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Abstract

The relationship between the boreal spring (or the austral autumn) Antarctic Oscillation (AAO) (March–
April) and the West African summer monsoon (WASM) (June–September) is analyzed based on NCEP/NCAR
reanalysis data. The results show that the linkage of the boreal spring AAO to the WASM exhibits decadal-scale
variations: a strong connection between the two appears over the period 1985–2006 and a weak connection over
the period 1970–1984. Further analysis indicates that such an unstable relationship between the two results from
the modulation by ENSO events to a large extent.

A possible mechanism for the impacts of the boreal spring AAO on the WASM is also discussed. The vari-
ability of the boreal spring tropical South Atlantic sea surface temperature (SST) appears to serve as a bridge
linking these two systems. The boreal spring AAO produces an anomalous SST over the tropical South Atlantic
by exciting an equatorward Rossby wave train over the western Southern Hemisphere (SH). This AAO-related
SST anomaly modulates the meridional gradient of moist static energy (MSE) between the Sahel and the
Guinea-tropical Atlantic region in the boreal spring. The MSE gradient is of paramount importance for the
changes from spring to summer in the West African monsoon because its relaxation along the seasonal cycle is
linked to the northward excursion of the WASM system into the African continent. Therefore, an anomalous
AAO-related MSE gradient can lead to anomalous Sahel rainfall in the early summer. When this rainfall occurs
over the Sahel, the local positive soil moisture-rainfall feedback plays a crucial role in sustaining and prolonging
this rainfall anomaly throughout the whole summer.

1. Introduction

The annual rainfall over the Sahel is character-
ized by a sharp meridional gradient, varying from
1200–1600 mm at the southern edge to 50–
100 mm at the northern edge. The year-to-year
standard deviation ranges from 10–20% of the an-
nual mean at the southern edge to 50% at the
northern edge (Nicholson 1980). The variability of

the position and intensity of rain-belt over the Sahel
is dominated by the West African summer mon-
soon (WASM) and is very important for the re-
gion’s rain-fed agriculture, water resources, health,
and climatically sensitive natural environments.
The socio-economic and environmental shocks re-
sulting from the dramatic decline in rainfall since
the mid-1960s have produced widespread human
misery and environmental degradation (Lister and
Palutikof 2001).

Many studies have sought to understand the
causes of the persistent droughts from the mid-
1960s to the mid-1990s. These studies can be di-
vided into two main groups. The first focused on
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the role of local land forcing (e.g., changes of land
cover). Charney’s pioneering work (1975) on the
land-atmosphere interaction in West Africa pre-
sented the well-known ‘‘Charney’s hypothesis,’’
which describes the positive feedback process be-
tween changes in the albedo and the Sahel’s rain-
fall. Since then, many observational and modeling
studies have been conducted (Charney et al. 1977;
Sud and Molod 1988; Xue and Shukla 1993; Zheng
and Eltahir 1998; Zeng et al. 1999; Wang and
Eltahir 2000; Clark et al. 2001). These studies con-
cluded that changes in local land surface conditions
play an important role in the WASM variability.
However, the extent to which the land-atmosphere
feedback mechanism contributes to the African
monsoon variability has not been clarified (Gian-
nini et al. 2003).

The other group of studies emphasized the role
of the ocean. They have shown that the WASM
interannual variability can often be linked to sea
surface temperature (SST) anomaly patterns. These
involve changes in the tropical Atlantic (Hastenrath
1990; Lamb and Peppler 1992; Vizy and Cook
2001), the central and eastern Pacific (Rowell 2001;
Janicot et al. 2001), the Indian Ocean (Shinoda and
Kawamura 1994; Bader and Latif 2003), the Medi-
terranean Sea (Rowell 2003), and even more gener-
ally in the global oceans (Folland et al. 1986). For
example, negative (positive) rainfall anomalies over
the Sahel are associated with negative (positive)
SST anomalies over the tropical North Atlantic
and with positive (negative) SST anomalies over
the tropical South Atlantic, the tropical eastern
Pacific, and much of the Indian Ocean. These SST
anomalies may lead to large-scale atmospheric
circulation and rainfall changes over the Sahel by
influencing moisture advection from the ocean to
the monsoon region, a¤ecting the deep convection
region, and inducing an anomalous equatorial
wave response (e.g., Rowell et al. 1995).

