On the Role of the South Atlantic Atmospheric Circulation
in Tropical Atlantic Variability
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One dominant manifestation of tropical Atlantic variability (TAV) takes place in
March-April-May in the form of a strong inter-hemispheric sea surface temperature
gradient coupled to a cross-equatorial near surface atmospheric flow. The variability
of this circulation pattern affects the position of the intertropical convergence zone
and the regional climate in the surrounding areas. In this study, we investigated the
effect of the South Atlantic atmospheric variability on this phenomenon. We found
that southern summer atmospheric variability (and to a lesser extent winter variabil-
ity) can play a pre-conditioning role in the onset of inter-hemispheric anomalies in
the deep tropics during the following austral fall. It does so by inducing a sea sur-
face temperature anomaly in the southern tropics that initiates local thermodynamic
air-sea feedbacks. This remote influence of the Southern Hemisphere on TAV is
contrasted with the remote influence of El Nifio-Southern Oscillation (ENSO) and
the North Atlantic Oscillation (NAO) during austral summer. The results suggest
that to fully understand TAV and its predictability it is necessary to consider not
only the remote influences from ENSO and NAO, but also the influence from the
South Atlantic atmospheric circulation.

1. INTRODUCTION

The coupled variability of an anomalous inter-hemispheric
sea-surface temperature (SST) gradient and a cross-equatorial
atmospheric circulation that is associated with a displacement
of the intertropical convergence zone (ITCZ) during March-
April-May (MAM) has long been recognized as one of the
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most important components of tropical Atlantic variability
(TAV) [e.g., Hastenrath, 1985]. This pattern of variability,
which we will refer to as the “gradient mode”, is known to
have a significant impact on rainfall patterns over Northeast-
ern Brazil [e.g., Hastenrath and Greischar, 1993]. Under-
standing and predicting the onset of this phenomenon is one
of the central foci of TAV research.

The physical mechanism behind the gradient mode was
first outlined by Hastenrath and Greischar [1993]: an anoma-
lous cross-equatorial SST gradient generates surface winds
from the cooler to the warmer hemisphere through the hydro-
static effect of SST on sea level pressure [Lindzen and Nigam,
1987]. The anomalous cross-equatorial winds influence con-
vection by changing the position of moisture convergence.
The observed seasonality of this coupling is argued to be
a result of the spatially uniform warm climatological SST
conditions in austral fall that make the Atlantic ITCZ highly
sensitive to small perturbations in the meridional direction
[Chiang et al., 2002]. Since the South Atlantic influence is
the focus of this work, throughout this paper the seasons refer
to those of the Southern Hemisphere (SH), unless explicitly
noted.

The genesis and evolution of the gradient mode is shown
in Figure 1. This figure is constructed by lag-regressing
observed 1000 hPa winds, surface downward heat flux and
SST (see section 2) onto an index characterizing the cross-
equatorial SST gradient during MAM. The gradient index
used here, GI, is constructed as the average of the SST
anomaly over 4°-14°S,40°-10°W minus the average of the
SST anomaly over 4°-14°N,60°-30°W during MAM (here-
after MAM1). The seasons preceding MAM1 are denoted as
JJIAO, SONO and DJF1 for June-July-August, September-
October-November of the previous year, and December-
January-February of the same year. The evolution shows
that large cross-equatorial gradients are preceded by SST
anomalies on both sides of the equator in the previous sea-
sons. The maps suggest that the initial subtropical SST
anomaly is generated through wind-induced changes in the
surface heat fluxes during JJAO, SONO and DJF1 [Wagner,
1996]. The magnitude of the tropical SST anomaly in the
SH tends to be larger than that in the Northern Hemisphere
(NH) up to DJF1. Also, in the SH the SST anomaly does
not grow as much as in the NH from DJF1 to MAMI1. This
suggests that in the NH atmospheric variability during boreal
winter plays the most important role in producing the north-
ern SST anomaly that forms the gradient, while in the SH
atmospheric variability during several seasons plays a role.
In MAMI1 surface winds are concentrated in the deep trop-
ics, flowing from the cooler to the warmer hemisphere and
inducing changes in the surface heat fluxes that strengthen
the already existing cross-equatorial SST gradient. This in



turn strengthens the winds, closing the loop of a positive
feedback. This feedback mechanism was formally put forth
by Chang et al. [1997] to explain the gradient mode, and is
also known as Wind-Evaporation-SST (WES) feedback [Xie
and Philander, 1994]. Evidence of local air-sea feedbacks
in the tropical Atlantic comes from observational [Chiang et
al., 2002] and modeling studies [Carton et al., 1996; Chang
et al., 1997, 2000; Xie, 1999]. The existence of this feed-
back may be fundamental for extending seasonal prediction
beyond persistence.

