth (Neelin et al. 2003; Chou and Neelin 2004)? Or
will a projected strengthening of the Asian summer
monsoon, brought about by the increased land–ocean
thermal contrast associated with a sped-up melting of
snow cover (Meehl and Washington 1993; Krishna
Kumar et al. 1999; Houghton et al. 2001), be able to
counteract the drying trend?

6 Conclusions

The comparison of observations and model simulations
presented here confirms the dominant role played by the
oceans in African climate variability (Folland et al.
1986; Giannini et al. 2003), at least on interannual to
interdecadal time scales. The picture that emerges is that
of climate variability that is remotely forced from the
ocean, and amplified by local land–atmosphere interac-
tion. Vegetation and dust could conceivably play a role
parallel to that of the land surface, in responding by
amplifying the remotely forced precipitation anomalies
(Zeng et al. 1999; Wang et al. 2004).

In this concluding section we comment on two as-
pects of African climate highlighted by this comparison:
(1) the relationship between Sahel and Gulf of Guinea
rainfall, or between the African monsoon and the
Atlantic ITCZ (also see Lebel et al. 2003; Biasutti et al.
2004; Gu and Adler 2004); (2) the role of the Indian
Ocean in African climate variability (also see Bader and
Latif 2003; Hoerling et al. 2004). Principal Component
Analysis (PCA, in Section 3) applied to observations and
to model output identified two distinct patterns of
rainfall variability over tropical Africa during boreal
summer. These patterns jointly explain about 40% of
observed and 50% of the model’s ensemble-mean vari-
ability. One represents variability at the northern edge of
the seasonal monsoonal precipitation, in the semi-arid
Sahel, between 10�N and 20�N. The other describes
variability at the southern edge, along the Gulf of Gui-
nea coast, between 10�N and the equator (see Fig. 2).
Further analysis carried out on the ensemble of simu-
lations indicates that they are also dynamically distinct.
The Gulf of Guinea pattern owes its existence to tropical
Atlantic Ocean variability only, more specifically to
variability in eastern equatorial Atlantic SSTs, and is
inextricably tied to the Atlantic marine ITCZ. The Sahel
pattern represents variability in the African monsoon
(Biasutti et al. 2004), and displays a non-negligible
amount of noise, possibly intrinsic to chaotic land–
atmosphere interaction. At the same time it is very
sensitive to global, tropical oceanic conditions (Giannini
et al. 2003). Consequently, the following remarks appear
justified: (1) the Atlantic marine ITCZ is decoupled from
the African monsoon; (2) variability in the Sahel repre-
sents variability in the accumulated total seasonal
monsoon rains, as previously argued by Shinoda and
Kawamura (1994), and not in the meridional migration
of the location of convergence.

Long-term variability in Sahel rainfall is statistically
related to variability in the oceans around Africa,
especially the Indian Ocean. To connect changes in the
Indian Ocean to the continental climate of the Sahel we
find value in arguments about the contrast in thermo-
dynamic properties between land and ocean (Chou et al.
2001), as well as in the classical description of the zon-
ally symmetric, or Hadley circulation (Schneider 1977;
Held and Hou 1980; Lindzen and Hou 1988; Plumb and
Hou 1992), and in concepts related to equatorial wave
dynamics (Matsuno 1966; Webster 1972; Gill 1980) ap-
plied to the zonally asymmetric circulation (Section 5).

Rainfall in the Sahel may have declined over the last
50 years as convection migrated from land to ocean, or
as the zonal mean Hadley circulation migrated equa-
torward, attracted by a warming of the tropical oceans
most conspicuous in the equatorial Indian Ocean.
The questions that remain to be answered relate to
the dynamical response of the atmosphere, and of the
Asian–African monsoon in particular, to climate
change. Since in the simulations considered here the
direct radiative effect of anthropogenic greenhouse gases
is not taken into account, it will be important to inter-
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pret/anticipate how the monsoon will be affected by the
transient and equilibrium responses of a rapidly
responding land surface and slowly responding oceanic
surface (Hansen et al. 2005). Will a warming of the
tropical oceans successfully shift convection from land
to ocean? Or will the Tibetan plateau warm enough, as
perennial snow melts, to drive a stronger hemispheric
monsoon?
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