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Abstract The present study focuses on the leading
interannual mode of continental-scale atmospheric vari-
ability over South America, which is characterized by an
equivalent barotropic vortex (referred to as VOSA in the
text) centered over the eastern subtropical coast of the
continent. The principal aim is to determine whether and in
what season VOSA is the downstream extension of the
leading Pacific South American mode (PSA1). Another
objective is to examine the extent to which VOSA and
PSAT1 are forced by El Nifio Southern Oscillation (ENSO).
The research is based on examination of reanalysis data
and output of experiments with an atmospheric general
circulation model. The emphasis is on the southern spring,
summer and fall seasons, during which VOSA modulates
the interannual precipitation variability over the continent.
A similar relationship is not found during the southern
winter. It is found that VOSA is an integral part of PSA1
during spring and fall. In these seasons, PSAI/VOSA is
originated primarily by large-scale atmospheric internal
variability with the forcing by ENSO accounting for 14 and
8% of the total variance, respectively. During the southern
summer season, when ENSO peaks, PSAl is not a
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dominant mode of atmospheric variability, and VOSA
primarily results from continental-scale internal variability.
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1 Introduction

Several studies have documented a link between El Nifio
Southern Oscillation (ENSO) and precipitation anomalies
over subtropical South America (SA) during the southern
spring (Aceituno 1988; Rao and Hada 1990; Grimm et al.
1998; Montecinos et al. 2000). Similar relationships during
the southern summer and fall seasons were also reported,
albeit with lower significance (Silvestri 2004; Pisciottano
et al. 1994; Grimm et al. 1998, 2000, 2003, 2007). The
search for teleconnection mechanisms between ENSO and
climate variability over SA has highlighted the importance
of the leading modes of circulation variability in the South
Pacific Ocean. These are the Pacific South American
modes (PSA, Kidson 1988), which we next briefly review
since they are of central relevance to the present study.
The PSA modes are wave-like patterns with horizontal
scales of approximately zonal wavenumber three. They
account for a large amount of variance of the circulation
(10-20%) at the interannual timescale and have larger
amplitudes in the Pacific-South American sector (Carril and
Navarra 2001; Cai and Watterson 2002). Kidson (1988)
obtained the structures of the two leading PSA patterns—
referred to as PSA1 and PSA2 in the literature—via point
correlation and Empirical Orthogonal Function (EOF)
analyses. Subsequent studies found similar structures using
different datasets (e.g., Mo 2000), while results at several
atmospheric levels revealed the equivalent barotropic
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structure of the modes (Mo and Paegle 2001; Robertson and
Mechoso 2000; Mo and Higgins 1998; Kidson 1999).

Only a few studies have reported the existence of the
PSA patterns at intraseasonal time scales, which required
pre-filtering the data to remove longer timescales. Kidson
(1999), for example, did not obtain the intraseasonal PSA
patterns (10-50-day range) during either summer or winter.
Ghil and Mo (1991) used an independent dataset from the
one used by Kidson (1999) and tested, for the same sea-
sons, the sensitivity of the results in three intervals of band-
pass filtered data (10-90; 10-120; 10-150 days). Their
findings did not include any pattern resembling the PSA
modes in the first six leading EOFs of intraseasonal vari-
ability. Mo and Paegle (2001) and Mo and Higgins (1998)
obtained clear signatures of the PSA modes by extracting
signals at the intraseasonal scale first and performing sea-
sonal averages next. The latter filters the intraseasonal
variability, thus the result enhances signals with timescales
ranging between the intraseasonal and longer. By the
means of cluster analysis Cazes-Boezio et al. (2003)
identified wavetrain-like regimes markedly similar to the
PSA modes in spring, summer, and from fall through
winter. These authors showed that changes in the amplitude
and frequency of occurrence of these regimes determine
their presence at the interannual timescale in spring and
from fall through winter, but not in summer. Other authors
have associated intraseasonal PSA patterns to Madden-
Julian Oscillation (MJO) events. In our interpretation of
these results, the characteristic periods of PSA modes range
between the intraseasonal and the interannual timescales.
In the present study we focus on the latter.