From Figure 1, it is clear that identifying and understand-
ing the sources of the SST anomalies associated with the gra-
dient mode are important aspects of TAV research. Among
the known sources of SST anomalies in the tropical North
Atlantic are ENSO [e.g., Curtis and Hastenrath, 1995; En-
field and Mayer, 1997; Saravanan and Chang, 2000], and the
NAO [e.g., Marshall et al., 2001]. The impact of ENSO on
TAV is believed to be as follows: During warm ENSO events
diabatic heating anomalies in the tropical Pacific cause the
northeasterly trades in the tropical Atlantic to weaken during
summer, which coincides with the mature phase of ENSO.
This reduces the evaporational cooling, and generates a pos-
itive SST anomaly in the northern tropics. Chiang et al.
[2002] and Giannini et al. [2001] show that ENSO generally
tends to aid the development of an SST gradient in the fol-
lowing fall. However, the anomalous gradient can also form
in the absence of ENSO [Chiang et al., 2002]. This latter
result underlies the importance of local feedbacks. In fact, a
recent study by Giannini et al. [2004] suggests that the local
feedbacks can interfere with the remote influence of ENSO.

The NAO is the dominant mode of internal atmospheric
variability during boreal winter. The oceanic response to the
NAO forcing consists of a tripole pattern in SST anomalies,
extending from the high latitudes of the North Atlantic to the
northern tropics with decreasing amplitude [Visbeck et al.,
1998]. Observational and modeling studies show that dur-
ing a strong NAO year northeasterly trade winds strengthen
and generate a negative SST anomaly in the tropical North
Atlantic via changes in latent heat flux. The resulting SST
anomaly has its largest amplitude near the African coast north
of 10°N [Chang et al., 2001; Czaja et al., 2002]. Studies
show that NAO plays an important role in initiating local
air-sea feedbacks in the deep tropical Atlantic region [Hal-
liwell, 1997; Xie and Tanimoto, 1998; Chang et al., 2001].
However, Wu and Liu [2002] found that although NAO can
enhance variability in the tropical North Atlantic, its occur-
rence is not a requirement for the development of the gradient
mode.

Until now, the origin of SST anomalies in the southern
tropical Atlantic has been largely ignored, probably due to the
lack of reliable observational data. The origin of the south-
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ern SST anomaly may be tied to the northern SST anomaly
through the WES feedback. Several authors have argued,
however, that the two lobes of the gradient in MAMI seen
in Figure 1 are largely independent and that a dipole does
not exist as a physical mode, but is an artifact of construc-
tion [e.g., Enfield et al. 1999; Dommenget and Latif, 2000;
Czaja et al., 2002]. This, however, does not exclude the ex-
istence of the WES mechanism which may act to strengthen
an already existing cross-equatorial gradient.

In arecent observational study, Sterl and Hazeleger [2003]
found that SST anomalies in the South Atlantic are gener-
ated mainly through atmosphere-induced latent heat fluxes
and wind-induced mixed layer deepening, and damped by
latent heat fluxes. Their results and those of Venegas et al.
[1997] agree on that the leading mode of observed coupled
variability in the basin consists of a weakened/strengthened
subtropical anticyclone forcing the ocean, independent of
ENSO. Venegas et al. [1997] further found that this coupling
is strongest during summer, and argued this is due to a link
between the SH atmosphere and climate fluctuations in the
NH, such as the NAO. On the other hand, the South Atlantic
anticyclone is most energetic during winter [Satyamurty et
al., 1998], when it reaches its westernmost and northern-
most position [Hastenrath, 1985]. Therefore, variability of
the subtropical high during this season is likely to have an
influence on TAV.

In this work, we take a further look at the atmospheric
variability in the South Atlantic and explore its influence on
TAV. We show that TAV is influenced not only by ENSO and
the NAO, but also by atmospheric variability in the South
Atlantic during austral winter and summer. Moreover, our
results suggest that local air-sea feedbacks play an important
role in maintaining the tropical SST anomaly and strength-
ening the cross-equatorial gradient.

The paper is organized as follows. In the next section
we study the evolution of the SST anomaly generated by the
leading mode of winter atmospheric variability in the South
Atlantic. A mechanism through which this atmospheric pat-
tern can affect the development of the gradient mode in the
following fall is proposed and tested using a model. Section 3
investigates the observed evolution of the SST anomaly gen-
erated by the leading mode of atmospheric variability in SH
summer, and its influence on TAV. In section 4 we compare
the relative influence of ENSO, NAO and the South Atlantic
atmospheric circulation on the development of the gradient
mode. The last section summarizes the main results.



2. SOUTH ATLANTIC WINTER ATMOSPHERIC
VARIABILITY AS EXTERNAL FORCING OF TAV

Figure 1 suggests that atmospheric variability in SH winter
and summer plays a role in forcing the SST anomaly in
the southern tropics that later becomes a part of the cross-
equatorial gradient. This SST anomaly is created in the
subtropics and afterward strengthens in the equatorial region,
particularly from DJF1 to MAMI. In this paper we define
winter to go from June to September (JJAS), and summer
from November to February (NDJF). This section considers
the winter, while section 3 is devoted to the influence of the
summer season.

