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Abstract. The Community Climate Model (CCM3) fromthe branch during MAM. Both local and remote influences, how-
National Center for Atmospheric Research (NCAR) is usedever, are confounded by the large internal variance in the re-
to investigate the effect of the South Atlantic sea surface temgion. During MAM and JJA, the South Atlantic SST anoma-
perature (SST) anomalies on interannual to decadal variabillies affect the magnitude and the meridional displacement of
ity of South American precipitation. Two ensembles com- the ITCZ. In JJA, the ENSO has relatively little influence on
posed of multidecadal simulations forced with monthly SST the interannual variability of the simulated rainfall. During
data from the Hadley Centre for the period 1949 to 2001 areSON, however, the ENSO seems to counteract the effect of
analysed. the subtropical South Atlantic SST variations on convection

A statistical treatment based on signal-to-noise ratio andPver South America.

Empirical Orthogonal Functions (EOF) is applied to the en-ov\yords. Meteorology and atmospheric dynamics (Gen-
sembles in order to reduce the internal variability among theg 5 circulation; Ocean-atmosphere interactions; Precipita-
integrations. The ensemble treatment shows a spatial anﬁlon)

temporal dependence of reproducibility. High degree of re-
producibility is found in the tropics while the extratropics is
apparently less reproducible. Austral autumn (MAM) and
spring (SON) precipitation appears to be more reproduciblel  |ntroduction
over the South America-South Atlantic region than the sum-
mer (DJF) and winter (JJA) rainfall. While the Inter-tropical A number of severe weather and climate-related events in
Convergence Zone (ITCZ) region is dominated by externalSouth America in recent years have led to disasters of dev-
variance, the South Atlantic Convergence Zone (SACZ) overastating consequences thus arousing the need to understand
South America is predominantly determined by internal vari- them. An excess of precipita’[ion may lead to floods, which
ance, which makes it a difficult phenomenon to predict. Al- can bring diseases to the local population. On the other
ternatively, the SACZ over western South Atlantic appears tohand, the lack of rainfall may cause severe droughts and eco-
be more sensitive to the subtropical SST anomalies than ovesiomical loss, as precipitation in South America plays an es-
the continent. sential role in determining the hydroelectric power produc-
An attempt is made to separate the atmospheric respong@n in many parts of the continent. For instance, a serious
forced by the South Atlantic SST anomalies from that as-energy crisis occurred in summer 2001 due to the rainfall
sociated with the El Nio — Southern Oscillation (ENSO). deficit, particularly in southeastern, northeastern and central
Results show that both the South Atlantic and Pacific SST®Brazil (Drumond and Ambrizzi, 2005). Since energy produc-
modulate the intensity and position of the SACZ during DJF. tion, agriculture and many other socio-economic activities in
Particularly, the subtropical South Atlantic SSTs are moreSouth America have been adapted to rainfall patterns, it is
important than ENSO in determining the position of the essential to improve our knowledge of rainfall variability in
SACZ over the southeast Brazilian coast during DJF. On thethe region.
other hand, the ENSO signal seems to influence the inten- South American rainfall is characterized by a marked an-
sity of the SACZ not only in DJF but especially its oceanic nual cycle with a dominant rainy season during the austral
summer (DJF) when the monsoon system prevails over the
Correspondence toA. S. Taschetto continent. The most common feature of the South Amer-
(a.taschetto@unsw.edu.au) ican monsoon regime is the South Atlantic Convergence
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Zone (SACZ). The SACZ is a convective band that extendsseasonal variance (i.e. Amazon region), and maximum sub-
northwest-southeast from the Amazon Basin to the subtropseasonal variance (i.e. coast and ocean). They suggest that
ical South Atlantic Ocean (Kodama, 1992, 1993). This con-the MJO modulates intense SACZ events on intraseasonal
vective zone, identifiable by its cloudiness and low irradi- timescales. On interannual timescales, they have shown
ance, is frequently configured in DJF. that the frequency of the coastal and oceanic SACZ events
Some studies have reported the importance of local facdepends on the phase of the ElfidiSouthern Oscillation
tors in the SACZ onset, like the South America continental- (ENSO).
ity and its topography (Satyamurty and Rao, 1988; Gandu The relationship between the Pacific Ocean and rainfall
and Geisler, 1991; Lenters and Cook, 1995), the convectiorover South America through atmospheric teleconnection has
over the Amazon Basin (Rocha and Gandu, 1996) and thdeen reported before in previous studies (e.g. Kalnay et al.,
persistence of frontal systems in the subtropics (Carvalho e1986; Garreaud and Battisti, 1999; Mo, 2000; Cavalcanti,
al., 2002). Gandu and Geisler (1991) found that the Soutl2000; Paegle and Mo, 2002). In general, the anomalous
American topography blocks the low-level inflow from the warm water associated with ENSO events induces changes in
equatorial Pacific, and leads to the development of a steadyhe Hadley and Walker circulations, generating Rossby wave
northerly jet along the eastern flank of the Andes that is fedtrains that affect the South American rainfall (Grimm, 2003).
by the strengthened northeasterly winds from the tropical At-Karoly (1989) found a wave train extending from the Pacific
lantic. Using a simple general circulation model with the Ocean to South America, which has been identified as the
presence of South America, Lenters and Cook (1995) highPacific-South American pattern (PSA), a typical response to
lighted the importance of the continentality and the conse-ENSO. Kalnay et al. (1986) reported a relationship between
quent generation of the thermal low on the SACZ onset. Thehe enhanced SACZ and the eastward displacement of the
development of the low pressure system over Chaco regiotsouth Pacific Convergence Zone (SPCZ). Grimm and Silva
strengthens the gradient between the continental low and thBias (1995) found that a southeastward shift of the SPCZ
South Atlantic subtropical high leading to southward low- from its climatological position during El o events tends
level winds (Lenters and Cook, 1995, 1999). These summeto intensify the SACZ convection. Drumond and Ambrizzi
pressure systems in association with the advection of mois2005) speculated that an intensified convective activity over
ture from northeasterly trade winds and the poleward flowthe SPCZ and a westward displacement of its mean position
at low levels produce enhanced precipitation in the Amazonmay be connected to the inhibition of the SACZ convection,
central and southeastern Brazil, thus configuring the SACZ. suggesting an opposite atmospheric response due to anoma-
Herdies et al. (2002) found that the weakening of thelous heat sources in different locations in the tropical Pacific.
northwesterly low level jet along the Andes Mountains can On decadal timescales, Andreoli and Kayano (2005) provide
be associated with the SACZ events. Moisture is transportedtrong evidence that the Pacific Decadal Oscillation (PDO)
through the low level jet from the Amazon to the subtrop- impacts precipitation over South America.
ical latitudes of South America, favouring rainfall over the  Interms of the influence from the local South Atlantic SST
La Plata Basin, northern Argentina, Paraguay and southeron precipitation over the continent, many studies have fo-
Brazil. Therefore, the stronger low level jet can be associ-cused on the tropical latitudes (Hastenrath and Heller, 1977;
ated with the absence or weakening of the SACZ, while theMoura and Shukla, 1981; Nobre and Shukla, 1996; Chang et
presence of westerly winds are related to strong convectival., 2000; Saravanan and Chang, 2000). Whether or not the
activity over the SACZ region (Herdies et al., 2002). local subtropical SSTs impact the SACZ is still a remain-
Remote factors are also important for the variability of ing question. Diaz et al. (1998) and Barros et al. (2000)
the South American monsoon system. In intraseasonateported a correlation between warm SST anomalies in the
timescales, the Madden-Julian Oscillation (MJO) has showrSouth Atlantic and the South American rainfall. In contrast,
to be the main mode of the atmospheric variability within Figueroa et al. (1995) argue that warm SSTs in the south-
30-60 days (Madden and Julian, 1994) affecting the mon-western South Atlantic have no effect on the SACZ because
soon regime in South America (Casarin and Kousky, 1986;they are located north of the band position. Robertson and
Grimm and Silva Dias, 1995; No@s-Paegle and Mo, 1997; Mechoso (2000) found observational evidences that a north-
Liebmann et al., 1999, 2004; Paegle et al., 2000; Cunningsouth dipole pattern in SST anomalies over the southwest
ham and Cavalcanti, 2006). More recently, de Souza andhtlantic are associated with an anomalous cyclonic (anti-
Ambrizzi (2006) showed that the MJO is the main atmo- cyclonic) circulation and intensified (weakened) SACZ. The
spheric mechanism affecting the intraseasonal variations ohuthors, however, suggest that the local SSTs are a response
the SACZ and the ITCZ, which in turn modulate the rainfall to atmospheric anomalies. Conversely, Barreiro et al. (2002)
in eastern Amazon and Northeast Brazil. used a suite of AGCM simulations to show that the oceanic
Carvalho et al. (2004) suggested that different regions ofbranch of the SACZ is influenced by a dipole pattern of SST
the SACZ can be modulated by distinct physical mecha-anomalies over the southwest South Atlantic. Robertson et
nisms. The authors divided the SACZ according to the re-al. (2003) showed that cold SST anomalies in the subtrop-
gions with maximum convective activity and minimum sub- ical South Atlantic tend to damp the SACZ and extend it
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poleward. They also presented some evidence of a feedback This paper is organized as follows. Section 2 briefly de-
between the SSTs and the SACZ. Chaves and Nobre (2004cribes the model and the numerical experiments. Section 3
identified the presence of a cloud/shortwave — SST negacompares the simulated rainfall with observations, as well as
tive feedback between the atmosphere and the ocean over tietween the numerical experiments. A statistical treatment
southwest Atlantic. They suggest that the cold SSTs underapplied to the ensembles is described in Sect. 4. In Sect. 5
lying the oceanic part of the SACZ are a response to atmowe investigate the precipitation response to the subtropical
spheric forcing, which in turn weakens the convective band.South Atlantic SSTs in the ensemble mean. In Sect. 6, an
To date, there is no consistent consensus regarding the infliattempt is made to separate the ENSO influence from that
ence of the subtropical South Atlantic SSTs on precipitation.of the South Atlantic SST on South American rainfall. Sec-

