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ABSTRACT

The seasonal cycle of equatorial Atlantic sea surface temperature (SST) is characterized by a rapid cooling
from April to July, coinciding with the onset of the West African summer monsoon and followed by a slow
warming that lasts 3 times longer. Two ensemble simulations are carried out with an atmospheric general
circulation model to investigate the mechanisms for the wind changes that cause this rapid oceanic cooling and
its feedback onto the African monsoon. In the control simulation, SST is globally prescribed in its full clima-
tological seasonal cycle, while in the second simulation, equatorial Atlantic SST is held constant in time from
15 April onward.

Comparison of these simulations indicates that the equatorial cooling exerts a significant influence on the
African monsoon, intensifying the southerly winds in the Gulf of Guinea and pushing the continental rainband
inland away from the Guinean coast. The intensification of the cross-equatorial southerlies associated with the
onset of the African monsoon, in turn, triggers the oceanic cooling in the east. The equatorial easterlies are also
important for the seasonal cooling by inducing local upwelling and raising the thermocline in the east.

Three mechanisms are identified for the easterly wind acceleration in the equatorial Atlantic in boreal summer.
First, the monsoon rainfall distribution is such that it induces zonal sea level pressure gradients and easterly
anomalies in the eastern Atlantic. Second, the strong cross-equatorial southerlies advect the easterly momentum
from the south into the equator. Finally, zonal pressure gradients associated with the equatorial ocean cooling
accelerate surface easterly winds in the middle and western Atlantic. This interaction of equatorial SST and
zonal wind causes their westward copropagation, analogous to that in the equatorial Pacific.

1. Introduction

On the equator, insolation at the top of the atmosphere
displays small seasonal variations, with a semiannual
cycle of 18 W m 22 in amplitude exceeding the annual
cycle by 23%. However, the equatorial eastern Pacific
and Atlantic exhibit a pronounced annual cycle in sea
surface temperature (SST), surface wind, and deep con-
vective activity (Mitchell and Wallace 1992). In both
equatorial oceans, SSTs reach their maxima in spring
when the intertropical convergence zone (ITCZ) comes
near the equator. (In this paper, the seasons refer to those
for the Northern Hemisphere.) With the onset of the
summer monsoon over Central America and West Africa

* International Pacific Research Center Contribution Number 273
and School of Ocean and Earth Science and Technology Contribution
Number 6369.

Corresponding author address: Yuko Okumura, Department of
Meteorology, HIG350, University of Hawaii at Manoa, 2525 Correa
Rd., Honolulu, HI 96822.
E-mail: yukoo@hawaii.edu

in May–June, the oceanic ITCZ shifts northward over
the eastern Pacific and Atlantic, with cross-equatorial
southerlies intensifying and the equatorial cold tongue
developing rapidly (Fig. 1). The cold tongue reaches its
peak in July–August and August–September in the At-
lantic and eastern Pacific, respectively. These equatorial
oceans then warm up until March. The seasonal evo-
lution of the ITCZ–cold tongue complex in the Atlantic
and Pacific is so robust that Mitchell and Wallace (1992)
propose that the onset of northern summer monsoons is
instrumental in initiating equatorial cooling, and the
positive feedback between ocean and atmosphere plays
an important role in its intensification and westward
expansion.

Xie (1994) proposes that without direct annual forc-
ing from the sun, the climatic asymmetry with respect
to the equator—most notably the northward-displaced
ITCZ—is the ultimate cause of the equatorial annual
cycle in the eastern Pacific and Atlantic (see also Chang
1996). Because of this climatic asymmetry, surface
winds are southerly year-round at the equator, strength-
ening in summer and weakening in spring in response
to the seasonal march of the sun. The strengthening
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FIG. 1. (a) Scatter diagram of the observed zonal wind stress to the west (48N–48S, 1308–1108W), the meridional wind stress to the north
(88N–08, 1208–1008W) of the Pacific cold tongue, and the cold tongue SST (8C; 48N–48S, 1048–868W). (b) As in (a), but for the zonal wind
stress in the western equatorial Atlantic (48N–48S, 348–268W), the meridional wind stress in the Gulf of Guinea (68N–08, 168W–48E), and
the cold tongue SST (48N–48S, 168W–48E). Adopted from Mitchell and Wallace (1992).

(weakening) of these southerlies lowers (raises) equa-
torial SST in summer (spring) by enhancing (reducing)
the vertical mixing, surface evaporation (Xie 1994), and
upwelling1 (Philander and Pacanowski 1981). Such
southerly wind-induced changes in SST are greatest in
the eastern ocean where the thermocline is shallow. The
resultant anomalous SST gradients intensify (weaken)
the equatorial easterly winds in summer (spring). Dis-
placed west of the maximum SST changes, the easterly
wind acceleration helps to propagate the coupled SST–
wind anomalies westward through upwelling and evap-
oration (Mitchell and Wallace 1992; Xie 1994; Nigam
and Chao 1996). With regard to the origin of the north-
ward displacement of the ITCZ, continental asymmetry,
such as the bulge of western Africa for the Atlantic and
the northwest orientation of the Pacific coast of the
Americas for the Pacific, is the trigger (Philander et al.

1 Near the equator, surface ocean currents flow downwind, while
they become perpendicular to the wind direction 28–38 away from
the equator due to the Coriolis effect. Because of this change in flow
regimes, cross-equatorial southerly winds generate ocean upwelling
south and downwelling north of the equator.