We use the reconstructed SST data set of Smith et al.
[1996]. We also use 1000 hPa winds, sea level pressure
and surface heat fluxes from the NCEP/NCAR Reanalysis
[Kalnay et al., 1996]. All data sets have a spatial resolution
of approximately 2.8° (T42) and span from January 1950 to
December 1994. It should be noted that the quality of the data
especially in the SH is more reliable after the introduction of
satellites in the 1980s. To diagnose the atmospheric response
to oceanic conditions during MAM we also consider the Xie-
Arkin precipitation data set [Xie and Arkin, 1997], which is
available since 1979 on a T42 grid. The regression plots
in Figure 4 below were constructed for the common period,
1979 to 1994. Significance levels throughout this study are
calculated according to a two-sided Student’s t-test, assuming
no year-to-year correlation.

2.1. Observed Evolution

We calculated the Empirical Orthogonal Functions (EOFs)
of (detrended) 1000 hPa wind speed during JJAS within
60°W-20°E,40°-0°S, the region that contains the seasonal
mean position of the anticyclone. The leading EOF (here-
after winter-EOF) explains 31% of the total variance and is
well separated from the second one. A simultaneous regres-
sion of sea level pressure shows that the winter-EOF repre-
sents a weakening/strengthening of the subtropical high in
the South Atlantic with weak correlations outside this basin
except in the Southern Indian Ocean (Figure 2a). This is
consistent with Sterl and Hazeleger [2003]. The principal
component (PC) associated with the winter-EOF (hereafter
P1JJAS) presents mainly interannual time scales (Figure 2b).
This PC has no significant correlations (above the 95% level)
with ENSO or with equatorial Atlantic SST during winter.
In this study we use Nino3.4 (the average of SST anomalies
in 120°-170°W,5°S-5°N) to characterize ENSO, and ATL3
(the average of SST anomalies in 20°W-0°E,3°S-3°N) to
characterize equatorial Atlantic SST [Zebiak, 1993]. The
P1JJAS index has no significant correlation with the GI in
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the next austral fall. However, it is significantly correlated
at r = 0.4 with the southern tropical index used to construct
GL. Thus, it appears that the winter atmospheric variabil-
ity can influence southern tropical SST and thus TAV three
seasons in advance. To investigate this issue, we regress
1000 hPa winds, surface heat flux and SST on P1JJAS for
the seasons JJAO, SONO, DJF1 and MAMI1 (“0” indicates
the year in which the EOF is calculated). This is shown in
Figure 3. The maps show, that during winter, cyclonic wind
anomalies force the ocean through changes in the heat fluxes
in the subtropical South Atlantic. A decomposition into the
different heat flux components indicates that latent heat flux
changes dominate. The ocean responds with a 2- to 3- month
lag in SST change. The subtropical SST anomaly tends to
persist into the next season (DJF1) with a noticeable north-
westward shift. During this season the SST gradient created
by the existence of the southern SST anomaly induces cross-
equatorial northerly winds which tend to cool the northern
deep tropics and warm the southern tropics through changes
in the latent heat flux. This suggests the possibility of a WES
feedback. Changes in the solar radiation tend to oppose the
creation of SST anomalies in the northern tropics, but help
maintaining the SST anomaly in the southern tropics. As
a result, the SST anomaly south of the equator persists into
MAMI, when it is accompanied by cross-equatorial winds.
Subtropical wind anomalies are also present south of the
maximum SST anomaly. Since Figure 3 is constructed by
regressing onto an index characterizing the atmosphere 3 sea-
sons before, these subtropical winds can only be interpreted
as aresponse to the SST anomaly unless they are a statistical
artifact and occur by chance. During MAMI the tropical
atmosphere is so sensitive to ocean conditions that even the
small SST gradient tends to shift the ITCZ toward the SH
(Figure 4a).

The persistence of the SST anomaly between 5°S-20°S
from the coast of Brazil to 20°W may also be attributed to a
relatively deep mixed layer in the region. The annual mean
mixed layer depth is larger than 40m, while in the western
tropical North Atlantic the mixed layer depth is less than 30m
(see Figure 1 of Saravanan and Chang [this volume]).

2.2. Simulated Evolution Using an Atmospheric General
Circulation Model Coupled to a Slab Ocean

In the previous section we found that the evolution of the
SST anomaly in the subtropical South Atlantic is mainly gov-
erned by surface heat flux anomalies. This result is consistent
with Sterl and Hazeleger [2003], although other processes
like mixed layer deepening or Ekman pumping may also play
arole. In this section we use an atmospheric general circula-
tion model coupled to a slab ocean to show that the main char-



acteristics of the observed evolution of Figure 3 can indeed be
ascribed to thermodynamic ocean-atmosphere coupling. We
use the Community Climate Model 3.6 (CCM3) developed
at the National Center for Atmospheric Research coupled to
a slab ocean with an annual mean mixed layer depth. The
model has been shown to represent TAV realistically [Sara-
vanan and Chang, 1999], and is described by Saravanan and
Chang [this volume]. We use a 100 year control run in which
CCM3 is coupled everywhere to the slab ocean (referred as
experiment MIXL in Saravanan and Chang [this volume]).
This setup excludes any dynamical ocean-atmosphere inter-
action, and thus ENSO and the Atlantic zonal mode [Zebiak,
1993] are not present. To assure the correct simulation of the
annual cycle of SST the slab ocean uses a Q-flux correction
that accounts for the missing climatological ocean dynamics
in the model. For a detailed model description we refer the
readers to the above referenced article.