Most of the above studies have investigated the influenceion 7 shows the response due to the local subtropical South
of SST anomalies on South American rainfall focusing on Atlantic SST anomalies without the ENSO signal. Finally,
DJF, due to the extensive continental area with a dominanthe last section discusses our results, summarizing the major
austral summer rainy season. However, there are some réindings of this work.
gions where the largest precipitation is generated by differ-
ent mechanisms than the SACZ. For instance, during aus-
tral autumn, the Northeast Brazil is affected by the south-2 The AGCM and the numerical experiments
ward migration of the ITCZ that determines the rainy sea-
son in the region (Hastenrath, 1991). During the winter We used the Community Climate Model (CCM3) AGCM
season, the South American precipitation is influenced byfrom the National Center from Atmospheric Research
frontal systems, which are one of the most common synoptidNCAR). The CCM3 (Acker et al., 1996) has a T42 spec-
events over the continent (Kousky, 1979; Kousky and Fer-tral truncation in the horizontal (approximately 2.8x&.8
reira, 1981). These systems flow northward into the conti-lon degrees) and 18 vertical levels. Land surface processes
nent, causing intense drop in temperature and strong meridh the CCM3 are represented by the Land Surface Model —
ional winds. In some cases, the cold air incursions can reachSM (Bonan, 1998). Improvements from the latest version
all the way into the Amazon Basin (Kousky, 1979, 1980). to the CCM3 are described in Kiehl et al. (1998).
Kousky and Ferreira (1981) have reported the penetration of Five-member ensembles were produced with slightly dif-
frontal systems into the Amazon and their role in modulating ferent initial atmospheric conditions in order to represent the
the rainfall in the region. internal variability. According to Shukla (1993) the tropical