1996), with positive feedback between the ocean and
atmosphere helping sustain the climatic asymmetry far
away from the coast into the west (see Xie 2004 for a
recent review).

While the seasonal warming and cooling are roughly
symmetric in their durations in the eastern equatorial
Pacific, they are highly asymmetric in the Atlantic,
where the cooling takes only three months to reach the
peak but takes 3 times longer to warm up (Fig. 1). The
tropical Atlantic, with a narrow basin, is strongly influ-
enced by the major continents on both sides. Li and
Philander (1997) suggest that the annual cycle in the
eastern equatorial Atlantic is largely a passive response
to continental monsoons through their effect on oceanic
winds, with local air–sea interaction playing a minor
role. Comparing to a control simulation forced by sea-
sonally varying SST, their atmospheric general circu-
lation model (AGCM), with annual mean SST pre-
scribed globally, reproduces the seasonal cycle in the
meridional (zonal) wind component over the eastern
(western) equatorial Atlantic. In the equatorial Pacific,
by contrast, they report a substantial reduction in equa-
torial wind variations, confirming that they result from
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interaction with the ocean. Li and Philander’s result that
the annual cycle in equatorial Atlantic SST has little
effect on equatorial winds is rather surprising and needs
to be reconciled with the observed westward copropa-
gation of equatorial SST and zonal wind, a trait of the
equatorial annual cycle that is thought of as indicative
of their interaction (Mitchell and Wallace 1992; Xie
1994; Nigam and Chao 1996). While it is easy to un-
derstand the forcing of cross-equatorial wind variations
by the West African monsoon, it is rather unclear, and
these authors did not discuss, how continental monsoons
might force an annual cycle in equatorial zonal wind in
the western Atlantic.

Whereas the African monsoon’s effect on the seasonal
cooling of the equatorial Atlantic is well established in
the literature, the latter’s effect on the monsoon has not
been investigated. Results from studies of interannual
variability offer some hint of this cold tongue–monsoon
interaction on the seasonal time scale. The Atlantic cold
tongue displays significant year-to-year variations in
strength, with an equatorially trapped anomaly pattern
akin to the ENSO in the Pacific (Zebiak 1993). It has
been suggested that these SST anomalies are well cor-
related with summer rainfall in the Sahel and the coastal
region facing the Gulf of Guinea (e.g., Lamb 1978;
Hastenrath 1984; Lough 1986; Janowiak 1988; Wagner
and da Silva 1994). When the eastern equatorial Atlantic
SST is anomalously warm, rainfall tends to be below
normal over the Sahel and above normal along the Gui-
nean coast, resulting in a meridional dipole of precip-
itation anomalies over West Africa. More recent studies
using longer data records confirm these findings (Janicot
et al. 1998; Ward 1998; Fontaine et al. 1999). Eltahir
and Gong (1996) show that the West African monsoon
intensity and hence the northward penetration of the
summer rainband depend upon the meridional gradient
of moist static energy in the boundary layer between
the Gulf of Guinea and the continent, which is influ-
enced by Atlantic SSTs. Furthermore, Hastenrath (1984)
relates much of tropical Atlantic interannual variability
to an amplification or phase change of the annual ex-
cursion of the ITCZ. Thus, the African monsoon may
interact with, instead of exerting one-way influence on,
the equatorial annual cycle.

The present study investigates the role of air–sea in-
teraction in the equatorial annual cycle and explores its
interaction with the African monsoon by using an
AGCM. Our results show that the African monsoon is
indeed the major cause of the rapid seasonal cooling in
the eastern equatorial Atlantic, but that the subsequent
ocean–atmosphere interaction is indispensable for a re-
alistic simulation of the seasonal variations in the mon-
soon–cold tongue complex. We also identify the mech-
anisms for the annual cycle in equatorial zonal winds
that aid the rapid seasonal ocean cooling. Based on these
results, we present a conceptual model for the monsoon–
cold tongue interaction on the seasonal time scale. These
results may help us understand the source of systematic

errors that many state-of-the-art coupled GCMs suffer
(Davey et al. 2002). A better understanding of the annual
cycle also has important implications for the study of
climate variability, which displays a strong seasonality.

The rest of this paper is organized as follows: Section
2 introduces the AGCM used in this study and describes
the experimental design. In section 3, the simulated sea-
sonal cycle is compared with observations. Sections 4
and 5 present the results from the model experiments
and investigate the monsoon–cold tongue interaction
and the seasonal cycle in equatorial zonal winds, re-
spectively. Section 6 includes a summary and discus-
sion.

2. Model and experiment

The atmospheric model used in this study is a global
spectral GCM developed jointly by the Center for Cli-
mate System Research (CCSR) at the University of To-
kyo and the National Institute for Environmental Studies
(NIES) in Japan. The CCSR/NIES AGCM 5.6 is widely
used as a Japanese community model and is currently
being run on the Japan Agency for Marine–Earth Sci-
ence and Technology’s Earth Simulator at very high
resolutions. The model consists of the primitive equa-
tions and a comprehensive physical package including
dry and moist convection, cloud–radiation interaction,
turbulence mixing, and land hydrology. Over land, sur-
face albedo is specified and the model forecasts surface
temperature and soil moisture. Over the oceans, ob-
served SST is prescribed. Refer to Numaguti et al.
(1995) and Numaguti (1999) for model details and per-
formance. We use a version with triangular truncation
at zonal wavenumber 42 (T42) and 23 sigma levels in
the vertical. Forced with realistic boundary conditions,
the model simulates the observed seasonal cycle of the
African monsoon fairly well, with some deficiencies that
will be discussed in the next section. This model has
also been used to successfully simulate the atmospheric
response to cross-equatorial SST gradient anomalies in
the Atlantic, including the meridional shift of the ITCZ
and changes in the trade winds (Okumura et al. 2001).