The majority of studies on the variability of the large-
scale flows in the Southern Hemisphere have pooled all
seasons together, the rationale being that the seasonal cycle
is not large in this hemisphere (Lau et al. 1994). However,
suggestions of seasonal differences have been found. For
example, according to Kidson (1999), in summer the PSA
modes cannot be discriminated from noise. Also for sum-
mer, Carril and Navarra (2001) identified a pattern bearing
only marginal similarities with PSA1. For the winter sea-
son, Carril and Navarra (2001) found PSA1 and PSA2 as
the 2nd and 3rd mode of interannual variability, and Kid-
son (1999) detected PSA1. Cai and Watterson (2002)
reported the existence of broad similarities between PSA
patterns obtained on the basis of annual and monthly
anomalies at the interannual and intradecadal timescales.
This variability among seasons makes results sensitive to
the preprocessing made on the data, especially at the in-
traseasonal scale. The patterns obtained by pooling all
seasons together are likely to be dominated by the circu-
lation in spring and winter (Cai and Watterson 2002).

A large number of studies discussed the existence of
associations between ENSO and the PSA modes. The link
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presented by Karoly (1989) was based on compositing
seasonal 200 hPa height anomalies over the three ENSO
events between 1972 and 1983. Corresponding to the
developing phase of ENSO, in the southern winter (June
through August), he identified a wave pattern at high lati-
tudes similar to PSA1l. Another view of the association
between ENSO and PSAI1 is presented in Mo and Paegle
(2001). These authors showed that the composite of rainfall
over SA during PSA1 events in summer resembles the
leading EOF of rainfall, with a 0.5 correlation between the
timeseries of the corresponding principal components.
Furthermore, during PSA1 events, rainfall is enhanced
from eastern to central Pacific and reduced to the west,
consistently with the ENSO response. The strongest con-
sensus on the existence of PSA1-ENSO links corresponds
to the spring season (Garreaud and Battisti 1999; Cazes-
Boezio et al. 2003; Mo and Paegle 2001). It has been
suggested that ENSO amplifies or excites the PSA1 pattern
without changing its structure or merely causing it (Cazes-
Boezio et al. 2003; Mo and Higgins 1998 and Cai and
Watterson 2002). The consensus on the existence of PSA1-
ENSO links is not as strong during the southern summer,
when the PSAs have weak amplitudes. Mo and Paegle
(2001) argued for such a link, while Karoly (1989), Cazes-
Boezio et al. (2003), Carril and Navarra (2001), and Gar-
reaud and Battisti (1999) did not find evidence of it.

Since we are interested in rainfall over subtropical South
America, our search for ENSO teleconnections must elu-
cidate whether the PSAs are also involved and connected to
the leading modes of variability over the continent. A large
number of studies discuss the role of the PSA as telecon-
nection between ENSO and rainfall over South Eastern
South America (SESA). Composites of outgoing long-
wave radiation anomalies (OLRA) over PSA1 events in the
winter revealed enhanced convection over central-western
tropical Pacific and reduced convection over the Indian
Ocean (Mo and Higgins 1998). The small correlation (0.3)
between Principal Components (PCs) of OLR and PSA and
the lack of matching in their characteristic periods, how-
ever, indicated that the PSA modes in the interannual time
scales are not simply generated as responses to variability
of tropical convection.

In a recent paper, Zamboni et al. (2010) demonstrated
the existence of seasonal modulations in the moisture
transport from the tropics and the subtropical Atlantic
toward SESA in association with the variability of an
equivalent barotropic continental-scale vortex. This vortex,
previously noticed by Robertson and Mechoso (2000) for
the January—March period, is the leading mode of vari-
ability of 200 hPa horizontal winds over SA in October—
November and in April-May, and the 2nd leading mode in
January—February and June—July. In the remaining of the
text we will refer to this vortex as VOSA. Some studies of
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the PSA modes find a continental scale vortex resembling
VOSA and interpret it as a downstream extension of PSA1
and hence an integral part of this pattern (Mo and Paegle
2001; Lau et al. 1994; Mo and Higgins 1998; Kidson 1999;
Kiladis and Mo 1998). In other studies, however, this
association between PSA1 and VOSA is elusive (Mo 2000;
Kidson 1988; Cai and Watterson 2002; Robertson and
Mechoso 2003).