In this study we examine the variability of the South Amer- atmospheric patterns are strongly determined by the underly-
ican precipitation using multidecadal ensemble integrationdng SSTs, especially when a large-scale seasonal simulation
from an atmospheric general circulation model (AGCM) is run for along period. Shukla (1998) showed that two inte-
forced with SST anomalies in the global oceans and in thegrations with different initial atmospheric conditions respond
subtropical South Atlantic. Most of the studies addressingvery similarly to the tropical Pacific SSTs. Thus, the author
the South Atlantic effects on South American climate fo- suggests that a small ensemble size is sufficient to reproduce
cus on the tropical SSTs. It is a common sense that thénternal atmospheric dynamic processes. In our case, as we
atmospheric response to SST anomalies is more detectabfecus on subtropical SSTs, we used five integrations for each
in the tropics than in the extratropics. Nevertheless, it doesnsemble. Previous studies such as Chang et al. (2000), Sar-
not mean that the subtropical/extratropical SSTs have no efavanan and Chang (2000) and Barreiro et al. (2002) have
fect onto atmosphere. Indeed, Haarsma et al. (2003) indihad good results for precipitation and atmospheric circula-
cate that the subtropical South Atlantic SST anomalies ddion with a relatively small ensemble size performed with the
have a significant impact on the equatorial dynamics of theNCAR CCM3 model forced with SSTs in the tropical At-
atmosphere. For this reason, we forced the AGCM with pre-antic and South Atlantic Ocean, involving similar decades as
scribed SSTs in subtropical South Atlantic. used in this work. In addition, this ensemble size is in agree-

Apart from the idealized SST experiment, this study is alsoment with the estimate of Taschetto and England (2008).
original in terms of the seasonality. The previous studies on Two experiments were generated with the CCM3. The
subtropical South Atlantic SST tend to limit their results in first experiment (EXP1) was carried out with monthly vary-
the austral summer impact, when the South American raining SSTs in the global oceans. The EXP1 is used here as
fall is higher in most of the continent due to the presencea control run. The second experiment (EXP2) was forced
of the SACZ. As an ensemble of multidecadal simulations iswith SSTs varying only in the South Atlantic Ocean between
used here, we will analyse the interannual to decadal vari20° S—60 S, in order to obtain the local contribution of the
ability in precipitation not only during DJF but also in all the subtropical latitudes. Climatological SST values were as-
other seasons. While the interannual variability of summersigned elsewhere in the global oceans.
rainfall is the largest, we show that the low-frequency modes The data set used to force the CCM3 was the global sea-
of variability during the other seasons are not negligible.  ice and SST analyses (HadlSST1) from the Hadley Centre.

The monthly mean fields of SST and sea-ice concentration
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cover the globe in latitudex 1° longitude grid, which was in the variability of precipitation, it is more important that
interpolated to the CCM3 grid. The HadISST1 has beenthe model capture well the seasonal variations rather than the
shown to be an improvement upon the GISST data set. Amagnitude itself. It is shown that the CCM3 can also repro-
detailed description of this dataset can be found in Rayneduce fairly well the seasonal variations. Saravanan (1998)
et al. (2003). The ensembles were integrated from Septemhas shown that the CCM3 provides a good simulation of the
ber 1949 to October 2001. In order to eliminate possibleatmospheric low-frequency variability. The performance of
effects of the initial conditions as well as to fix 12-months the model is also tested in the next section in terms of the
in a year, the first few and last months of the integrationsvariability of precipitation.
were discarded, with the period of January 1950 to Decem- The difference of the seasonal mean rainfall between
ber 2000 remaining. Thus, this study is based on 51 years oEXP1 and EXP2 is depicted in Fig. 2. The relative agreement
monthly mean output of two five-member multidecadal en- of the climatological DJF and JJA rainfall between the en-
sembles. The time series were split into the austral seasonsemble means can be attested by the low values in Fig. 2a and
December, January and February (DJF) for summer; Marchg, respectively. The main differences, however, are seen dur-
April and May (MAM) for autumn; June, July and August ing MAM and SON. During austral autumn (Fig. 2b), EXP2
(JJA) for winter; and, September, October and Novembersimulates an increased mean rainfall over South America and
(SON) for spring. weakened precipitation over tropical Atlantic off the North-
east Brazil coastline. On the other hand, reduced rainfall
is seen over the continent for EXP2 during SON (Fig. 2d).
3 The simulations and the observational data The surprising agreement between the EXP1 and EXP2 sum-
mer rainfall not necessarily suggests that the South Amer-
In order to verify the model performance in simulating pre- jcan monsoon can be reproduced by solely the subtropical
cipitation over the South America-South Atlantic region, we South Atlantic SST anomalies, but instead it indicates that
compared the ensemble mean from EXP1 with the observeghe SACZ is likely to be internally dynamic driven. Con-
rainfall data compiled by Xie and Arkin (1997). The Xie versely, the mean MAM rainfall associated with the ITCZ
and Arkin (1997) data set, also known as the CPC Mergetseems to have a strong contribution from the underlying trop-
Analysis of Precipitation (CMAP), was produced by merging jcal South Atlantic SST. The increase of the mean precipita-
several data sources, including rain gauge observations, estiion during MAM and decrease during SON across South
mates inferred from a variety of satellite observations, andamerica simulated in EXP2 may be due to the absence of
the NCEP/NCAR reanalysis. The CMAP was constructedother forcing sources, such as the tropical Atlantic and Pa-
on a 2.3 latitude-longitude grid for the period January 1979 cific SSTs. These issues are evaluated in the next section.
to December 2001. Thus, 23-yr monthly averaged precipita-
tion data were used in the comparison. To be consistent with
the observed climatology, the simulated precipitation was av4 The treatment of ensemble
eraged over the same period as the CMAP.

Figure 1 exhibits the observed and simulated seasonarlhe tropical atmosphere is generally sensitive to changes in
mean rainfall. In general, precipitation is overestimated inSSTs. Tropical variability on interannual timescales is domi-
South America, while the seasonal rainfall variations are wellnated by SST forcing, such as the ENSO phenomena. On the
captured by the model. It shows an intensification of rainfall other hand, the subtropical/extratropical variations are dom-
over the continent in austral summer (Fig. 1b) and its reduc-inated by internal atmospheric variability, which are difficult
tion during the winter months (Fig. 1f). As described in the to predict on seasonal timescales, especially regarding pre-
introduction, the elongated band of rainfall during DJF over cipitation.
the continent indicates the presence of the SACZ, thus defin- In a small set of integrations, the ensemble mean is com-
ing the rainy season in Southeast Brazil. The suppression gfosed by both signal and noise. The noise is commonly
precipitation throughout the year over the eastern side of theeferred to as internal variance or spread among ensemble
oceans is well simulated in the model. It is also observed armembers, while the signal is the external variance. When
increase in autumn rainfall near the equator (Fig. 1d), off thethe noise is larger than the signal, atmospheric variations
northeast Brazilian coast. The latter indicates the southwardre usually not potentially predictable. According to Yang
migration of the ITCZ. Nevertheless, simulated precipitation et al. (1998), it does not mean that the SSTs cannot impact
over tropical Atlantic, Amazon Basin, and especially along the extratropical atmosphere, but only that the amplitude of
the Andes Mountains is overestimated, which is a known biaghe forcing response is smaller than the noise. In order to re-
in the CCM3 (Boville and Gent, 1998; Hack et al., 1998).  duce the internal variability and increase the reproducibility