We conduct two sets of ensemble simulations. In the
control (CTL) run, monthly mean climatological SSTs
are prescribed globally. Daily values of SST are ob-
tained by linearly interpolating the monthly mean val-
ues. In the second set of simulations, we hold equatorial
Atlantic SST to its April value from 15 April onward
(APR run). In this run, the seasonal cycle of equatorial
SST is removed by using a Gaussian weight function
centered on the equator with an e-folding scale of 108
in latitude. Namely, from 15 April onward, Atlantic SST
(T) at latitude f is modified as

2
f

T 5 T* 1 (T 2 T*) exp 2 , (1)Apr 1 2[ ]10

where T* is the observed SST at a given month and
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FIG. 2. (a) Seasonal cycle of the equatorial Atlantic SST (8C) in
the CTL (solid), APR (dashed), and ANM (dotted) runs, averaged
zonally across the basin at 1.48N/S. (b) CTL 2 APR SST difference
in Jun (light shade . 0.58C and dark shade , 20.58C with contours
at intervals of 0.58C).

TApr is the April value. About 22% (63%) of the seasonal
cycle in SST is retained at 58N/S (108N/S). Equation
(1) successfully suppresses the seasonal development of
the cold tongue near the equator, where the annual har-
monic of SST reaches a local maximum, without dis-
torting the seasonal cycle off the equator. An additional
set of simulations is carried out by forcing the model
with annual mean SST in the equatorial Atlantic (ANM
run). In the ANM run, the e-folding scale is 58. Figure
2a shows the seasonal cycle of the equatorial Atlantic
SST in these experiments. From April onward, SST at
1.48N/S (the model grid points closest to the equator)
remains nearly constant in the APR and ANM runs at
28.88 and 26.88C, respectively, in contrast to a sharp
decrease in the CTL run. Figure 2b shows CTL 2 APR
SST differences in June. The APR run nearly eliminates
the equatorial cold tongue.

Li and Philander (1997) specify annual mean SSTs
over the entire globe in their sensitivity experiment,
which removes not only the equatorial SST annual cycle
but also off-equatorial seasonal changes forced directly
by the annual march of the sun. After the spring equinox,
seasonal changes in insolation warm (cool) the SST

north (south) of the equator, and this antisymmetric sea-
sonal cycle of SST contributes to the intensification of
the cross-equatorial southerlies (oceanic monsoon) and
hence the equatorial cooling. With the purpose of in-
vestigating the air–sea interaction along the equator, we
choose to suppress the seasonal cycle of SST only in
the equatorial Atlantic. Thus, both continental and oce-
anic monsoons are retained to drive cross-equatorial
winds.

The effect of equatorial cold tongue–atmosphere in-
teraction is not limited to the equatorial region but ex-
tends along the west coast of Africa to as far south as
the Angolan coast by the mechanisms of equatorial and
coastal Kelvin waves (e.g., McCreary et al. 1984). Our
mask for the equatorial seasonal cycle, Eq. (1), does not
remove this remote response in the subtropical Angolan
coast (Fig. 2b). This remote response probably has only
a limited effect on the atmosphere in the equatorial re-
gion given that coastal SSTs are well below the con-
vective threshold.

For the CTL and ANM runs, the model is integrated
for 10 yr. The APR run consists of an ensemble of 10
integrations, where each integration is initialized on 1
January using data from the CTL run and lasts until 30
August. Such an ensemble simulation approach allows
us to construct a model seasonal cycle that is nearly
free of the internal variability of the atmosphere. In the
following sections, discussions are made only on those
results that are statistically significant at the 95% level
based on a Student’s t test.

3. Simulation of the equatorial seasonal cycle

In the equatorial Atlantic, the first transition from the
warm to cold season takes place during April–June in
response to the northward migration of the sun. Figures
3a and 3b show changes in surface wind and precipi-
tation from April to June in the CTL run and obser-
vations, respectively. In both the model and observa-
tions, the center of continental convection moves from
the equatorial belt to the Northern Hemisphere over
western and central Africa. The northward penetration
of the rainband provides a vital source of water for the
Sahel region. The anomalous rainbands extend west-
ward across the ocean basin, where they are associated
with the northward shift of the oceanic ITCZ. Both over
the ocean and Africa, southerly winds feed into the in-
tensifying Northern Hemisphere monsoon across the
equator. These enhanced cross-equatorial southerlies
cool down the equatorial Atlantic through upwelling,
entrainment, and evaporation. While the CCSR/NIES
AGCM successfully simulates many of these important
features of the seasonal transition, the oceanic ITCZ is
considerably weaker, and the spring rainfall over central
Africa is too pronounced in the model. The simulated
surface wind changes are stronger overall than in ob-
servations, and these wind biases stand out especially
in the Gulf of Guinea, off the coast of northwest Africa
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FIG. 3. (a) Jun 2 Apr changes in precipitation (light shade . 2.0 mm day 21 and dark
shade , 22.0 mm day 21 with white contours at intervals of 2 mm day 21 ) and surface
wind (vectors; m s 21 ) in the CTL run. (b) As in (a), but for the observed climatology
based on the Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP;
Xie and Arkin 1996) for 1979–2001 and the National Centers for Environmental Pre-
diction–National Center for Atmospheric Research (NCEP–NCAR) surface wind re-
analysis (Kalnay et al. 1996) for 1948–2001.