Thus, the tropical SST anomaly is recognized as
a forcing mechanism for the Sahel rainfall. Some
works have started to explore the possibility of us-
ing SST to predict Sahel rainfall using atmospheric
general circulation models (Giannini et al. 2003;
Bader and Latif 2003; Moron 2005). They have
reproduced the spatial-temporal characteristics of
the instrumental Sahel summer rainfall using only
the observed SST as a forcing. However, various
sources of errors decrease the potential predictabil-
ity and skill of rainfall simulation. Moron (2005)
argued that the percentage of SST-forced variance

in seasonal rainfall levels over the Sahel is typically
below 25–50% of their total variance. Thus, the
sources of large portions of the variability of the
Sahel rainfall remain unclear. Atmospheric vari-
ability and teleconnections may play important
roles in the variability of the Sahel’s rainfall and
should be considered. For example, Rao and Sikka
(2007) recently found that the Indian summer mon-
soon is closely related to the WASM on an intra-
seasonal time scale.

More recently, the Antarctic Oscillation (AAO)
has been found to be related to the climate of the
Northern Hemisphere, particularly to the East
Asian summer monsoon (Xue et al. 2003; Gao
et al. 2003; Wang and Fan 2005; Sun et al. 2009)
and to dust event frequency through atmospheric
teleconnections (Fan and Wang 2004). These link-
ages suggest that this remote southern atmospheric
oscillation may also significantly a¤ect climate vari-
ability in the Northern Hemisphere. The aim of this
study is to investigate whether the AAO is also as-
sociated with the WASM.

This paper is divided into six sections. Section 2
introduces the data utilized in this study. Section 3
describes the relationship between the boreal spring
AAO and the WASM. Section 4 explores a possible
mechanism for the coupling of the boreal spring
AAO and the WASM, while Section 5 discusses
why the relationship between the two is unstable.
Our findings are summarized in Section 6.

2. Datasets

The monthly atmospheric reanalysis dataset used
in this study comes from the National Centers for
Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) global
atmospheric reanalysis data (Kalnay et al. 1996).
The variables include horizontal winds, geopoten-
tial height, specific humidity, and soil moisture, while
the soil moisture is the model output. Outgoing
long wave radiation (OLR) data, used to infer trop-
ical convection, are provided by the NOAA/OAR/
ESRL PSD, Boulder, Colorado, USA and is avail-
able from June 1974 onward with a missing period
between March and December in 1978. In evaluat-
ing the NCEP/NCAR reanalysis data, Sterl (2004)
pointed out that the data are strongly inhomoge-
neous and of very poor quality prior to the end
of the 1960s in large parts of the SH, especially
over the ocean, where the observations are short.
Kidson (1999) and Hines et al. (2000) showed that
the NCEP/NCAR reanalysis data from 1970
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onward could be acceptable for studies of cli-
mate variability in the southern high latitudes.
Thus, in this study we will focus on the period
1970–2006.

The monthly SST dataset is from the version 2 of
the NOAA Optimum Interpolation (OI) SST data
(Reynolds et al. 2002), which is at a resolution of
1� � 1� latitude/longitude and is available from
November 1981 to the present.

Monthly mean rainfall data on a 2:5� � 2:5�

latitude/longitude grid are obtained from the Cli-
mate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP), available from 1979 to the
present (Xie and Arkin 1997).

The AAO index is defined by the leading princi-
pal component of sea level pressure (SLP) anoma-
lies south of 20�S. A positive (negative) AAO index
is characterized by negative (positive) SLP anoma-
lies centered over the Antarctic and positive (nega-
tive) anomalies around 40�S–50�S (Gong and
Wang 1999; Thompson and Wallace 2000). The
Sahel rainfall index from Mitchell (http://jisao
.washington.edu/) is the standardized average of
the standardized rainfall records of 14 stations
within 8�N–20�N, 20�W–10�E. The averaging re-
gion is based on the rotated principal component
analysis of average June through September Afri-
can rainfall in Janowiak (1988). Records for these
14 stations were obtained from the National Center
for Atmospheric Research World Monthly Surface
Station Climatology (WMSSC), which o¤ers data
from 1898–2006. These particular stations were
chosen since they had complete or almost complete
records for 1950–1993. The rainy season in the
Sahel occurs from June to September, delivering
approximately 90% of the total annual rainfall
(Bader and Latif 2003; Lebel et al. 2003). Thus, in
this study, the Sahel summer rainfall index refers to
the average of the Sahel rainfall series from June
through September.