The main question addressed in the present study is the
existence of a relationship between VOSA and PSAl. A
complementary question is the extent to which VOSA and
PSAL are forced by ENSO. The answers to these questions
are of relevance to seasonal predictability since Zamboni
et al. (2010) demonstrated that VOSA can be a useful
predictor of precipitation over SESA. We attempt to put on
a solid foundation the transmission of ENSO signal to
rainfall over SESA by determining whether and in what
seasons the teleconnection involves VOSA. The full
schematic chain of elements is: ENSO—-PSA1—->VOSA—
rainfall, where the latter linkage is examined in Zamboni
et al. (2010).

Building off the results of Zamboni et al. (2010), we
stratify the analysis by season in the context of interannual
variability. In particular, we include spring and fall, which
have been considered by only few authors (Cai and Watt-
erson 2002; Garreaud and Battisti 1999; Robertson and
Mechoso 2003; Cazes-Boezio et al. 2003). We start by
finding the link between PSA1 and VOSA and their rela-
tionships with SST anomalies, particularly with ENSO.
This part of the work is based on the National Centers for
Environmental Prediction-National Center for Atmospheric
Research (NCEP-NCAR) reanalysis. Next, we provide a
mechanistic support of our findings with reanalysis data by
using the International Centre for Theoretical Physics
Atmospheric General Circulation Model (ICTP AGCM)
(previously named SPEEDY, Molteni 2003). This part of
the work analyzes simulations performed with observed
and climatological SSTs in order to separate the internal
and forced components of VOSA and PSAL.

The paper is organized as follows. Section 2 describes
the datasets we use. Section 3 examines the relationship
between PSA1, VOSA and SSTs based on reanalysis data
for each season. Section 4 introduces our methodology for
separating the internal and forced variability of the atmo-
sphere with the selected AGCM, and the results obtained.
Section 5 includes a summary of our findings.

2 Datasets

The present study concentrates on the interannual vari-
ability of seasonal circulation over SA and the southern
Pacific during the southern spring, summer, and fall

seasons. The seasonal mean circulation is represented by
the average of the central two-month periods in each sea-
son for the period 1948-2002: October—November (ON),
January—February (JF), and April-May (AM). The average
helps capturing the coherent signal throughout each season
while filtering high frequency variability.

The zonal and meridional 200hPa wind, from which the
streamfunction is computed, correspond to the global
NCEP-NCAR reanalysis. This dataset is available at
2.5° x 2.5° horizontal resolution (Kalnay et al. 1996). The
reliability of the early years of the reanalysis (1948-1959),
when neither satellite nor radiosonde information were
available over South America, is discussed in Sect. 3. We
anticipate the data are reliable at the timescale we consider.

For SSTs we use the National Oceanic and Atmospheric
Administration’s (NOAA) extended reconstructed SSTs
dataset (Smith and Reynolds 2004). In this dataset,
monthly mean values are available for the global ocean at
2° x 2° horizontal resolution.

The model we use is the intermediate complexity ICTP
AGCM (Molteni 2003). The AGCM is configured with 8
vertical (sigma) levels and with a spectral truncation at total
wavenumber T30. This AGCM includes physically based
parameterizations of large-scale condensation, shallow and
deep convection, short-wave and long-wave radiation, sur-
face fluxes of momentum, heat and moisture, and vertical
diffusion. Kucharski et al. (2006a) give a more extensive
description of the current model version. The selected
AGCM has been used in studies of ENSO influences on
climate variability in Herzeg-Bulic and Brancovic (2007),
Bracco et al. (2004) and Yadav et al. (2010), in investiga-
tions of the African and Indian monsoons in Kucharski
et al. (2006b, 2009 and 2010), and in research on the South
American Monsoon (Barreiro and Tippmann 2008).

Using the ICTP AGCM we performed a 130-year con-
trol simulation using climatological, monthly-varying SSTs
(i.e. without interannual variations). We will refer to this
simulation as CLIMSST. Next we carried out a 35-member
ensemble of runs in which the prescribed SSTs correspond
to the observation for 1950-2002. Initial conditions of
ensemble members differ in small random perturbations.
We will refer to the ensemble as ENSM.