(around 158N), and the central Atlantic slightly north
of the equator.

Besides meridional winds, equatorial zonal winds
also play an important role in modulating equatorial
SSTs through upwelling, thermocline displacement, and
surface heat flux. Figures 4a and 4b show the seasonal
cycle of surface zonal wind velocity along the equator
in the CTL run and observations based on the Com-
prehensive Ocean–Atmosphere Data Set (COADS), re-
spectively. Easterly winds prevail over most of the ba-
sin, strengthening (weakening) in summer (spring) in
association with the expansion (retreat) of the cold
tongue. In the model, the zonal winds tend to be too

strong, with too large a seasonal range (4–5 m s 21 )
compared to observations (2–3 m s 21 ; also see Fig. 11,
top). While the observed equatorial winds are easterly
west of 58W throughout a year, the simulated winds turn
into westerlies over the eastern half of the basin in win-
ter and spring, consistent with the excessive rainfall over
central Africa in those seasons in the model (Fig. 3).
As a result, the annual mean equatorial winds in the
model have a westerly bias that amounts to 1 m s 21 in
the east (Fig. 4c). Many other AGCMs appear to have
similar problems of westerly bias and excessive conti-
nental rainfall (Gates et al. 1999), which may partly
explain why many coupled GCMs fail to simulate the
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FIG. 4. (a) Seasonal cycle of surface zonal wind velocity (m s 21 )
along the equator (1.48N–1.48S) in the CTL run. Contour intervals
are 1.0 m s 21 and negative values are shaded. (b) As in (a), but based
on the COADS climatology (1.08N–1.08S). (c) Annual mean surface
zonal wind at the equator in the CTL run (solid) and COADS (dashed).

Atlantic cold tongue (Davey et al. 2002). Despite these
biases, the model captures the gross features of the sea-
sonal variations over the equatorial Atlantic and the sur-
rounding continents. The rest of the paper analyzes the
model output for a better understanding of mechanisms
that shape the seasonal cycle there.

4. Monsoon–cold tongue interaction in the
seasonal cycle

With the onset of the West African monsoon in May–
June,2 northward surface winds increase dramatically
over the Gulf of Guinea (Fig. 1). The CCSR/NIES
AGCM successfully simulates this abrupt onset of sum-
mer monsoon when monthly climatological SSTs are
prescribed (Fig. 5a). The southerlies start to intensify
rapidly in May and continue to strengthen through June
concurrently with the development of the cold tongue
on the equator. This feature of the African monsoon is
very robust and shows little year-to-year variability in
the model under the climatological SST forcing.

a. Effect on the African monsoon

The removal of the equatorial cooling in the APR run
drastically changes the development of the southerly
monsoon over the Gulf of Guinea. The rate of increase
in southerly wind speed reduces to half of that in the
CTL run (Figs. 5b,c). Figure 6a displays the CTL 2
APR differences in precipitation and surface winds in
June. In the APR run, the ITCZ tends to stay near the
Guinean coastal region and the Sahel region receives
less rainfall than in the CTL run. The rainfall anomalies
are not confined to the eastern Atlantic, where large SST
anomalies are present (Fig. 2b), but extend into West
Africa to the north and across the basin to South Amer-
ica. In the CTL run, seasonal cooling of the equatorial
SST enhances northward gradients of temperature and
moist static energy in the atmospheric boundary layer,
which are the fundamental forcing of monsoons. As a
result, the monsoon rainfall penetrates farther north over
West Africa than in the APR run. There are anomalous
ascending (descending) motions over the positive (neg-
ative) precipitation anomalies throughout the entire tro-
posphere (not shown), as suggested by anomalous sur-
face wind convergence (divergence; Fig. 6a). This
north–south dipole pattern of precipitation anomalies
has a close resemblance to the observed interannual
anomalies associated with the Atlantic Niño over West
Africa (Janowiak 1988). In the latitude–time section of
the precipitation anomalies (Fig. 6b), this seasonal di-
pole pattern starts to show up as early as the beginning
of May, when the CTL 2 APR SST anomalies are still
modest, and continues to amplify until August, when
the cold tongue is fully developed in the CTL run’s SST.
The node of the precipitation dipole appears to move
slowly to the north with the main rainband in the total
field. These results indicate that the seasonal develop-
ment of the Atlantic cold tongue has a significant in-
fluence on the development of the African monsoon both
on the Guinea coast and in the Sahel.

2 Here, the monsoon onset is loosely referred to as the rapid in-
tensification of the southerlies in the Gulf of Guinea. There are other
definitions of West African monsoon onset (e.g., Sultan and Janicot
2003).



15 SEPTEMBER 2004 3595O K U M U R A A N D X I E

FIG. 5. Seasonal evolution of surface meridional wind (m s 21 ) over
the Gulf of Guinea (1.48S–4.28N, 168W–48E) in the (a) CTL and (b)
APR runs. Dashed lines represent each year of the 10-yr ensemble
simulations, and thick solid lines represent the ensemble means. (c)
Comparison of ensemble means for the CTL (solid), APR (dashed),
and ANM (dotted) runs.