We applied the same analysis of Figures 2 and 3 to the
model output. The leading EOF of 1000 hPa wind speed
in the South Atlantic during JJAS explains 32% of the to-
tal variance. The anomalous pattern of sea level pressure
is similar to the observed one (not shown). It represents a
weakening/strengthening of the South Atlantic anticyclone,
and is correlated with pressure anomalies in the South In-
dian Ocean. It is also significantly correlated with pressure
anomalies over the Pacific Ocean at about 160°E,20°N that
is not found in observations. This may be related to the
absence of ENSO in the model.

Figure 5 shows the simulated evolution of 1000 hPa winds,
surface heat flux and SST by regressing these fields onto the
PC of the leading winter EOF. Clearly, the simulated evolu-
tion is similar to the observed one. During winter cyclonic
winds associated with a weakened subtropical high gener-
ate a positive downward heat flux anomaly in the southern
subtropics, producing the largest response 2 or 3 months
later. In DJF1 the SST anomaly is damped in the subtropics,
but maintained and even strengthened in the western deep
tropics, presumably through a positive feedback involving
surface winds, heat flux and SST. This results in a shift of
the position of maximum SST anomaly toward the equator.
The cross-equatorial southward surface flow induces a neg-
ative heat flux in the northern deep tropics that tends to cool
the region. As in observations, changes in latent heat flux
are opposed by the negative feedback provided by solar ra-
diation changes due to changes in cloud cover as the ITCZ
shifts toward warm waters. This result is also consistent
with the observational work of Tanimoto and Xie [2002].
The cross-equatorial SST gradient and accompanied surface
winds are strongest in MAM]1. Note that simulations do not
show significant subtropical wind anomalies during MAMI,
as observations do (see Figure 3).

ROLE OF SOUTH ATLANTIC ATMOSPHERE IN TAV 7
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The fact that we are able to reproduce the main character-
istics of the observed evolution supports the idea that thermo-
dynamic interaction dominates ocean-atmosphere coupling,
in general agreement with Sterl and Hazeleger [2003]. Here,
however, we find evidence for local air-sea feedbacks in the
deep tropics. Results also support that winter atmospheric
variability can influence the development of the gradient
mode.

It is worth pointing out that there are some important
differences between simulated and observed fields. First,
the simulated wind anomaly in winter is shifted about 10°
west compared to observations, hence the maximum in SST
anomaly is also shifted to the west. Second, the SST variance
explained by the atmospheric forcing is larger in the simula-
tion because SST anomalies in the model ocean only occur
through surface heat fluxes, while in the real ocean other
dynamical processes are present. The exaggerated SST re-
sponse in the model may also be attributed to the use of
an annual mean mixed layer depth which underestimates its
value during winter (see Figure 1 of Saravanan and Chang
[this volume]). This effect, together with the absence of
ocean processes that tend to damp the SST anomaly in the
equatorial region [Chang et al., 2001], overestimates the im-
portance of the local feedback and exaggerates the simulated
cross-equatorial SST gradient and winds in the fall.

3. SOUTH ATLANTIC SUMMER ATMOSPHERIC
VARIABILITY AS EXTERNAL FORCING OF TAV

We next consider the summer season. The leading EOF
of 1000 hPa wind speed during NDJF in the South Atlantic
explains 28% of the total variance and is well separated from
the second one. We will refer to it as the summer-EOF and to
its PC as PINDJF. The regression of sea level pressure shows
a weakened/strengthened anticyclone in the South Atlantic
(Figure 6a). The regression map does not show any sig-
nificant correlation with NH anomalies, except maybe over
North America. On the other hand, the variability of the
subtropical high seems to be part of a global pattern resem-
bling the southern annular mode [Thompson and Wallace,
2000]. It also presents a wavenumber 4 structure with max-
imum amplitude at about 45°S. Recently, Fauchereau et al.
[2003] reported a similar wavenumber 4 pattern of sea level
pressure variability in the SH. They found that during sum-
mer the surface winds associated with this structure force
the South Atlantic and South Indian Ocean simultaneously
through changes in the latent heat flux. Their analysis indi-
cates that the structure is not significantly correlated with the
annular mode. Here, we calculated an index for the annular
mode as the first principal component of sea level pressure



south of 20°S. This time series is correlated with PINDJF at
r = 0.33 (just above the 95% significance level).

The summer-EOF shows longer time scales than the winter-
EOF (Figure 6b), and PINDIJF is not correlated to ENSO or
the NAO. It is, however, correlated with GI at » = 0.46,
indicating that this mode influences TAV. Figure 7 shows
the regression of 1000 hPa winds, surface heat flux and SST
onto PINDIJF for DJF1 and MAMI1. As in the winter case,
there is an eddy-like circulation over the subtropical Atlantic
which induces changes in the surface heat fluxes, primarily
latent heat. During summer, however, the ocean responds
faster and the maximum SST anomaly occurs within the sea-
son. The initial SST anomaly is created south of 10°S, but in
MAMLI it has reached the equatorial region. This is a conse-
quence of the response of surface winds to the southern SST
anomaly, and the interplay between heat flux, SST and winds
-a characteristic of the WES feedback: The cross-equatorial
gradient forces northerly winds that tend to cool the SST in
the northern tropics through changes in latent heat. At the
same time weakened southerly trades tend to induce pos-
itive heat flux anomalies in the southern deep tropics that
maintain the southern SST anomaly and strengthen the SST
gradient. On the other hand, in the southern subtropics the
SST anomaly appears to be damped. It is interesting to note
that Czaja et al. [2002] find evidence of WES feedback in
the deep northern tropics when the tropical North Atlantic is
forced by anomalous winds during boreal winter.