3 The relationship between PSA1 and VOSA

As discussed in Zamboni et al. (2010), the EOF patterns of
the 200 hPa horizontal winds characterized by VOSA
include a cyclonic center on the southwestern side of the
EOF domain, corresponding to the far southern part of SA
and the surrounding oceans. The result of the EOF analysis
are robust when only the data for the period 1959-2002 are
considered: in the two cases the explained variance of the
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modes differs by few percents and the EOF patterns of
interest are very similar. Finally, the correlation between
corresponding PCs, on the overlapping period, is 0.99,
0.95, and 0.98 for ON, JF and AM respectively. A second
comparison with the ERA40 reanalysis is reported in
Zamboni et al. (2010), where the robustness of the results
is confirmed. The circulation we described resembles the
eastern portion of the PSAl. To obtain a qualitative
assessment of the plausibility that VOSA is an integral
component of the PSA1 pattern, we regress PCs of VOSA
on upper level winds over the Southern Pacific Ocean
(Fig. 1). The result for spring clearly shows a wave-like
pattern arching from the western Pacific toward high lati-
tudes in the SH and ending over SA. The locations of the
associated circulation centers over the South Pacific
approximately coincide with those of PSA1 (Mo and
Paegle 2001). During the summer, the regression does not
capture a PSAl-like feature in the South Pacific and pro-
duces a visible result only in proximity of the SA continent
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Fig. 1 Regression of PC corresponding to VOSA onto 200 hPa winds
over the Pacific Ocean for ON (upper panel), JF (middle panel), AM
(bottom panel)
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(east of 100W). In the fall, the regression produces a
striking wave-like pattern that resembles the one obtained
for spring. Although circulation centers are stretched
toward the center of the arch they form on the Pacific
Ocean, the pattern is strongly similar to PSA1. The circu-
lation obtained by the regression depicts a remarkable
seasonality and motivates us to continue our analysis to
identify whether VOSA is part of PSAI.

To examine the circulations over the southern Pacific
and over SA separately, we perform an EOF analysis of the
200 hPa streamfunction for ON, JF, and AM over two
regions in the Southern Hemisphere. The first and larger
region extends from 120E to 10E and from the equator to
80S. We will refer to this region, which comprises the
Pacific and Atlantic Oceans as well as the part of SA in the
Southern Hemisphere, as the Pacific-Atlantic domain. The
second region is a sub domain of the former extending over
the same range of latitudes but only from 120E to 90W. We
will refer to this region as the Pacific domain. For the EOF
analysis we neither pre-process nor filter the data, except
for working with bimonthly means. We start by comparing
the EOF modes corresponding to the two domains and
discuss whether and in what season they capture a PSA1
structure. Next, we attempt to connect PSA1 and VOSA.
We consider that the connection is established when the
results over SA are very similar in pattern and corre-
sponding PCs are highly correlated.

3.1 October-November

Figure 2 displays the variance explained by the EOF
modes corresponding to the two domains for ON. In both
cases, slopes of the explained variance curve change
markedly after the 5th mode, indicating that higher order
modes are not discernible from noise. In addition, the
variability associated to the 4th and 5th modes is less than
10% of the total. Therefore, the remainder panels in Fig. 2
concentrate on the first three EOFs. These are highly and
positively correlated, and substantially present the same
patterns over the common domain (see Table 1). There are
slight differences in the fraction of variance they explain,
particularly for EOF1 (26 and 30% in the large and small
domain, respectively) and EOF3 (14 and 16% in the large
and small domain, respectively).

We note that retaining the zonal mean produces patterns
elongated in the zonal direction compared to those reported
in the literature (see also Fig. 1 by Mo and Paegle 2001).
An inspection of the patterns shown in Fig. 2 reveals that
over the Pacific both EOF1 and EOF3 resemble PSAL.
Those EOFs, however, have important differences. The
eddy observed over southern SA in EOF1 (60W) results
displaced to the east (30W) in EOF3. Further, EOF3
includes a well-defined vortex over the central Pacific
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Table 1 Correlation between PCs obtained in the Pacific and Pacific-
Atlantic domains