FIG. 6. (a) CTL 2 APR anomalies of precipitation (light shade .
1.0 mm day 21 and dark shade , 21.0 mm day 21 with white contours
at intervals of 2.0 mm day 21 ) and surface wind (vectors; m s 21 ) in
Jun. (b) Latitude–time section of CTL 2 APR precipitation anomalies
averaged in 5.08W–5.08E. Shading and contour intervals are the same
as in (a).

In the ANM run, where the equatorial Atlantic SST
is held to its annual-mean value, the African monsoon
onset is as abrupt as in the CTL run over the Gulf of
Guinea (Fig. 5c), in agreement with Li and Philander

(1997). This difference between the APR and ANM runs
suggests that the monsoon–cold tongue interaction is
nonlinear. As long as SST in the Gulf of Guinea is cool
enough to suppress deep convection there, the African
monsoon starts abruptly even without the help of further
cooling in the equatorial Atlantic (the ANM run). In
reality, however, the equatorial SST cools down from
its March–April peak below the convective threshold in
response to the southerly monsoon over the Gulf of
Guinea. It in turn helps accelerate the development of
the African monsoon and pushes the rainband inland
away from the coast, suggesting the interactive nature
between the monsoon and equatorial cold tongue. The
rest of the paper investigates the mechanisms for at-
mospheric transition from the warm to cold season by
contrasting the model results with and without the sea-
sonal development of the equatorial cold tongue. While
interesting in its own right, we will not discuss the ANM
run further since in the warm season (March–April) the
equatorial Atlantic is too cold (Fig. 2a) and the simu-
lated atmospheric state is too far away from that in the
CTL run.

b. Effect on equatorial cooling
This section considers how the surface wind changes

cause the equatorial cooling from spring to summer. For
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FIG. 7. (a) Ekman pumping velocity (light shade . 0.5 m day 21

and dark shade , 20.5 m day 21 with white contours at intervals of
0.5 m day 21 ; positive value means upwelling) and surface wind stress
(vectors; N m 22 ) in Jun in the CTL run. (b) Jun 2 Apr changes in
Ekman pumping velocity (m day 21 ) averaged south of the equator
(1.48–4.28S) for the CTL run (solid) and CTL 2 APR anomalies
(dashed). Shading denotes the contribution from zonal wind stress in
the CTL run.

simplicity, we limit ourselves to a qualitative discussion
and consider only the wind-induced changes in up-
welling and thermocline depth. The wind-induced ad-
justments in the surface heat flux and the relative con-
tributions to the equatorial cooling among all these fac-
tors require a more sophisticated ocean model to be
properly assessed and are left for future studies.

The observed Atlantic cold tongue is centered slightly
south of the equator, indicative of upwelling induced by
the cross-equatorial southerlies. Ekman pumping veloc-
ity is calculated from the surface wind stresses in the
CTL and APR runs based on a frictional Ekman model
as outlined in the appendix. In April, even before the
monsoon onset, weak cross-equatorial southerlies exist
over the central/eastern basin, and the cold subsurface
water upwells to the surface south of the equator (not
shown). With the onset of the African monsoon, the
upwelling velocity nearly triples from April to June. The
maximum velocity reaches as large as 2.5 m day 21 over
the eastern/central basin in June (Fig. 7a).

In the eastern equatorial Atlantic, the enhanced cross-
equatorial southerlies are the major cause of the large
increase in the upwelling velocity from April to June,
with the easterly winds also making a significant con-
tribution (10%–20%; compare the solid line and shading
in Fig. 7b). [This ratio may be model dependent given
that this AGCM tends to simulate too strongly an annual
cycle of equatorial zonal winds (Fig. 4).] The upwelling

velocity there hardly changes in the APR run without
the seasonal cooling on the equator (dashed line in Fig.
7b). Comparing the CTL and APR runs, we note that
in the eastern basin, the anomalous surface winds in-
duced by the equatorial cooling do not cross the equator
but diverge away from it (Fig. 6a). While these divergent
winds would induce a small upwelling near the equator
[Eq. (A4)], it is offset by the downwelling induced by
the weak westerly anomalies in the east. The strong
southerly winds over the Gulf of Guinea, however, may
contribute to the further equatorial cooling by increasing
vertical mixing and evaporation.

In the western basin, the easterly winds become more
important, forcing 30%–50% of the seasonal upwelling.
The equatorial cooling that takes place from April to
June induces strong anomalous easterlies in the western
half of the equatorial basin (Fig. 6a), which further in-
duces upwelling cooling near the equator. The CTL 2
APR difference indicates that this interaction between
the equatorial easterlies and SST contributes to 30%–
50% of the seasonal upwelling in the western basin
(dashed line in Fig. 7b). This is probably a lower limit
of the easterly wind effect on equatorial seasonal cool-
ing since these winds would force the thermocline to
shoal in the eastern basin via equatorial Kelvin waves,
intensifying the upwelling cooling there. This nonlocal
effect of equatorial easterly winds has been noted pre-
viously (Adamec and O’Brien 1978; Moore et al. 1978;
McCreary et al. 1984). Indeed, observational studies
show that the eastern Atlantic thermocline shoals by 40
m in summer and significantly contributes to the sea-
sonal cooling in the east (Houghton 1983; Weisberg and
Colin 1986).