Essentially, we can conclude that the simulated precipi-in the ensembles, the authors decompose the integrations us-
tation is in reasonably agreement with observations, repreing Empirical Orthogonal Functions (EOF) and reconstruct
senting the main features in South American rainfall, e.g.them with the most reproducible modes. Basically, they can
SACZ and ITCZ. In addition to that, since we are interestedisolate the externally forced response even in regions where
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XIE-ARKIN CCM3

60W 40W 209y

longitude longitude
Fig. 1. Seasonal mean precipitation comparison: Xie and Arkin (1997) in the left column and EXP1 ensemble mean in the right column.

(a—b) DJF, (c—d) MAM, (e—f) JJA and(g—h) SON. Contour interval is 2mm day. Rainfall greater than 6 mm day in DJF and MAM and
4mmday L in JJA and SON are shaded to facilitate the comparison.
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(a) DJF (b) MAM

60°W 40°W 200w 40w
longitude longitude
(c) JJA (d) SON

2095 2095
3 -~/
3 2
©
60°W 40°wW 20w I 60°W 40°wW 20w
longitude longitude

Fig. 2. Difference of the seasonal mean precipitation between EXP1 and EXP2. Positive (negative) rainfall indicates an overestimate
(underestimate) from EXP2 to EXP1. Contour interval is 0.5 mnrdahading represents areas where EXP2 is statistically different from
EXP1 at the 95% level according to a t-student téstDJF, (b) MAM, (c) JJA and(d) SON.

it seems insignificant when compared to internally generatedvhereo; is the internal variance or a measure of the ensem-
atmospheric noise. ble spread and is the total variance, which satisfies the

In this study, the technique of Yang et al. (1998) is em- relationshiprr =0 +o;, with o as the external variance.
ployed in order to examine and increase the reproducibility The internal variance; is computed by taking into ac-
(commonly referred to as potential predictability to SSTs) of count the difference among the integrations in relation to the
simulated precipitation in the CCM3. This first evaluation €nsemble mean at each month, thus giving an estimate of the
iS Very important to Verify the mode| performance' before internal Var|ab|l|ty of the atmosphere. The external variabil-
speculating on the mechanisms by which the SST anomaliely or is the ensemble mean variance. If the external vari-
impact the climate. Only the main results of the statisticalPility dominates the internal variability, the seasonal atmo-

in Taschetto and Wainer (2008). if the reproducibilityR is close to 1, the internal varianeg

does not dominate the total variangge. In this case, the en-
semble is considered to be highly reproducible and the sea-
sonal variations are determined by the external forcing (i.e.
SSTs).

The reproducibility index is based on the signal-to-noise
ratio, as defined in Yang et al. (1998):

R=1-2 (1)

orT
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Although the technique is applied to both EXP1 and found a preference in 200 mb zonal wind and 500 mb height
EXP2, only the latter is shown here, as the main purposdor boreal spring season (MAM) and attributed this to the
of this study is to examine the effect of the subtropical Southsmall internal spread of the ensemble.

Atlantic SSTs on rainfall. Notwithstanding, the results for  Following Yang et al. (1998), we decomposed the ensem-
EXP1 are fairly similar to those for EXP2, except for gen- ble in EOF modes and reconstructed it with the first few re-
eral larger magnitudes of the reproducibility index. This is producible modes. The truncation level used for the recon-
expected due to the different domains of SST forcing in thestruction was defined by using three different methods: the
numerical experiments. North et al. (1982) error, the white noise null-hypothesis by

The spatial distribution of reproducibility from the orig- Monte Carlo algorithm and the potential predictability index
inal ensemble for EXP2 is depicted on the left column of defined in Yang et al. (1998). Whilst the North et al. (1982)
Fig. 3. Generally, the reproducibility is larger over the trop- error plus the Monte Carlo test define the lower threshold for
ics than over the subtropical/extratropical latitudes. Anotherthe truncation level, the Yang et al. (1998'’s) predictability in-
important feature in Fig. 3 is the seasonal dependence of redex was used as the superior limit. The truncation level was
producibility. On average, it is larger in MAM (Fig. 3b) and chosen to be the number of EOF modes that represents 80%
SON (Fig. 3d) than in DJF (Fig. 3a) and JJA (Fig. 3c). The of the maximum potential predictability index. Thus the en-
transient seasons (Fig. 3b and d) show a higher reproducibilsemble was reconstructed using the first 8 EOFs for DJF, 10
ity over South America and Africa continents, while the ex- for MAM, 7 for JJA, and 9 for SON. Details about the EOF
tremes seasons (Fig. 3a and c) reveal larger reproducibilityeconstruction can be seen in Taschetto and Wainer (2008).
in the tropical ocean. The seasonal differences in the repro- After the reconstruction of ensemble using the selected
ducibility (Fig. 3, left column) are related to a larger scat- |evel of truncation, the reproducibility increased substan-
tering among the ensemble members during austral summaally in many areas, as shown in the right column of Fig. 3.
and winter than in the transient seasons. The increase in reproducibility over extratropical South At-

The low reproducibility over South America during DJF lantic is evident during austral autumn and spring (Fig. 3f and
(Fig. 3a) compromises the prediction of the SACZ events.h, respectively). It is also noticeable the rise of reproducible
At the same time, the spatial distribution of reproducibility areas during DJF (Fig. 3e) and JJA (Fig. 3g), despite smaller
suggests that the signal due to the SST forcing is strongeamplitudes. This growth in the reproducibility is due to the
in the ITCZ region than in the SACZ. Apparently, the rain- reduction in internal variance; after the reconstruction of
fall reproducibility in DJF over most of Brazil is lower than the ensemble. In other words, the reconstructed ensemble
0.3 (Fig. 3a), indicating that the internal variance accountscontains much less spread among the members than the orig-
for approximately 70% of the total variance (Taschetto andinal ensemble. Consequently, the externally forced sigpal
Wainer, 2008). This reveals that the SACZ region over Southbecomes competitive in the total varianege and results a
America is dominated by internal variance, which explains higher reproducibility (see Eq. 1).