PC1 PC2 PC3
ON 0.92 0.78 0.82
JF 0.99 0.96 -
AM 0.97 0.96 0.93

80S
0 120E

140E

20W 160E 180 160W  140W  120W  100W

Pacific-Atlantic (blue) domain; bottom panels are EOF1, EOF2 and
EOF3 for the Pacific-Atlantic domain (left), and Pacific domain
(right)

south of the equator, which is not present in EOF1. The
latter feature in EOF3 resembles circulation anomalies
typical of El Nifio years, during which two anticyclones
straddling the equator develop over the central-eastern
equatorial Pacific with the one south of the equator
stretching southeastward toward South America (Rasmus-
son and Mo 1993). Consistently, PC3 is highly correlated
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with the SST anomalies in the tropical Pacific, whereas
PCl is not (see Fig. 3a, b). The PC corresponding to VOSA
is only weakly correlated with the SST anomalies in the
tropical Pacific (Fig. 3c).

These results suggest that two leading modes (first and
third) in the interannual variability in the Southern Hemi-
sphere have patterns resembling PSA1 in the mid-latitudes,
and we posit that one of these modes (EOF1) is internally
generated by the atmosphere whereas the other (EOF3) is

(a) Correlation of PC1 and SSTs for ON

-

60S

0 60E 120E 180 120w 60w 0

(b) Correlation of PC3 and SSTs for ON

0 60E 120E 180 120W 60W 0

(c) Correlation of PC of VOSA and SSTs for ON

0 60E 120E 180 120W 6owW 0

~l I I I I I [
-0.9 -0.8 -0.7 -0.5 -0.4-0.320.32 0.4 05 0.7 0.8 0.9

Fig. 3 Correlation map of a PC1, b PC3 of the Pacific Atlantic
domain, and ¢ PC of VOSAwith global SSTs for ON. Shaded areas
are significant at the 95% confidence level
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associated with ENSO. Since reanalysis data do not allow us to
separate the internal and forced atmospheric variability, in
Sect. 4 we carry on this investigation with the ICTP AGCM.

Over SA, both EOF1 and EOF3 for the Pacific-Atlantic
domain show features that resemble VOSA. Figure 4 nar-
rows down on the SA domain and superimposes VOSA
winds on streamlines of EOF1 (left panel) and EOF3 (right
panel) corresponding to the Pacific-Atlantic domain. In
each panel the two vortices in the EOFs (winds and
streamlines) are centered at almost the same location and
extend over the same area. There are also circulations in
the opposite directions to the south over the Malvinas
islands. The lack of a perfect coincidence between patterns,
as revealed in regions where wind vectors cross stream-
lines, is not an important concern for this study.

To further support the interpretation that VOSA is the part
of EOF1 and EOF3 of the Pacific-Atlantic domain, we
reconstruct the PC corresponding to VOSA as linear combi-
nation of PC1 and PC3 of the Pacific-Atlantic domain as

a P+ o3P
Vo + o
where P is the reconstructed PC of VOSA, P} (P5) is
PC1 (PC3) for the Pacific-Atlantic domain, o is the cor-
relation between PC of VOSA and Pf, o, is the correlation
between PC of VOSA and Pj. The reconstructed timeserie

closely follows the original one (Fig. 5), with a correlation
of 0.8 (Table 2).

PVEC —

(1)

3.2 January—February

The EOF analysis of 200 hPa streamfunction of January-
February produces two significant modes, which explain a
comparable fraction of the variance in the Pacific and
Pacific-Atlantic domains (Table 1). The leading mode
presents zonally elongated structures and a circulation
center over the central south tropical Pacific (at 140W)
with associated anomalous upper level westerlies (Fig. 6).
This is the typical structure found over tropical regions
during ENSO events, as it is confirmed by the high cor-
relation between the PC and SST anomalies (Fig. 7a). Here
we note that the phase depicted by the EOF pattern is
associated with La Nifia. The second mode represents
variations in the intensity of the jet stream at mid-latitudes,
and is negatively correlated with SST anomalies in the
equatorial Indian Ocean (Fig. 7b). It is apparent that none
of the leading modes features a PSA1-like structure in the
South Pacific. According to the reanalysis data, therefore,
in January and February VOSA is unrelated to the circu-
lation over the Pacific. These results emphasize the exis-
tence of significant seasonal differences in the Southern
Hemisphere circulation, and that the PSA modes are less
relevant in the summer season.
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Table 2 Correlation of PC of VOSA with PC1 and PC3 of the Pacific
and Pacific-Atlantic domains, and the reconstruction of the former
(see text for details)