3. Relationships between the boreal spring AAO

and the WASM

Figure 1 shows the normalized time series of the
AAO index in March–April and the Sahel summer
(June–September) rainfall index for the period
1970–2006. The correlation between these two
indices is low, with a coe‰cient of 0.32, indicating
that over the whole period, the connection between
the boreal spring AAO and WASM is weak. How-
ever, a more detailed investigation indicates that
the relationship between the Sahel summer rainfall
and the boreal spring AAO varies with time. After
1985, the boreal spring AAO and the Sahel summer
rainfall varies in phase, with a correlation coe‰-
cient of 0.67 in 1985–2006 that is significant at the
95% confidence level (Table 1). Over the period of
1970–1984, in contrast, the variabilities of these
two indices are highly inconsistent with one
another, and their correlation coe‰cient is near
zero (0.08). From Fig. 2, we note that correlations
between the boreal spring AAO and the Sahel sum-
mer rainfall have become more positive with time,
and that significant correlations only exist for the
period after 1985.

In agreement with the above correlation analysis,

Fig. 1. Normalized time series of the boreal spring (March–April) AAO index (solid line) and the Sahel sum-
mer (June–September) rainfall index (dashed line).

Table 1. Correlation coe‰cients between the Sahel
summer rainfall index and the boreal spring AAO in-
dex as well as the ENSO indices (ENSO1 is the first
principal component of the tropical Pacific basin SST
and ENSO2 indicates the Southern Oscillation index),
over the periods of 1970–1984 and 1985–2006. Bold
characters denote that the correlation is significant at
the 95% confidence level.

ENSO-WASM

Period AAO-WASM ENSO1 ENSO2

1970–1984 0.08 C0.67 0.64

1985–2006 0.67 �0.34 0.30
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the AAO-related atmospheric general circulations
also di¤er in the WASM region for the period
1985–2006 and the period 1970–1984. Figure 3 dis-
plays regression maps of 200 hPa winds, 200 hPa
divergence, 850 hPa winds, and OLR in July–
September based on the boreal spring AAO index.
At 200 hPa, there are significant easterly anomalies
over the tropical Atlantic in the boreal summer cor-
responding to a positive-phase boreal spring AAO
(Fig. 3a), which implies that the ‘‘Tropical Easterly
Jet’’ (TEJ), an important component of the WASM
(e.g., Grist and Nicholson 2001; Matthews 2004), is
strengthened. In general, a strong TEJ can provide
an upper-level divergence necessary for the devel-
opment of convection that favors more rainfall
over the Sahel (Figs. 3b,d). At 850 hPa, there are
significant westerly anomalies over the West Africa-
tropical Atlantic region in the boreal summer,
the presence of which characterizes an enhanced
WASM flow (Fig. 3c). The strengthened WASM
flow blows inland from the ocean carrying more
moisture and therefore also favors more rainfall
over the Sahel (Fig. 3d). Thus, the boreal spring
AAO is closely associated with WASM-related cir-
culations during the period 1985–2006.

However, over the period 1970–1984, there are
no significant atmospheric general circulation
anomalies over the region of West Africa-tropical
Atlantic in the boreal summer (Fig. 4), indicating
that the connection between the boreal spring
AAO and the WASM is broken in this period.

4. Possible mechanism for the connection between

the boreal spring AAO and the WASM

4.1 How does the AAO a¤ect the climate in the

boreal spring?

How can the AAO, occurring in the middle to
high latitudes of the SH, be linked to the WASM?

Here, we will investigate whether some boreal spring
climate systems may serve as a bridge between the
AAO and the WASM, starting with an analysis of
the tropical variation associated with the AAO
over the period 1985–2006. The AAO and Sahel
summer rainfall indices have a strong linear trend
over the period 1985–2006 as depicted in Fig. 1. In
particular, the linear trend of the AAO index is sig-
nificant above the 95% confidence level. The linear
trends for any time series are therefore removed in
advance to highlight the interannual variability.