Thus, the SST anomalies created in summer follow a
similar evolution as the anomalies created during winter. In
the summer case, however, the SST anomaly in MAMI is
larger because it was created just one season before. This
generates a larger atmospheric response, as can be seen in
the regression of rainfall onto PINDJF from 1979 to 1994
(Figure 4b). Clearly, rainfall anomalies are larger than in the
winter case (Figure 4a), and are of similar magnitude as those
created by the cross-equatorial gradient of Figure 1 (Figure
4c).

Note that the SST anomaly in the southern lobe of the
dipole in MAMI1 of Figure 1 can be explained to first order
by considering the SST anomaly generated by summer atmo-
spheric variability. The SST anomaly generated by winter
atmospheric variability plays a secondary role, and is most
important between 0 and 10°S.

One interesting feature is that the summer PC, PINDIJF,
is marginally correlated at the 95% level with the winter PC,
P1JJAS. Since the atmosphere does not have a long memory,
this suggests that the SST anomaly created by winter at-
mospheric variability forces an atmospheric response in the
following summer, and the summer-EOF has a small con-
tribution of this signal. Modeling studies have suggested
the existence of an SST-forced response in this region dur-
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ing summer [e.g., Barreiro et al., 2002]. We repeated the
calculation of the summer-EOF after linearly removing the
contribution of the winter-EOF to the 1000 hPa wind speed
anomaly. The new leading EOF correlates at » = 0.95 with
PINDIJFE. Also, the evolution of SST, surface winds and heat
flux does not change significantly from that of Figure 7.
Thus, in this work we consider the summer-EOF to mainly
represent internal atmospheric variability.

4. RELATIONSHIP BETWEEN THE
CROSS-EQUATORIAL GRADIENT AND
ATMOSPHERIC VARIABILITY IN BOTH

HEMISPHERES

According to the results of the previous sections, to first
order the SST anomaly in the tropical North Atlantic is inde-
pendent of the SST in the tropical South Atlantic. Neverthe-
less, an SST anomaly generated in the southern tropics tends
to induce an SST anomaly of opposite sign in the northern
tropics through changes in the surface heat fluxes, suggesting
the existence of the WES feedback.

To further look into this issue we classify the cross-
equatorial gradient index as a function of indices of southern
and northern atmospheric variability. The largest gradients
are expected when the atmospheric anomalies on both sides
of the equator are such that they tend to generate SST anoma-
lies of opposite sign. If hemispheres are independent, the
existence of an SST anomaly in one hemisphere would not
affect the development of the SST anomaly in the other hemi-
sphere. We use GI to characterize the cross-equatorial gradi-
ent in MAM. Atmospheric variability in the NH is character-
ized by the influences of ENSO and the NAO. To character-
ize ENSO we consider the Nino3.4 index during December-
January (Nino34DJ), which is correlated with GI at r =
—0.5. To characterize the NAO we consider the time series
calculated as the difference of normalized sea level pressure
between Lisbon, Portugal, and Reykjavik, Iceland, from De-
cember to March. The time series was obtained from the web
site http://www.cgd.ucar.edu/~hurrell/nao.stat.winter.html,
and was detrended by removing the least squares linear fit
prior to the analysis. This NAO index is not significantly
correlated with GI. We use P1JJAS and PINDIJF to char-
acterize winter and summer atmospheric variability in the
South Atlantic, respectively. These indices are not signifi-
cantly correlated to Nino34DJ or the NAO index.

We investigate the relationship among the atmospheric
indices and the sign and intensity of the gradient in MAM by
constructing scatter plots (Plate 1). In these plots the color
of the marker indicates the sign and intensity of GI, while
different pair of indices are used as coordinate axes. Since
the atmospheric indices are not correlated the distribution



of points tends to be circular. The scatter plots show how
different combinations of atmospheric indices determine the
sign and magnitude of GI.