To assess the importance of these SST-induced zonal
winds in the seasonal thermocline displacement, we
force a linear reduced-gravity model with daily surface
wind stresses simulated in the CTL and APR runs. The
model follows Zebiak and Cane (1987) and Zebiak
(1993) and solves the time evolution of the thermocline
depth. Figure 8 shows the changes in the thermocline
depth along the equator from 1 April to 30 July. We
chose this period because the SST-induced equatorial
zonal winds are largest in July instead of June (Fig. 9b).
Induced by the eastern ocean cooling in the CTL run,
enhanced equatorial easterly winds over the central/
western basin shoal the thermocline in the east and deep-
en in the west with a node around 208W (solid line in
Fig. 8). Without strong easterly acceleration in the APR
run, the thermocline shoaling is only half of that in the
case with the CTL run’s wind stress (dashed line in Fig.
8). Thus, equatorial easterly winds, accelerated at the
western edge of the cold tongue, may feed back sig-
nificantly to the eastern ocean cooling by shoaling the
thermocline and reducing the subsurface temperature
there.

5. Seasonal cycle of the equatorial zonal wind
Thus, zonal winds are an important forcing for the

seasonal upwelling and thermocline displacement in the
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FIG. 8. Thermocline displacement (shoaling; m) along the equator
(0.58S–0.58N) from 1 Apr to 30 Jul in the linear reduced-gravity
model forced with surface wind stresses simulated in the CTL (solid)
and APR (dashed) runs.

FIG. 9. Seasonal cycle of surface zonal winds (m s 21 ) along the
equator (1.48N–1.48S) in the (a) CTL and (b) APR runs. Contour
intervals are 0.5 m s 21 . In both (a) and (b), the annual mean value
in the CTL run is subtracted. Shading shows the CTL 2 APR anom-
alies in (a) SST and (b) surface zonal wind (scale for both shading
is shown in the bottom).

equatorial Atlantic. This section investigates the mech-
anisms for the seasonal variations in the equatorial zonal
wind. Figure 9a shows the deviation of zonal wind ve-
locity from its annual mean along the equator as a func-
tion of longitude and calendar month in the CTL run,
together with CTL 2 APR SST anomalies. Anomalous
easterly (westerly) winds first appear in the east in sum-
mer (spring) and then propagate westward. The SST
anomalies show a weaker but somewhat similar west-
ward propagation along the equator.

a. SST gradient effect

Nearly all the intensification of equatorial easterly
winds west of 208W in the CTL run is due to the cold
tongue development and attendant SST gradient. In the
APR run with the cold tongue removed, the zonal winds
in the western equatorial Atlantic remain nearly steady
from 15 April onward (Fig. 9b), consistent with previous
studies suggesting that the interaction of equatorial zon-
al wind and SST is the cause of their covariations. The
SST-induced zonal wind exceeds 4 m s 21 in the central
equatorial Atlantic in July, which has a great impact on
the zonal tilt of the equatorial thermocline and its shoal-
ing in the east as demonstrated in the last section. This
SST effect on zonal wind is different from Li and Phi-
lander’s (1997) result that seasonal variations in SST
are unimportant for the annual cycle of zonal wind over
the western equatorial Atlantic (their Fig. 2). This dif-
ference in sensitivity to equatorial SST may result from
model differences, but we note that sampling size in
their analysis may also be partially responsible; the sim-
ulated equatorial winds in their model display consid-
erable subseasonal variability. They compare the sim-
ulated seasonal cycle at one single grid point in the
western basin while our analysis is based on a 10-yr
average and includes the full zonal dimension.

In the eastern equatorial Atlantic, the annual cycle of

the zonal wind is very similar in the CTL and APR runs
(Fig. 9). West of 108W, the development of anomalous
easterlies in summer is surprisingly well simulated in
the APR run without the equatorial cooling. A question
remains: what causes these seasonal changes in the
equatorial zonal wind in the absence of any changes in
the zonal SST gradient? The rest of this section ad-
dresses this issue.

b. Monsoon heating distribution

The African continent is asymmetric about the equa-
tor, and the seasonal variations in continental rainfall
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FIG. 10. (a) Same as in Fig. 3a, but for changes in the APR run.
(b) Surface wind response (vectors; m s 21 ) to this precipitation
change (redrawn) in the linear model.

may lead to changes in equatorial wind. In the June 2
April precipitation difference field for the APR run (Fig.
10a), the negative heating over central Africa is much
greater south than north of the equator. This negative
heating over central Africa and the positive heating as-
sociated with the oceanic ITCZ to the west would likely
induce zonal pressure gradients that drive equatorial
easterlies south of Guinea. To demonstrate the effect of
this zonal displacement of major negative and positive
heating centers of the monsoon, we force a linear baro-
clinic model of the atmosphere with the June 2 April
heating anomalies in Fig. 10a, following Matsuno
(1966) and Gill (1980). This simple model reproduces
the equatorial easterlies in the eastern Atlantic (Fig. 10b)
as part of the Rossby response to the negative heating
over central Africa. We note that this model is useful
only in a qualitative sense since the magnitude of its
response is sensitive to the choice of the damping rate,
which is set constant in space.

c. Equatorward momentum advection

The linear model with a resting background state does
not explain the easterly anomalies in the June 2 April
difference field for the APR run in the western equatorial
Atlantic (Fig. 10), which turns out to be due to the
equatorward advection of the easterly momentum. By
integrating the zonal momentum equation through the
boundary layer, the zonal momentum equation near the
equator may be written approximately as

1 ]P ]u
«u 5 2 2 y 1 f y , (2)

r ]x ]y

where the vertical eddy viscosity is parameterized as a
simple damping term with a time scale of « 21 . All the
other variables have their conventional meanings. We
have neglected the zonal advection since the wind var-
iations are much greater in the cross-equatorial than in
the zonal direction. The vertical advection is also omit-
ted in light of reduced shear at the top of the planetary
boundary layer. Subtracting the annual mean leads to
the following equation for the seasonal deviation of zon-
al wind velocity:

1 ]P9 ]u ]u9
«u9 5 2 2 y9 1 y[r ]x ]y ]y

]u9 ]u9
1 y9 2 y9 1 f y9, (3)1 2]]y ]y

where the overbar and prime denote the annual mean
and seasonal deviation, respectively.