Figure 5 displays regression maps of March–
April 200 hPa winds, 500 hPa geopotential height,
and 850 hPa winds based on the boreal spring
AAO index. It illustrates that, starting with the ini-
tial March–April period, the regression patterns at
all levels exhibit a teleconnection wave train struc-
ture over the SH western hemisphere. A similar tele-
connection pattern has been documented by Lieb-
mann et al. (1999) and Cazes-Boezio et al. (2003).
They concluded that this teleconnection pattern is
likely to result from downstream dispersion of bar-
otropic Rossby waves from the mid-latitude South
Pacific. This possibility is well-reflected in the anal-
ysis of the AAO-related stationary wave activity.
As the wave activity flux is parallel to the group
velocity of stationary waves, it is a good indicator
for the propagation of stationary waves in the at-
mosphere. Therefore a wave activity flux (W), for-
mulated by Takaya and Nakamura (2001), is used
to represent the horizontal propagation of quasi-
stationary Rossby waves in the zonally inhomoge-
neous westerly. Setting the background meridional
velocity to be zero, we can evaluate Plumb’s (1985)
flux. Its expression may be given as

W ¼ p

2jUj
Uðc 0

x � c 0cxxÞ þ Vðc 0
xc

0
y � c 0c 0

xyÞ
Uðc 0

xc
0
y � c 0c 0
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y � c 0c 0

yyÞ

" #
;

Fig. 2. Running correlations between the Sahel summer rainfall index and the AAO index with a 15-year
window width for the period of 1970–2006. Dashed line indicates the 95% significance level.
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where c 0 denotes stream function anomalies re-
gressed upon the AAO index, subscripts partial de-
rivatives, U ¼ jU ;V j the basic-flow velocity, and p

the normalized pressure (pressure/1000 hPa). Here,
the mean field over the period 1985–2006 is re-
garded as the basic state. As shown in Fig. 6, in an
anomalous AAO boreal spring there is eastward

Fig. 3. Regression maps of (a) 200 hPa wind
anomalies (m/s), (b) 200 hPa divergent
anomalies (1/s), (c) 850 hPa wind anoma-
lies (m/s), and (d) OLR anomalies (W/m2)
in July–September based on the boreal
spring AAO index over the period 1985–
2006. Shading indicates 95% statistical sig-
nificance.

Fig. 4. Regression maps of (a) 200 hPa and
(b) 850 hPa wind anomalies (m/s) in July–
September based on the boreal spring
AAO index over the period 1970–1984.
Shading as in Fig. 3.
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wave propagation over the middle-to-high SH lati-
tudes. In addition, along the teleconnection path in
Fig. 5, there is also equatorward wave propagation
from the mid-latitude South Pacific.

Figure 7 shows a similar regression pattern to
that in Fig. 6 but for May–June. This similarity
suggests that the teleconnection pattern persists
and intensifies. In general, the atmosphere does not
have a long-term memory because of the chaotic
nature of atmospheric motion. However, it should
be noted that the atmospheric teleconnection pat-
tern is accompanied by underlying SST teleconnec-
tion anomalies (Fig. 8). Such a persistent atmo-
spheric teleconnection pattern in the boreal spring
is likely to be maintained by local atmosphere-
ocean interactions. Previous observational and
modeling works have indicated that extratropical
SST anomalies are primarily controlled by the
overlying atmospheric conditions, such as wind
stress, temperature, and humidity (e.g., Frank-
ignoul and Reynolds 1983; Luksch and von Storch
1992; Miller et al. 1994). With a high AAO index,
Antarctic cooling is due to the increased isolation
of Antarctica by enhanced westerlies (Thompson
and Solomon 2002). The warming in the Antarctic
Peninsula region results from the strengthened
northwesterly anomalies there, which bring rela-
tively warm seawater and air. The cooling of the
region (40�–60�S, 160�–120�W) is closely related
to the southwesterly anomalies at the rear of the
anomalous depression over the high-latitude South
Pacific, which bring cold seawater and air from the
Ross Sea. To the southeast of Brazil, cooling is
mainly caused by the advection of relatively cold
seawater and air from the high-latitude South At-
lantic, due to the southerly anomalies between the
anomalous anticyclone at the Antarctic Peninsula
and anomalous depression at the South Atlantic.
The westerly anomalies in the tropical South Atlan-
tic weaken the easterly trade winds, in turn reduc-
ing the surface latent heat loss, favoring warming
of the tropical South Atlantic. On the other hand,
the SST anomalies would positively feed back to
the overlying atmospheric system by exchanging
heat fluxes between atmosphere and ocean, conse-
quently enhancing the variability and persistence
of the overlying atmospheric circulation regimes
(Deser and Timlin 1997; Kushnir et al. 2002). Thus,
although the March–April AAO anomaly vanishes
by May–June, the related teleconnection pattern is
still persistent. Similar positive atmosphere-ocean
interactions in the extratropics have also been ob-