We first consider the summer-EOF (PINDJF) and the
NAO (Plate 1a). The plot clearly shows that the sign of the
gradient is mainly given by the sign of the summer-EOF.
Most positive cross-equatorial gradients correspond to a sit-
uation when the summer-EOF is positive, that is, when the
South Atlantic atmospheric variability induces a positive SST
anomaly in the southern subtropics. The NAO index does
not have an appreciable influence on GI, consistent with the
non-significant correlation between these two indices. This
is in part due to our choice of GI. The NAO tends to influ-
ence SST north of 10°N [e.g., Ruiz-Barradas et al., 2000,
2003; Czaja et al., 2002], and the induced SST anomaly has
maximum amplitude near the African coast. The GI was
constructed using SST anomalies in the western tropical At-
lantic. This is the region of maximum seasonal precipitation,
where SST anomalies can more easily induce a response, and
away from the region of maximum NAO influence. Note that
the intensity of the GI is not clearly related to PINDJF. For
positive GI there is a tendency for large gradients to occur
when PINDIJF is large (close to 1), but that is not true for
negative GI. An analogous scatter plot using NAO and the
winter-EOF does not show a clear relationship between the
indices and GI (Plate 1b). There is a tendency, however, for
positive gradients to occur when both NAO and P1JJAS are
positive (upper right quadrant), that is, when the NAO (SH
winter) cools (warms) the northern (southern) tropics.

We now turn to the relationship between GI, ENSO and the
SH indices. Plate 1c shows the scatter plot using Nino34DJ
and PINDIJF (summer-EOF) indices. Note that in the plot
we changed the sign of Nino3.4, so that El Nifio events
correspond to negative values. We define ENSO events as
those when Nino34DJ is larger than 0.75K. This classifi-
cation leads to the following El Nifio events: 1958, 1964,
1966, 1969, 1970, 1973, 1983, 1987, 1988 and 1992, and the
following La Nifia events: 1951, 1955, 1956, 1965, 1971,
1972, 1974, 1976, 1985 and 1989 (years refer to the January
month). In Plates 1c,d El Nifio events are marked with a
“0”, while La Nifia events are marked with a “+”. El Nino
(La Nifia) events tend to warm (cool) the tropical North At-
lantic. Thus, El Nifio (La Nifa) events are expected to induce
negative (positive) GI values during MAM. From Plate 1c it
is clear that the cross-equatorial gradient is strongest when
(-1)*Nino34DJ and the summer-EOF (P1NDJF) indices are
both of the same sign, that is, GI is largest when atmospheric
anomalies on both sides of the equator induce SST anomalies
of opposite sign (upper right and lower left quadrants). The
largest positive values of GI occur when both PINDJF and
(-1)*Nino34DJ are large. On the other hand, the largest neg-
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ative values of GI occur for small negative values of PINDIJF,
but for large (negative) values of (-1)*Nino34DJ. This sug-
gests that the amplitude of the large negative cross-equatorial
gradients is set up mainly by the remote signal from El Nifio
events.

When the southern atmosphere in summer generates an
SST anomaly of the same sign as the SST anomaly to be cre-
ated by ENSO in the northern tropics (lower right and upper
left quadrants in Plate 1c), the resulting gradient in MAM is
usually weak. There are 8 ENSO events in this category: El
Nifo years 1964, 1969, 1973 and 1988, and La Nifia years
1951, 1955, 1956 and 1976 (see Plate 1c). Seven of these
years have GI values close to neutral or of opposite sign as
those expected from ENSO forcing acting alone. Moreover,
during most of these years the sign of the cross-equatorial
gradient is given by the sign of PINDIJF. To investigate if the
pre-existing southern SST anomaly influenced the northern
tropics, we look at the sign of the northern index used to
construct GI. We found that during EI Nifio of 1988 and La
Nifia of 1955 and 1976 the sign is as expected from ENSO
forcing. However, during the ENSO events of 1951, 1956,
1964 and 1973 the northern tropics have (weak) SST anoma-
lies of the opposite sign from the expected ENSO signal.
This may be explained by the NAO forcing acting against the
ENSO forcing in the northern tropics. However, only 1973
is a strong NAO year (> 0.5 standard deviation) that acts
against the ENSO forcing. Thus, this suggests that during
these years the hemispheres were not independent, but that
local feedbacks initiated by the southern tropical SST influ-
enced the northern tropics and worked against the remote
ENSO forcing.

These results agree with those of Giannini et al. [2004]
and Barreiro et al. [2004], who suggest that the WES feed-
back and the remote influence of ENSO can interfere con-
structively or destructively. Constructive interference occurs
when both processes tend to create a cross-equatorial gradient
of the same sign. Destructive interference occurs when the
WES feedback and the remote ENSO signal act against each
other. Our findings suggest that during 1951, 1956, 1964 and
1973 the WES feedback initiated by the SH summer atmo-
spheric variability worked against the remote ENSO forcing,
changing the gradient to that expected from ENSO acting
alone. During other years the local feedback can be over-
powered by ENSO, but may still reduce the SST anomaly in
the northern tropics.

Year 1969 is the only case in which a relatively large
negative gradient occurs when the South Atlantic summer
atmospheric circulation induces a positive SST anomaly in
the southern tropics. During this year the remote forcing
from EI Nifio superposed with the weakest NAO on record
(see Plate 1a). Thus, the northern tropics developed a large



positive SST anomaly that overpowered the local feedbacks
and changed the sign of the GI.