the difficulty in predicting this phenomenon. Barreiro et  Although austral summer also had its noise reduced in the
al. (2002) also find that the SACZ region is dominated by reconstructed ensemble (Fig. 3e), it is still significant in cen-
internal variability. Conversely, the internal variance in the tral South America. On the other hand, reproducibility over
ITCZ region during DJF accounts for less than 30%. In fact,the oceanic branch of the SACZ has increased significantly.
the role of the SSTs on the ITCZ variations has been alreadyrhe internal variance is reduced up to 50% off the Southeast
reported by several authors (Moura and Shukla, 1981; Nobr@razilian coast. This suggests that the subtropical South At-
and Shukla, 1996; Servain, 1991; Chang et al., 2000). lantic SSTs have more impact on the oceanic SACZ than on

There are a few areas in the southeastern South Atlantigs continental part. Investigating this relationship is impor-
that are more reproducible than in the southwest region, estant for understanding the SACZ predictability.
pecially during MAM and SON (Fig. 3b and d). This in-
dicates that the SSTs play an important role in the oceanic
region south off Africa in autumn and spring. 5 Responses on Experiment 2 (EXP2)

It is worthwhile to point out that the seasonal variation of
reproducibility also depends on the variable studied as wellSince the focus of this paper is the response in precipita-
as the model, since there are differences on physical parameion due to the local forcing, we investigate the EXP2, which
terizations and initial conditions used to generate the ensemwas forced with monthly SST anomalies varying only in the
bles. Based on another AGCM, Yang et al. (1998) showedsubtropical South Atlantic Ocean. The two leading modes
that the reproducibility is larger in JJA and lower in DJF of variability were examined through Rotated EOF (REOF)
for 850 hPa temperature anomaly (T850) and 300 hPa geopanalysis applied to the monthly time series for each season.
tential height anomaly. The potential predictability index is The REOF is used here to eliminate any orthogonality im-
especially low in DJF T850 over South America (Yang et posed by the EOF method. Eigenvectors were rotated us-
al.'s Fig. 11). Using the European Centre for Medium-Rangeing the “varimax” criterion. The number of EOF modes re-
Weather Forecasts (ECMWF) model, Brankovic et al. (1994)tained in the rotation was chosen by the North et al. (1982)’s
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rule of thumb criteria and Monte Carlo test. Significances of phase, the configuration shows enhanced rainfall in Southern
the EOF modes estimated by North et al. (1982) are base®razil simultaneously with the suppression of precipitation
on comparing the separation among the neighbouring eigenever Central and Southeast Brazil. This pattern is consistent
values with its sampling error. The Monte Carlo procedurewith findings of Casarin and Kousky (1986), NagiPaegle
distinguishes the explained variance obtained from the EORand Mo (1997), Robertson and Mechoso (2000), Barreiro et
analysis by testing it against a white noise null-hypothesis.al. (2002) and Herdies et al. (2002). The latter authors sug-
Figure 4 depicts the explained variances with these two testgyest that the negative phase of this see-saw pattern in summer
The number of EOF used for the rotation was determinedrainfall variability is related to moisture convergence in the
by the eigenvalue whose inferior error bar from North’s rule Amazon and Southeast Brazil, concomitantly with the weak-
does not intercept the Monte Carlo threshold. Thus, the numening of the moisture flux to Southern Brazil, thus modu-
ber of EOF modes retained for the rotation was 5 for DJF, 7lating convective outbreaks in those regions. According to
for MAM, 6 for JJA and 6 for SON. Herdies et al. (2002), the positive phase of this mode of vari-
Figure 5 shows the first REOF mode of precipitation for aPility is observed with the strengthening of the low level jet
all seasons. It accounts for 38%. 18+2%,. 21+2% and  @long eastern Andes Mountains that brings moist air to La

2042% of the total explained variance for DJF, MAM, JJA Plata Basin, favouring rainfall over the region. At the same
and SON, respectively. time, the authors describe the absence of the SACZ event.

In DJF (Fig. 5a), the first mode of variability reveals This mode of variability is associated with an interannual os-

an elongated band of negative eigenvectors extending fron%n"atlon of 4 and 2.5-yr period.

central Brazil to the southwestern South Atlantic. Si- During the austral autumn (Fig. 5b) the leading REOF
multaneously, positive eigenvectors are seen over Southermode depicts a centre of negative eigenvectors atS23
Brazil. This configuration is associated with the reduc- 37° W and positive values over central South America. Also,
tion/intensification of the SACZ and the decrease/increase osome variability is found over the tropical South Atlantic.
rainfall in Southern Brazil and vice versa, varying accord- This pattern is associated with a low frequency oscillation of
ingly to the expansion coefficient time series. In its positive approximately 7 yr period. It indicates an increase/decrease
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of rainfall over the continent together with the suppres- South Atlantic, suggesting the modulation of the oceanic
sion/enhancement of precipitation over the oceanic branctbranch of the SACZ. Also, positive eigenvectors are located
of the SACZ. in the northwest Amazon Basin, representing enhanced con-
In winter season (Fig. 5¢) the first REOF mode revealsVective activity in northwestern South America. This mode
higher variability over the ocean than the continent. ThisiS @ssociated with a variability of 5-yr period.
winter pattern is larger off the Northeast Brazilian coast. It Figure 6 depicts the second leading mode of the REOF for
suggests the intensification/weakening of rainfall related tog)| seasons. This mode explains the following percentage of
the ITCZ. the total variance: 2082% in DJF, 16-2% in MAM, 204+-2%
Figure 5d exhibits negative values north of approximatelyin JJA and 162% in SON. Thus, the first two EOF modes
35°S in the region of study and positive in south of this account for approximately 51%, 34%, 41% and 36% of the
latitude. A centre of negative values located arounti®5 total variance for austral summer, autumn, winter and spring,
32° W is associated with dry conditions over southwesternrespectively. Interesting to note that the cumulated explained
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variance by the dominant modes of variability is largest dur-phenomenon in summer. This second REOF mode is associ-
ing DJF, which motivated the amount of studies mentionedated with a period of 3.5 to 4.5 years of variability.

previously in the introduction. However, the leading EOF Austral autumn (Fig. 6b) reveals positive eigenvectors
modes for the other seasons are not negligible and also revegl/er the extreme northeast region in Brazil, extending east-
significant fractions of the total variance, thus motivating thlsWard to tropical Atlantic. It is clearly associated with the in-
study. tensity of the ITCZ. The southward migration of the ITCZ
determines the rainy season in the extreme northeastern
Brazil (Hastenrath and Heller, 1977). This pattern presents
an interannual variability with a 2 to 2.5-yr period.