Fig. 5. Regression maps of (a) March–April
200 hPa wind anomalies (m/s), (b) 500 hPa
geopotential height anomalies (gpm), and
(c) 850 hPa wind anomalies (m/s) based
on the boreal spring AAO index over the
period 1985–2006. Shading as in Fig. 3.
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served and modeled by other studies (e.g., Palmer
and Sun 1985; Wallace et al. 1990; Ferranti et al.
1994; Deser and Timlin 1997; Wang et al. 2001;
Kushnir et al. 2002).

4.2 Roles of the anomalous SST over the tropical

south atlantic

Figure 8 indicates that the AAO can induce an
anomalous SST in the tropical South Atlantic
through the aforementioned teleconnection pattern
in the boreal spring. Some previous studies noted
that the boreal spring’s anomalous SST over the
tropical South Atlantic has a delayed impact on
the following summer’s Sahel rainfall, with a warm
SST corresponding to a wetter Sahel summer (e.g.,
Zheng et al. 1999). We confirm this correlation
(Fig. 9). The WASM-related boreal spring tropical
Atlantic SST anomalies are quite similar to the bo-
real spring AAO-related SST anomalies over the re-
gion. Thus the SST over the tropical South Atlantic
in the boreal spring may serve as a bridge linking
the boreal spring AAO and Sahel summer rainfall.

Eltahir and Gong (1996) pointed out the impor-
tant role of boundary layer entropy in the dynamics
of West African monsoon. Moreover, Zheng et al.
(1999) and Fontaine et al. (2002) revealed the influ-
ence of the spring moist static energy (MSE) meri-
dional gradient on the WASM spring to summer
transition. They pointed out that before the wettest
(driest) Sahel rainy seasons the MSE meridional
gradients tend to be stronger (weaker) and tend to
relax later (earlier) in the boreal spring. In this
study, the AAO-related warm SST over the tropical
South Atlantic can enhance its overlying boundary
layer MSE (Fig. 10). The enhanced MSE in turn
strengthens the meridional MSE gradient between
the Guinea-tropical South Atlantic region and the

Sahel. When the strong MSE meridional gradient
relaxes along the seasonal cycle from the boreal
spring to summer, it results in a strong WASM
(Fontaine et al. 2002). Thus, the boreal spring
AAO can a¤ect the WASM through its impact on
the boreal spring tropical South Atlantic SST and
MSE meridional gradient over the regions of the
Sahel and Guinea. When summer rainfall occurs
over the Sahel, the local positive soil moisture-
rainfall feedback (Fig. 11) plays a crucial role in
sustaining and prolonging the anomalous summer
rainfall (e.g., Zheng et al. 1999). The positive feed-
back process is simplified by Zheng et al. (1999),
who point out that, on one hand, rainfall can
moisten the soil of the region, while on the other
hand, moistened soil results in lowered surface al-
bedo and larger surface evaporation, which further
enhance net surface radiation. The enhanced net
surface radiation then increases the boundary layer
entropy. The increased boundary layer entropy
tends to destabilize the atmosphere and favor more
rainfall at local scale, and also strengthen the mon-
soon circulation by enhancing the gradient of the
boundary layer entropy on a large scale. Thus, the
rainfall anomaly can persist in the boreal summer
even after the disappearance of the boreal spring
SST anomaly in the tropical Atlantic (Fig. 12).