With the climatological ITCZ displaced north of the
equator, time-averaged winds are southerlies ( . 0) aty
the equator. The Coriolis force acting upon these south-
erlies accelerates the easterly winds south of the equator
and decelerates them to the north, giving rise to a north-
ward shear of the zonal wind near the equator (] /]yu
. 0). As the African monsoon intensifies from April to
June, the cross-equatorial southerly winds strengthen (y9
. 0) and so does the northward gradient of zonal winds
(]u9/]y . 0). Thus, the first three terms in the brackets
of Eq. (3) are positive, and this northward advection of
the easterly momentum acts to accelerate the easterly
winds on the equator. This momentum advection term
is particularly effective in varying the zonal wind near
the equator where it cannot be balanced by the vanishing
Coriolis force.

d. Momentum balance

Figure 11 shows the longitude–time sections of the
terms on the right-hand side of Eq. (2) in the GCM and
COADS observations. In both the model and obser-
vations, the sum of these terms is highly correlated with
the annual cycle of the equatorial zonal wind velocity,
indicating that Eq. (2) is indeed a good approximation
of the momentum balance in the boundary layer. In the
APR run, both the African monsoon–induced pressure
gradient and momentum advection contribute to the
easterly acceleration in summer over the eastern Atlan-
tic. The effect of the former is limited to east of 58W,
consistent with the linear model result (Fig. 10), and the
momentum advection is solely responsible for the east-
erly anomalies to the west in June relative to April in
the APR run.

While the terms in the momentum budget are quite
similar both in pattern and magnitude between the CTL
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FIG. 11. (first row) Seasonal cycle of equatorial surface zonal wind (m s 21 ) and zonal momentum acceleration by (third row) pressure
gradient force (10 25 m s 22 ), (fourth row) meridional advection (10 25 m s 22 ), and (second row) their sum (10 25 m s 22 ) in the (left) CTL
and (middle) APR runs and (right) COADS climatology. Annual mean values are subtracted in each panel. (In the column for the APR run,
those in the CTL run are subtracted.) From the top row, contour intervals are 0.5 m s 21 , 1.0, 1.0, and 0.5 3 10 25 m s 22 . Values smaller
(greater) than the first negative (positive) contour are shaded with light (dark) gray.
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run and observations, the wind annual cycle in the CTL
run is a factor of 2 too strong, suggesting that the mo-
mentum dissipation is too weak in the model. The pres-
sure gradient now accounts for two-thirds of the easterly
acceleration in summer in the CTL run (cf. the middle
panels in the left column of Fig. 11), reaffirming the
effect of equatorial SST annual cycle on sea level pres-
sure and winds. This SST effect on winds is particularly
large west of 58W. In the CTL run, the momentum ad-
vection is roughly the same as in the APR run east of
58W but is considerably reduced in magnitude over the
rest of the equatorial Atlantic because the SST-induced
zonal winds (Fig. 6a) act to weaken the positive wind
shear in the meridional direction; namely, ]u9/]y is
smaller near the equator in the CTL run. Because of
this SST effect on the wind shear, the APR run over-
estimates the easterly acceleration due to meridional
momentum advection. Or equivalently, the CTL 2 APR
differencing analysis underestimates the SST effect on
the annual cycle of equatorial zonal winds.

The pressure gradient term shows a clear westward
propagation, in support of the notion that it results from
the interaction of equatorial SST and zonal winds. Rath-
er unexpected, however, is an apparent westward prop-
agation in the momentum advection term, which is par-
ticularly pronounced in the GCM in the first half of the
year. This results from the different timing of the mon-
soon onsets in the eastern and western Atlantic. The
early onset of the African summer monsoon in May
causes the cross-equatorial southerly winds to surge and
advect easterly momentum from the south into the equa-
tor. The southerly phase in the western equatorial At-
lantic takes place two months later than in the east and
peaks in September, as in the rest of the global oceanic
monsoon (e.g., in the equatorial Pacific). Over the ocean,
the maximum meridional SST gradient occurs in Au-
gust–September because of its great thermal inertia.
West Africa, by contrast, heats up rapidly as the sun
moves into the Northern Hemisphere, causing the rapid
acceleration of the cross-equatorial southerlies in the
eastern equatorial Atlantic.

6. Summary and discussion

We have conducted a series of AGCM experiments
that are designed to investigate the role of air–sea in-
teraction in the equatorial Atlantic annual cycle. Our
results show that the seasonal development of the equa-
torial cold tongue contributes significantly to the abrupt
onset of the southerly monsoon in the Gulf of Guinea
and to the northward advance of the monsoon rainband
on West Africa. The monsoon, in turn, exerts a strong
influence on the seasonal evolution of the equatorial
cold tongue, through cross-equatorial southeasterly
winds. Consistent with Mitchell and Wallace (1992), the
interaction of equatorial SST and zonal winds is very
important for their westward copropagation.