The second mode of variability in DJF (Fig. 6a) shows a
dipole pattern across the Brazilian coast. This feature indi-
cates the meridional shift of the SACZ mean position. There-
fore, the first two modes of summer precipitation variability = Figure 6¢ exhibits large variability in the tropical latitudes
are associated with the intensity and the location of the SACZof the studied region. In addition, a well defined centre of

www.ann-geophys.net/26/3457/2008/ Ann. Geophys., 26, 3%/G-2008



3468 A. S. Taschetto and I. Wainer: South Atlantic SST impact on South America rainfall

precipitation is seen at the subtropical South Atlantic, sug-Then, this component was subtracted from the EXP2 ensem-
gesting the influence of the local SSTs on the rainfall vari- ble mean, thus removing the ENSO remote influence.
ability in a period of 5 and 4-3.5 years. The regression pattern for EXP2 is shown in Fig. 8. It
The austral spring pattern (Fig. 6d) shows positive eigen-is worthwhile to comment that significantly stronger patterns
vectors over the continent, suggesting the presence/abseneage seen for EXP1 (figure not shown), indicating that the SST
of the convection over the Amazon Basin. The time series ofdesign of EXP2 by itself is efficient in reducing considerable
expansion coefficients presents three significant peaks with ghe ENSO influence on rainfall. Nevertheless, the most ex-
period of 5, 2.5 and 1.5 years. pressive ENSO influence on EXP2 appears to be in austral
The EOF analysis performed in EXP1 vyields relatively summer and autumn (Fig. 8a and b, respectively). These two
similar patterns as in EXP2, unless for stronger magnitudeseasons reveal similar signal over the southwest South At-
(figure not shown). However, it is interesting to highlight lantic. Positive regression coefficients can be seen around
some differences in the DJF and MAM patterns. The lead-25° S—-33 W, and negative are located at about $836 W
ing mode of DJF variability for EXP1 reveals negative ein- for both seasons. This indicates that ENSO tends to enhance
genvectors extending further southeastern over the westerte convection over the SACZ, particularly over its oceanic
South Atlantic than those in Fig. 5a. In addition, the first branch, during DJF and MAM. Reduced rainfall is seen over
mode of MAM rainfall variability shows larger eigenvectors southern Brazil during summer (Fig. 8a). During winter and
over the equatorial Atlantic Ocean rather than in the subtropspring (Fig. 8c—d), the regression pattern does not show great
ics as in Fig. 5b. These differences suggest the importance afffect from ENSO. Slightly positive values are exhibited over
the subtropical South Atlantic SST anomalies in modulatingthe tropical Atlantic near equator in winter (Fig. 8c) and over
the summer and autumn rainfall variability over the region. northeastern South America in spring (Fig. 8d).
Comparisons of the regression patterns between the nu-
merical experiments reveal markedly negative values over
6 The remote response northern and northeastern South America for EXP1 during
all seasons, and slightly positive values over the Central and
It is well recognised that the El No-Southern Oscillation  gguth Brazil particularly in MAM (figure not shown). This
(ENSO) is one of the largest climatic events affecting thepattern is not well developed in EXP2 (Fig. 8) because the
globe (Trenberth and Caron, 2000). The anomalous warmgxperiment design does not contain SST anomalies in the
SST associated with ENSO involves approximately one thirdiropical Pacific. The rainfall increase in the Southern Brazil,
of the tropics. Because of this, ENSO leads to changes in atsimultaneously with the suppression of precipitation in the
mospheric circulation, impacting several regions around thenorthern part of the continent is a common feature during
world (Trenberth, 1991). In South America, ENSO plays ang| Nifio years (e.g. Kousky et al., 1984; Ropelewski and
important role in rainfall variability. As our primarily inter- Halpert, 1987, 1989; Grimm et al., 2000; Grimm, 2003).
est is the investigation of the precipitation due to the Southpyring EI Nifio events, the Walker circulation shifts due
Atlantic SSTS, the influence of ENSO has to be factored Outto the eastward disp|acement of warm waters in the Pacific
from the results shown in the preViOUS section. Note that,OCean_ The disp|acement of the atmospheric heat source
even though the EXP2 was forced only with SST anomaliespyeriaying the warmest water results in ascending air in the
Varying in South Atlantic, it still contains the influence from eastern tropica] PacifiC, which in turn descends over North-
remote SSTSs. east Brazil, suppressing convection and rainfall in that re-
The correlation between the NINO3 Index and the precip-gion. Moreover, during Pacific warm events, the enhanced
itation over the region demonstrates the Pacific remote insubtropical jet acts like a barrier, inhibiting frontal systems
fluence on EXP2 (Fig. 7). In general, the correlation coeffi-to go northward over the continent, and confining them to
cients are low for EXP2. This is an expected result as this exthe south. Paegle and Mo (2002) suggested that the ENSO-
periment was forced with SST anomalies only in the subtrop-related PSA wave train increases the pressure gradient be-
ical South Atlantic. When the same analysis is carried outyween the Chaco low and the Atlantic subtropical high, con-
with EXP1, a much stronger correlation pattern appears (figtributing to an increased supply of moisture and enhanced
ure not shown), particularly over the tropical latitudes where precipitation over eastern Brazil.
El Nifio events tend to dry the Northeast Brazil via the shift
of the Walker circulation.
Despite the low correlation coefficients for EXP2 (Fig. 7), 7 The local response
there are some areas with significant values, especially dur-
ing summer. Therefore, it is an important step to elimi- After subtracting the ENSO-related regression pattern from
nate the ENSO remote signal. In order to do this, the sim-EXP2, the REOF analysis was used again in order to look
ulated precipitation from EXP2 was firstly regressed ontofor differences. Figure 9 shows the leading mode of variabil-
the NINO3 Index. This procedure enhances the precipitaity for EXP2 without the ENSO signal. It now accounts for
tion variability associated with the ENSO signal in EXP2. 24+3%, 19:2%, 22:-2% and 22-2% of the total variance
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Fig. 7. Spatial distribution of correlation between théiNB Index and the simulated precipitation anomalies from EX&2DJF,(b) MAM,
(c) JJA and(d) SON. Correlation coefficients larger than 0.16 are significant at a 95% of confidence level.