5. Discussion of the weak relationship between the

boreal spring AAO and WASM for the period
from 1970 to 1984

The analysis in Section 3 shows that the relation-
ship between the boreal spring AAO and WASM
varies with time, a characteristic which parallels
the unstable relationship between the El Niño/
Southern Oscillation (ENSO) and the WASM (Jan-
icot et al. 2001). More interesting, the weak linkage

Fig. 6. The 500 hPa horizontal stationary wave activity flux (m2/s2) in March–April associated with the bo-
real spring AAO pattern for total wave numbers.
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between the boreal spring AAO and WASM ap-
pears over a period (1970–1984) when the correla-
tion between ENSO and the WASM is strong
(Table 1). Hence, the weak connection between the

boreal spring AAO and WASM might result from
modulation by ENSO events.

Figure 13 shows the correlations between the
850 hPa zonal wind and the ENSO1 index (the
ENSO1 index is defined as the first principal com-
ponent of the tropical Pacific basin SST) in the
boreal spring and summer during the period of
1970–1984. As shown in the figure, there is a strong
anomalous zonal wind in an anomalous ENSO
year, implying that a strong ENSO signal domi-
nates the tropics and is the main contribution to
tropical climate and atmosphere variability when
ENSO happens over this period. We next calculate
the correlation between the ENSO1 index and the

Fig. 7. Regression maps of (a) May–June
200 hPa wind anomalies (m/s), (b) 500 hPa
geopotential height anomalies (gpm), and
(c) 850 hPa wind anomalies (m/s) based
on the boreal spring AAO index over the
period 1985–2006. Shading as in Fig. 3.

Fig. 8. Regression map of March–June SST
anomalies (�C) based on the boreal spring
AAO index over the period 1985–2006.
Shading as in Fig. 3.

Fig. 9. Regression map of March–June SST
anomalies (�C) based on the Sahel summer
rainfall index over the period 1985–2006.
Shading as in Fig. 3.
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tropical Atlantic zonal wind index, which is defined
as the mean 850 hPa zonal wind over the region
(40�W–10�E, 10�S–5�N) in the boreal spring. The
correlation is �0.88, which means that more than
77% of the total variance of the tropical Atlantic
circulation can be attributed to the ENSO event
(the explained variance equals the square of the
correlation (Huang 2004)). In this period, the max-
imum variance attributable to other factors is less
than 23%. We suppose an extreme situation,
namely that this 23% variance is entirely attributed
to the AAO variability. In this case, the maximum
of the correlation coe‰cients between the AAO
and tropical Atlantic zonal wind indices is less
than 0.48, which is not significant at the 95% confi-
dence level. In addition, in the period of 1970–
1984, an anomalous AAO year always corresponds
to an ENSO year as shown in Fig. 14, and the am-
plitude of the AAO anomaly is generally smaller
than that of the ENSO event. Thus, in the presence
of a strong ENSO event, the AAO could not pro-
duce significant circulation and SST changes over
the tropical Atlantic. Consequently, the connection
between the AAO and Sahel summer rainfall is
broken.

Over the period 1985–2006, however, the influ-
ence of ENSO on the tropical Atlantic is weakened,
as displayed in Fig. 15. The correlation between
ENSO and tropical Atlantic zonal wind indices is
only 0.35, indicating that ENSO can only explain
about 12% of the total variance of the regional
circulation. Our analysis suggests that decadal
changes in the relationship between ENSO and the
tropical Atlantic zonal wind might have resulted

Fig. 10. (a) Climatology of the 1000 hPa
MSE (KJ/Kg) in March–June and (b) re-
gression map of March–June 1000 hPa
MSE anomalies (KJ/Kg) based on the
boreal spring AAO index over the period
1985–2006. Shading as in Fig. 3.

Fig. 11. Regression map of June–September
soil moisture anomalies (mm) based on the
Sahel summer rainfall index over the pe-
riod 1985–2006. Shading as in Fig. 3.