Our results suggest the following conceptual model

for the seasonal evolution of the African monsoon–cold
tongue complex. After the spring equinox, solar radi-
ation quickly heats up the West African continent and
establishes a strong northward gradient of surface tem-
perature. In the atmospheric boundary layer, the resul-
tant pressure gradient accelerates the southerly winds
over the Gulf of Guinea. These cross-equatorial south-
erlies induce oceanic upwelling south of the equator that
cools the eastern equatorial Atlantic. The equatorial
cooling intensifies the southerly monsoon in the Gulf
of Guinea and pushes the continental rainband inland
from the Guinean coast. The northward shift of the con-
tinental/oceanic rainband generates an eastward pres-
sure gradient that drives easterly winds in the eastern
equatorial Atlantic. Across the equatorial Atlantic, the
intensified southerlies advect the easterly momentum
from the south into the equator and this advective effect
explains about one-third of the easterly acceleration. In
response to the onset of the African monsoon, the up-
welling cooling is strongest in the east both because of
the strong acceleration of the southerly winds and be-
cause the thermocline is shallow there. This eastern
cooling establishes an eastward surface pressure gra-
dient that accelerates the easterly winds in the middle
and western equatorial Atlantic. This interaction of
equatorial SST and zonal winds helps to spread the east-
ern cooling westward over the rest of the equatorial
Atlantic.

Three mechanisms for summer easterly wind accel-
eration over the equatorial Atlantic are identified: the
zonal SST gradient mechanism is important in the mid-
dle and western Atlantic; the effect of pressure gradients
induced by monsoon heating distribution outside the
equatorial Atlantic is limited to the eastern Atlantic
south of West Africa; and the equatorward momentum
advection is a significant contributor across the basin.
The accelerated easterlies contribute to the equatorial
cooling by inducing upwelling and by shoaling the ther-
mocline in the east.

The effect of seasonal equatorial ocean cooling on
West African summer precipitation as demonstrated here
is consistent with previous studies of interannual vari-
ability associated with the Atlantic Niño (e.g., Lamb
1978; Hastenrath 1984; Lough 1986; Janowiak 1988;
Wagner and da Silva 1993). The Atlantic ITCZ and
precipitation over the surrounding continents vary also
with another mode of SST variability that is character-
ized by a strong cross-equatorial SST gradient (Nobre
and Shukla 1996; Okumura et al. 2001). Air–sea inter-
action within the tropical Atlantic, along with external
forcing such as the El Niño–Southern Oscillation and
North Atlantic Oscillation, is important for developing
both the equatorial mode and the meridional gradient
mode (Chang et al. 1997; Xie and Tanimoto 1998;
Huang et al. 2002; see Xie and Carton 2004 for a recent
review of tropical Atlantic variability).

As in the tropical Pacific, much of the tropical At-
lantic climate variability appears to be a modification
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in its annual cycle (Hastenrath 1984). However, the cou-
pled aspect of the equatorial Atlantic annual cycle is
not as well understood as its Pacific counterpart and
many state-of-the-art coupled GCMs have difficulty in
simulating the realistic climatology and annual cycle in
the tropical Atlantic (Davey et al. 2002), which has been
shown to strongly affect the spatiotemporal structure of
interannual variability (Okajima et al. 2003).

Of a relatively small zonal width, the Atlantic climate
is strongly influenced by its surrounding continents. In-
deed, our results show that the onset of the African
monsoon triggers the seasonal development of the equa-
torial cold tongue in the Atlantic. When ocean and at-
mospheric models are coupled, small errors can be am-
plified through their interaction. A realistic represen-
tation of the air–sea–land interaction is necessary for a
realistic simulation of the mean state and interannual
variability of the tropical Atlantic climate in coupled
models.
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APPENDIX

Ekman Pumping Velocity

The governing equations for surface current velocity
in a frictional Ekman model (Zebiak and Cane 1987)
are

t xr u 2 b yy 5 and (A1)s s 0 s
r Ho

t yr y 1 b yu 5 , (A2)s s 0 s
r Ho

where the subscript s denotes the shear between the
surface and the depth of the Ekman/mixed layer H, rs

5 (2 days) 21 is the friction coefficient for the shear
current, b0 y is the Coriolis parameter on an equatorial
beta plane, and t is the surface wind stress. The other
variables have the conventional meaning. The upwelling
velocity ws at the depth H is calculated as

w 5 H[(u ) 1 (y ) ].s s x s y (A3)

Equation (A3) can be rewritten in terms of wind stress-
es as

1 b0 2 2 2w 5 [(b y 2 r )t 2 2b yr t ]s 0 s x 0 s y2 2 2 2 2 25r (b y 1 r ) b y 1 ro 0 s 0 s

1 r = · t 1 b y= 3 t . (A4)s 0 6
In the vicinity of the equator (y ø 0), easterly winds

(tx , 0) effectively bring subsurface cold water up-
ward as the first term on the right-hand side becomes
positive. Slightly off the equator, the second term be-
comes more important, and cross-equatorial southerlies
(ty . 0) induce upwelling (downwelling) to the south
(north) of the equator. Besides wind stresses them-
selves, their divergence and curl can also contribute to
oceanic upwelling (the last two terms). Sufficiently
away from the equator, the wind curl effect becomes
dominant.
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