in DJF, MAM, JJA and SON, respectively. It is worth not- spectrum from Figs. 5a and 9a reveals that the ENSO sig-
ing a slight decrease in the explained variance in DJF, and anal acts with a period of approximately 4 years while the
increase in the variance in all the other seasons. South Atlantic SSTs seems to affect the SACZ variability in

In DJF, the leading mode of EOF (Fig. 9a) reveals a very@ higher frequency (2.5yr).

similar pattern compared to Fig. 5a. This suggests that the The following seasons reveal substantial changes in the
local SSTs play an important role in modulating the SACZ first REOF mode after the subtraction of ENSO signal. This
variability. This result corroborates the findings of Robertsonis especially true for the MAM mode, shown in Fig. 9b.
et al. (2003) who reported the importance of the South At-Looking back to the REOF mode in Fig. 5b, it is clear that the
lantic SST anomalies to the SACZ variability. Nevertheless,ENSO signal on the oceanic branch of the SACZ was elimi-
the pattern is now associated with smaller explained varianc@ated after the subtraction of the regression field. The regres-
and a considerable different power spectrum, which suggestsion analysis seen in Fig. 8b also confirms the ENSO-related
that the ENSO has an effect on the SACZ variability both in signal on precipitation over the South Atlantic Ocean. Cor-
its coastal and oceanic parts. The comparison of the powerelation between the time series of the expansion coefficient
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from Fig. 5b and the NINO3 Index is significant at 95% level.  Over the continent, Fig. 9b shows positive eigenvalues
It reaches a maximum correlation of 0.42 when NINO3 Indexover the central South America and negative in the south-
leads the autumn principal component by 3 months. Thusern regions. The most important feature in the MAM pattern
we can conclude that the local SSTs affect the SACZ duringn Fig. 9b, however, is a dipole located over tropical South
summer, while the ENSO seems to influence the SACZ vari-Atlantic. In a climatological sense, the southward migra-
ability not only in summer but mostly in autumn. Generally, tion of ITCZ during austral autumn is responsible for deter-
heat sources associated with ENSO warm events perturb theining the rainy season in Northeast Brazil (Hastenrath and
atmospheric circulation generating Rossby wave trains thateller, 1977). The pattern seen in Fig. 9b suggests an influ-
can cause considerable impacts on rainfall over the studieénce of the local SSTs, i.e. from the South Atlantic, on the
region (Grimm, 2003). The centre of negative precipitation meridional displacement of the ITCZ during autumn months,
in Fig. 5b seems to be a response from ENSO through thessociated with a variability of 10-yr period. It does not
PSA teleconnection pattern (Kalnay et al., 1986; Garreaudnean that the ENSO has no effect over the tropical Atlantic.
and Battisti, 1999; Mo, 2000). Conversely, there are some studies reporting this influence,
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Fig. 9. First mode of REOF for simulated precipitation from EXP2 without the ENSO signal. Shaded areas represent eigenvector magnitudes
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such as Lau and Nath (1994), Lau (1997) and Saravanan arefuator. This result shows that the local SSTs play an im-
Chang (2000). However, the South Atlantic SSTs also seemgportant role in determining the variability of the ITCZ pre-
to have a considerable influence on the tropics. According tacipitation not only in autumn but also in winter. In addition
Pezzi and Cavalcanti (2001), the Atlantic influence is compa-o that, the winter REOF mode exhibits negative eigenval-
rable to, or larger than, the Pacific effects on modulating theues next to the southeast Brazilian coast and positive values
ITCZ and precipitation in Northeast Brazil. Using numerical south of approximately 305. Apart from the positive val-
experiments, Haarsma et al. (2002) found that the subtropicalies over the ITCZ region, this mode of variability changed
South Atlantic SST anomalies by themselves can influenceeompletely from Fig. 5c. After the subtraction of the ENSO
the tropical atmospheric circulation, with significant effects signal, the winter leading mode shows larger amplitudes and
on the position of the ITCZ. an increase in the explained variance. Moreover, the time
series of the expansion coefficients changed considerable,
The JJA pattern (Fig. 9c) also shows an intense signal 10yegyiting in variability associated with a decadal period of
cated over the northeast Brazilian coast elongating to the
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17 years. Decadal variability in the South Atlantic region During the spring season, Fig. 9d reveals an in-
has been reported by few authors. Venegas et al. (1997)rease/decrease in precipitation over most of Brazil, in a
found a coupled mode between the atmosphere and the oceaone that extends to the South Atlantic Ocean. This band
in South Atlantic representing a 14—16-yr period oscillation of positive values appears to be associated with an earlier
in the strength of the subtropical anticyclone concomitantly SACZ onset. Negative eigenvectors can be seen over the
with fluctuations of a subtropical dipole in the SSTs. In their extreme northwest South America indicating the suppres-
study, this coupling is stronger during austral summer. Us-sion/enhancement of convection over the Amazon Basin.
ing the NCAR CCSM coupled model, Wainer and VenegasNegative values are also shown over southern Brazil and over
(2002) found significant oscillations of a 25—-30-yr period in the extratropical latitudes of the South Atlantic. This pattern
the SST, sea level pressure and barotropic transport fields iis associated with a variability of 4-yr period. It is similar
subtropical South Atlantic. to the one containing the ENSO signal (Fig. 5d), unless for
its magnitude (note that the patterns of variability vary from
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the positive to the negative phase according to their time seEXP2. This is an expected result as EXP1 also contains the
ries). A much stronger signal appeared when the influence oatmospheric response from the tropical Atlantic Ocean.

the tropical Pacific SSTs is removed. This suggests that the

South Atlantic SST anomalies have an important impact over ) _

both the ocean and the continent during the SON months® Summary and discussions
Moreover, the enhancement of this pattern after removing th n this study we investigate the impact of the subtropical
ENSO signal suggests that the warm SST anomalies in eas(L

L ) outh Atlantic SSTs with and without the ENSO influence,
ern Pacific counter_act the effect of the South Atlantic SSTsin two ensembles using different distribution of surface forc-
on the South America monsoon onset.