Fig. 12. Regression map of June–September
CMAP precipitation anomalies (mm/day)
based on the boreal spring AAO index
over the period 1985–2006. Shading as in
Fig. 3.
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from a decadal shift of the ENSO-related circula-
tions. As shown in Fig. 16, in the first period
(1970–1985), a significant upward motion related
to ENSO is centered over the eastern tropical Pa-
cific (100�W, 0�) and a significant downward mo-
tion is centered over the eastern tropical Atlantic
(0�, 0�). Such anomalous vertical motions indicate
that ENSO variability strongly impacts Walker-
like circulation over the eastern tropical Pacific-
tropical Atlantic. Thus, there is a significant tropi-
cal Atlantic zonal wind anomaly corresponding to

an ENSO event, as shown in Fig. 13a. However, in
the second period (1985–2006), the ENSO-related
vertical motions shift westward, with upward mo-
tion over the tropical Pacific west of 120�W and
downward motion over the western tropical Atlan-
tic near the coast of South America. Walker-like
circulation over the eastern tropical Pacific and
tropical Atlantic also shifts westward. Thus, the sig-
nificant negative zonal wind shifts from the tropical
Atlantic in Fig. 13a to tropical South America in
Fig. 15a. Over most areas of the tropical Atlantic,

Fig. 13. Correlation maps of (a) March–May 850 hPa zonal wind and (b) June–September 850 hPa zonal
wind with the simultaneous ENSO1 index over the period 1970–1984. Shading as in Fig. 3.

Fig. 14. Normalized time series of the boreal spring AAO, boreal spring ENSO1 and ENSO2, and summer
ENSO1 and ENSO2 indices.
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there are no significant large-scale correlations
associated with the ENSO events in 1985–2006.
Without the strong signal of ENSO in the tropical
Atlantic, the influence of the boreal spring AAO
could easily reach to the tropical Atlantic, resulting
in anomalous tropical South Atlantic SST and

MSE and, in turn, in the following anomalous
Sahel summer rainfall as discussed previously.

In the observational data, it is di‰cult to com-
pletely separate the independent impact of ENSO
and the AAO on tropical Atlantic circulation. In
the future, a sensitivity experiment using a climate

Fig. 15. Correlation maps of (a) March–May 850 hPa zonal wind and (b) June–September 850 hPa zonal
wind with the simultaneous ENSO1 index over the period 1985–2006. Shading as in Fig. 3.

Fig. 16. Regression map of 500 hPa vertical velocity (Pa/s) based on the ENSO1 index in the boreal spring
over the periods of (a) 1970–1984 and (b) 1985–2006. Shading as in Fig. 3.
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model will be needed to investigate the modulation
that ENSO provides in the relationship between the
boreal spring AAO and Sahel summer rainfall. In
addition, our study reveals that decadal shift in
ENSO-related circulation occurred around the
early 1980s in the boreal spring. The reason for
this change is still unknown and needs further de-
tailed exploration.

6. Summary

In this study, we investigate the relationship be-
tween the boreal spring AAO and the Sahel sum-
mer rainfall. We find that the connection between
the two phenomena varies with time. A strong pos-
itive correlation between the two exists in 1985–
2006, while the correlation is weak between 1970
and 1984. This weak relationship between the two
in the earlier period could result from modulation
by ENSO events. AAO-related atmospheric circu-
lations back up the correlation analysis. In the
strong correlation period, the boreal spring AAO
is closely related to the atmospheric circulations
associated with the WASM, with a positive AAO
corresponding to a strong TEJ and WASM flow.
However, in the weak-correlation period, such link-
ages are broken.

A possible mechanism for the impacts of the bo-
real spring AAO on the WASM is then discussed,
and the physical process is illustrated in the
schematic diagram in Fig. 17. In the boreal spring,
the AAO influences the tropical South Atlantic
SST through a teleconnection pattern from the
high-latitude South Pacific to the tropical South
Atlantic. The warm (cold) SST can then pro-
duce an anomalous MSE over the Guinea-tropical
South Atlantic region, consequently changing the
MSE meridional gradient between the Sahel and
the Guinea-tropical Atlantic region in the boreal
spring. The enhanced (suppressed) MSE meridional
gradient in the boreal spring can then lead to a
strong (weak) WASM (Zheng et al. 1999; Fontaine
et al. 2002). This mechanism discussed above is just
one possible way to explain the coupling of the
boreal spring AAO and WASM. There should be
other physical processes linking the two, and fur-
ther exploration of the subject is needed.

In conclusion, the results shown here indicate
that extratropical causes, in addition to tropical
forcing, could also play an important role in the
variability of the WASM. Thus, a consideration of
extratropical causes can help us to better under-
stand and predict the variability of the WASM.
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