These findings show that the summer-EOF pre-conditions
the development of the gradient mode in MAM by initiat-
ing local air-sea feedbacks, which can interfere construc-
tively or destructively with the remote ENSO signal. Con-
sequently, although to first order the hemispheres are inde-
pendent, they tend to be connected during the time when
the local WES feedback is important. Plate 1d shows the
case using Nino34DJ and P1JJAS. As before, ENSO is a
good predictor of GI, and the strongest cross-equatorial gra-
dients tend to occur when the indices have the same sign.
The pre-conditioning of the gradient from the winter-EOF
is, however, less clear than that from the summer-EOF prob-
ably because the induced summer SST anomaly is weaker.
Thus, the results from this section show that Nino34DJ and
PINDIJF are the best predictors for the GI.

5. SUMMARY

We presented an exploratory study of the influence of
the South Atlantic atmospheric circulation on TAV. We first
calculated the leading patterns of austral winter and summer
atmospheric variability in the South Atlantic. They consist
of a weakening/strengthening of the anticyclone forcing the
ocean below, consistent with the literature [Venegas et al.,
1997; Sterl and Hazeleger, 2003]. Using regression anal-
ysis, we next studied the evolution of the SST anomalies
generated, and their possible role in the development of the
gradient mode. The relative importance of South Atlantic
atmospheric variability in TAV, and specifically in determin-
ing the sign of the cross-equatorial SST gradient during fall,
is addressed by comparing its role versus that of ENSO and
the NAO. The main results are the following (seasons refer
to those of the SH):

e Winter atmospheric variability in the South Atlantic
induces an SST anomaly that tends to persist until the next
fall. Observational and modeling studies suggest that ocean
and atmosphere interact mainly through surface heat fluxes.
This is consistent with the literature, although other pro-
cesses like wind-induced mixed layer deepening may also
play a role in generating the initial SST anomaly [Sterl and
Hazeleger, 2003]. The following scenario is proposed: In
winter the weakened southeasterly trade winds remove less
heat from the ocean, generating a warm SST anomaly. In
the following seasons the SST anomaly is damped in the
subtropics, but not in the western deep tropics. The existing
SST gradient induces southward cross-equatorial winds dur-
ing summer, which tend to cool the SST in the northern deep
tropics and maintain the SST anomaly in the south through
the WES feedback mechanism. The weak SST gradient that

ROLE OF SOUTH ATLANTIC ATMOSPHERE IN TAV 13
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persists until MAM favors a southward shift of the ITCZ.
Although the influence of winter atmospheric variability on
TAV is weaker than that of summer, it may be important for
enhancing seasonal prediction. More research on this sub-
ject is clearly needed. But, if this conjecture turns out to be
true then knowledge of the atmospheric conditions during
austral winter would allow prediction of the SST anomaly,
and thus of the location of the ITCZ, more than two seasons
in advance.

e Summer atmospheric variability in the South Atlantic
also forces the ocean below through changes in the latent
heat fluxes, in agreement with Fauchereau et al. [2003]. In
this season the ocean responds faster than in winter, perhaps
due to a shallower mixed layer depth. The SST anomaly is
created south of 10°S, but moves northwestward by means of
the WES feedback mechanism. As aresult, the SST anomaly
induces a strong atmospheric response in the austral fall,
shifting the ITCZ toward anomalously warm waters.

e Summer atmospheric variability (and to a lesser extent
winter variability) in the South Atlantic pre-conditions the
development of strong cross-equatorial gradients during the
next fall. It does so by generating an SST anomaly in the
southern tropics during summer, which initiates the WES
feedback in the deep tropics. This mechanism will in turn
tend to strengthen the cross-equatorial gradient. When the
ENSO remote influence creates an SST anomaly of oppo-
site sign as that already present in the southern tropics the
resulting gradient in MAM is strongest. When the ENSO
forced signal is of the same sign the outcome will depend
on the relative strengths of ENSO and the WES feedback.
An interesting result, also found in Giannini et al. [2004],
is that the constructive/destructive interference seems to de-
pend only on the southern tropical SST in DJF, and not on the
cross-equatorial SST gradient on that season. A possibility
is that ENSO and NAO forcings are so strong that they can
wipe out any SST anomaly that was present in the northern
tropics during DJF. Thus, to first order, the cross-equatorial
gradient will only be pre-conditioned by the southern tropics.
Further study is needed to address this issue.

Results show that atmospheric circulation in the South
Atlantic is capable of initiating local air-sea feedbacks in the
tropics, and affecting the development of the gradient mode,
as previously found for the NH atmosphere [e.g., Xie and
Tanimoto, 1998]. These findings suggest that to fully un-
derstand TAV it is necessary to consider not only the remote
influence of ENSO and the NAO, but also of the southern
atmospheric circulation during winter and summer. These
remote phenomena, together with the local feedbacks, con-
trol the evolution of SST in the tropical Atlantic. The exis-
tence of so many players involved in TAV makes prediction



of tropical Atlantic climate very challenging, and calls for
sustained observations in the region.
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index is constructed in MAM1. The regions used to construct the
index are shown as boxes in the lower right panel. Arrows indicate
the scale of 1000 hPa winds. The contour interval for heat flux is
3 W m~2, and for SST is 0.1 K. Shading indicates the percentage
of variance explained in intervals of 10%, 30%, 50%, and 70%.
Explained variance of 10% is slightly above the 95% significance
level. For surface winds the shading indicates explained variance
in wind speed.