T o ing. An attempt is made to reduce the internal variability and
The second mode of variability can be seen in Fig. 10. Itgnhance the forced response due to SSTS.

accounts for approximately 28% of the total variance in
DJF, 18:2% in MAM, 21+2% JJA and for 1#2% in SON.
The DJF pattern (Fig. 10a) shows a dipole across the ~ Ger_nerally, .reproducibility _is larger in Fhe tropical At-

southeast Brazilian coast. This may be related to the zonal ~ 'antic than in the extratropics, suggesting that lower lat-
displacement of the SACZ band along the Brazilian coastal ~ Itudes are more sensible to the boundary forcing. The
area. In the positive phase of the mode, precipitation is ~ S€asonal dependence of reproducibility showed larger
enhanced over the Southeast Brazil, while in its negative ~ valuésin MAMand SON and lower in DJF and JJA. The
phase rainfall shifts northeastwards. This mode of variabil-  ransient seasons revealed higher reproducibility over
ity agrees with Barreiro et al. (2002). After the subtraction the South America continent, while the extreme seasons
of the ENSO-related signal, the second mode appears to be ~ Showed larger values over the tropical ocean.

more localized; with an increase in the explained variance _ The SACZ region is dominated by internal variance, ap-
and an associated time series with higher frequencies (see  proximately 70% in DJF. On the other hand, the ITCZ

The major findings of this study are described as follow.

Fig. 6a for comparison). Variability over northeastern Brazil region over the tropical Atlantic is mostly driven by
almost disappears after the ENSO subtraction (Figs. 6a and  changes in SSTs, which makes it more predictable than
10a). Indeed, El Nio warm events tend to affect the rain- the SACZ.

fall over this region. The power spectrum analysis contains

more energy in Fig. 10a than in 6a. It reveals two signif- — After the reconstruction of ensemble, the oceanic

icant peaks with a period of 3-4 years and 2 years. Thus,  branch of the SACZ in DJF had its reproducibility sig-
we conclude that the SST anomalies in the subtropical South  nificantly increased. This suggests that the oceanic
Atlantic modulate the position of the SACZ over its coastal ~ SACZ may be more predictable than its coastal part.

branch in interannual timescales. i — In DJF, both local and remote SSTs (i.e. South Atlantic
The austral autumn REOF mode (Fig. 10b) reveals awell  anq pacific) play a role in modulating the intensity and
defined variance over the tropical ocean extending westward  ha position of the coastal and oceanic SACZ. Particu-

to the extreme Northeast Brazilian region. Comparison be- larly, the subtropical South Atlantic SSTs (25-60 S)
tween the second REOF mode with and without the ENSO  geem 1o influence more the position of this precipitation

signal indicates almost no changes (Figs. 6b and 10b, respec-  pand over the Brazilian coastal region than the ENSO

tively). This suggests that not only ENSO influences the in- does. On the other hand, the warm events in the trop-

tensity of the ITCZ band during austral autumn, but mostly  jca pacific have considerable effect on the intensity in

the local SSTs from South Atlantic Ocean. the oceanic branch of the SACZ, especially during the
Figure 10c does not shown significant differences from MAM months. However, it should be noted that the in-

Fig. 6¢. This agrees with the very low regression field seen ternal variance is not negligible.

in Fig. 8c. Thus, the second mode of variability in JJA is a )

response of precipitation to local SSTs in subtropical South — During the MAM and JJA seasons, local SSTs (between

Atlantic associated with a 4-5-yr period. 20° S and 60 S) play an important role in determining

The same can be assumed for the SON months. The sec- the magnitude anq the displacement of the ITCZ over
ond REOF mode in Fig. 10d preserves the same variability the j[r.op|cal Atlantic. Although th.e remote gffect from'
pattern to the one including the ENSO signal (Fig. 6d). It Pacn_‘lc_ O_cean_ can be dete_cted in the troplcaI_AtIan_tlc
suggests an enhanced convection over the Amazon Basin and precipitation field, the dominant SST forced _S|gnal n
Central Brazil in its positive phase and a suppression of the the ITCZ seems to come from the South Atlantic Ocean.
convection during its negative phase. Three significant peaks — |n SON, high variability is located over South Amer-
are associated with this pattern: 5, 2.5 and 1.5 years. ica, particularly over the Amazon. It may be associated

The EOF analysis from EXP1 after removing the ENSO with the enhancement/weakening of the convective ac-
effect (figure not shown) reveals stronger magnitudes over tivity over the Amazon Basin. The first mode of rain-
the tropical South Atlantic for all seasons than those from fall variability during SON revealed significant changes
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after subtracting the ENSO signal. This suggests that A final important issue to be considered here is the fact
while the local South Atlantic SSTs appear to influence that our analyses were based on an AGCM. Using an atmo-
an earlier SACZ onset, the remote SST anomalies in thespheric and an oceanic model, Chaves and Nobre (2004) sug-
eastern tropical Pacific seems to counteract this effect. gested a cloud/shortwave SST negative feedback between the
atmosphere and the ocean during summer time at the SACZ
As mentioned in Sect. 4, the reproducibility found here is region. These authors argue that the negative SST anomalies
dependent on the model and variables studied. As the esunderlying the oceanic SACZ are a response to the atmo-
timate of the internal variability contains all the errors in- spheric forcing. The cold SSTs, in turn, tend to damp the
trinsic of the model (such as Rossby wave propagation, surprecipitation band. Thus, a refined understanding of these
face atmosphere interactions, including with the topographyfeedback mechanisms needs to be explored by using a fully

specific physical parameterizations, among other factors) itoupled model, not only for DJF but also for the remaining
is expected that different models give distinct maps of re-seasons.

producibility and hence predictability. The distribution of

reproducibility in summer found in this study, though, are
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