Figure 1. Lag-regression of 1000 hPa winds (left panels), surface downward heat flux (middle panels) and SST (right
panels) anomaly onto the GI for seasons JJAO, SONO, DJF1 and MAMI1. The GI index is constructed in MAM1. The
regions used to construct the index are shown as boxes in the lower right panel. Arrows indicate the scale of 1000 hPa
winds. The contour interval for heat flux is 3 W m~2, and for SST is 0.1 K. Shading indicates the percentage of variance
explained in intervals of 10%, 30%, 50%, and 70%. Explained variance of 10% is slightly above the 95% significance
level. For surface winds the shading indicates explained variance in wind speed.
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Figure 2. (a) Regression of sea level pressure onto the PC time
series (P1JJAS) of winter-EOF during JJAS season. Spatial pattern
of the leading mode of observed sea level The box marks the region
in which the EOF analysis of 1000 hPa wind speed was performed.
Contour interval is 20 Pa, and shading indicates significance at the
95% level. (b) Index P1JJAS (solid line) and GI time series (dashed
line). P1JJAS is shifted 1-year so that it can be compared with GI
index.

Figure 2. (a) Regression of sea level pressure onto the PC time series (P1JJAS) of winter-EOF during JJAS season.
Spatial pattern of the leading mode of observed sea level The box marks the region in which the EOF analysis of 1000
hPa wind speed was performed. Contour interval is 20 Pa, and shading indicates significance at the 95% level. (b) Index
P1JJAS (solid line) and GI time series (dashed line). P1JJAS is shifted 1-year so that it can be compared with GI index.
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Figure 3. Same as Figure 1, but regressing onto the PC time series
of the winter-EOF (P1JJAS) calculated in JJASO.

Figure 3. Same as Figure 1, but regressing onto the PC time series of the winter-EOF (P1JJAS) calculated in JJASO.
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Figure 4. Regression of rainfall anomaly during MAM onto (a)
P1JJAS, (b) PINDIJF, and (c) GI indices. The regression is per-
formed during the period of 1979 to 1994. Shading indicates sta-
tistical significance at the 95% level. Contour interval is 0.5 mm
day~*.

Figure 4. Regression of rainfall anomaly during MAM onto (a) P1JJAS, (b) PINDIJF, and (c) Gl indices. The regression

is performed during the period of 1979 to 1994. Shading indicates statistical significance at the 95% level. Contour

interval is 0.5 mm day .
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Figure 5. Same as Figure 3, but regressing onto the PC time series
of the leading EOF of simulated wind-speed at 1000 hPa during
JJASO.

Figure 5. Same as Figure 3, but regressing onto the PC time series of the leading EOF of simulated wind-speed at 1000
hPa during JJASO.
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Figure 6. Same as Figure 2, but for the summer-EOF.

Figure 6. Same as Figure 2, but for the summer-EOF.
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Figure 7. Lag-regression of 1000 hPa winds (left panels), surface
downward heat flux (middle panels) and SST (right panels) anomaly
onto the PC time series of summer-EOF (P1NDIJF) for seasons DJF1
and MAM1. The PINDJF index is constructed in NDJF1. Arrows
indicate the scale of 1000 hPa winds. The contour interval for
heat flux is 3 W m~2, and for SST is 0.1 K. Shading indicates
the percentage of variance explained in intervals of 10%, 30%,
50%, and 70%. Explained variance of 10% is slightly above the
95% significance level. For surface winds the shading indicates
explained variance in wind speed.

Figure 7. Lag-regression of 1000 hPa winds (left panels), surface downward heat flux (middle panels) and SST (right
panels) anomaly onto the PC time series of summer-EOF (P1NDJF) for seasons DJF1 and MAMI1. The PINDIJF index
is constructed in NDJF1. Arrows indicate the scale of 1000 hPa winds. The contour interval for heat flux is 3 W m 2,
and for SST is 0.1 K. Shading indicates the percentage of variance explained in intervals of 10%, 30%, 50%, and 70%.
Explained variance of 10% is slightly above the 95% significance level. For surface winds the shading indicates explained
variance in wind speed.
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Plate 1. Scatter plots using as coordinates (a) PINDJF and NAO,
(b) P1JJAS and NAO, (c) PINDJF and (-1)*Nino34DJ, and (d)
P1JJAS and (-1)*Nino34D]J. In all plots the color of the markers
indicates the intensity and sign of the GI: blue is negative, red is
positive. In (c) and (d) “o” indicate El Nifio years, and “+” indicate
La Nifia years. Specific ENSO events discussed in the text are
identified by their years. Indices are normalized.

Plate 1. Scatter plots using as coordinates (a) PINDJF and NAO, (b) P1JJAS and NAO, (c) PINDJF and (-1)*Nino34DJ,
and (d) P1JJAS and (-1)*Nino34D]J. In all plots the color of the markers indicates the intensity and sign of the GI: blue
is negative, red is positive. In (c) and (d) “o” indicate El Nifio years, and “+” indicate La Nifa years. Specific ENSO
events discussed in the text are identified by their years. Indices are normalized.