PC1 PC3 Py
ON 0.55 —0.57 0.8
AM 0.63 —0.56 0.85

An attempt to directly relate VOSA with SSTs shows
small but statistically significant correlations over the
Indian Ocean (Fig. 7c). We are not aware of reported
teleconnections between the two regions that do not
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2/s) and EOF3 (right, contours in

involve either the PSA modes or ENSO. Performing an
additional experiment in which observed SSTs are set over
the Indian Ocean while climatological SSTs are imposed
elsewhere, might elucidate this point. However, since the
relationship between PSA1 and VOSA, which is our focus,
is not found in JF, this problem is beyond the scope of the
present investigation. As local mechanisms during the
monsoon season over SA appear to dominate over remote
teleconnections (Grimm 2003; Grimm et al. 2007), our
intuition is that the correlation we see between VOSA and
SSTs in the Indian Ocean at the interannual timescale are
not indicative of a dynamical link between the two regions.

3.3 April-May

In this season, the EOF analysis of 200 hPa streamfunction
produces three significant modes. Corresponding patterns
for the Pacific-Atlantic and Pacific domains are practically
identical (not shown) and their corresponding PCs are
highly correlated (Table 1). As for spring, both EOF1 and
EOF3 present over SA a circulation pattern resembling
VOSA, and for this reason we focus the analysis on these
two modes (Fig. 8). EOF1 is characterized by a zonal flow
in which alternate centers of anomalies are embedded and
particularly pronounced over SA. The lack of a well-
defined closed circulation over high latitudes (60-70S) at
120W makes the identification of EOF1 as PSA1 uncertain,
while the pattern over Australia and over SA would support
such identification.
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Fig. 6 a EOFI and b EOF2 of the 200 hPa streamfunction ( 10° m%s)
over the Pacific-Atlantic domain for JF

The correlation between the corresponding PC and SSTs
is barely significant (0.4-0.5) over the western tropical
Atlantic, central tropical Pacific and northeastern Indian
Ocean (Fig. 9a), thus EOF1 is likely to be a mode of
internal variability. The 3rd leading pattern resembles
PSAI: the concave arch depicted by the anomalous centers
is clearly visible and spans the whole southern Pacific. The
correlation of PC3 and SSTs over the Pacific shows a clear
ENSO signature. There are negative values over the Indian
Ocean and over the western subtropical Atlantic on the
South American coast (Fig. 9 b) as large as those over the
equatorial Pacific. The distribution in Fig. 9 is almost
identical to the correlation map between PSA1 and global
SSTs obtained by Mo and Paegle (2001). These results
suggest that ENSO is the primary forcing of the observed
pattern, which induces SST anomalies in the Indian Ocean,
while internal atmospheric variability induces those close
to the South American coast and at 160W, 60S (Zamboni
et al. 2010).

Over SA, EOF1 and VOSA (Fig. 10 left panel) are
markedly similar: they present a well-defined eddy over the
continent and a circulation in the opposite direction to the
south. The correlation between corresponding PCs is 0.63
(Table 2). Roughly similar considerations to the previous
case hold for the comparison between EOF3 and VOSA
(Fig.10 right panel), in particular vortices depicted by the
two variables are stretched along the northwest-southeast
direction and present opposite circulation to the south
except for slight displacements in the centers of anomalies.
The correlation between corresponding PCs is —0.56.
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Fig. 7 Correlation map of a PCl, b PC2 of the Pacific Atlantic
domain, and ¢ PC of VOSA with global SSTs for JF. Shaded areas are
significant at the 95% confidence level

4 AGCM experiments

In order to separate the internal and forced variability and
support our interpretation of results with reanalysis data,
we performed numerical experiments with the ICTP
AGCM. Our control simulation is a 130-year long run
using climatological, monthly-varying SSTs (i.e. without
interannual variations). We will refer to this simulation as
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Pacific-Atlantic domain for AM. a EOF1, b EOF3

CLIMSST. Next we carried out a 35-member ensemble of
runs in which the prescribed SSTs correspond to the
observation for 1950-2002. Initial conditions of ensemble
members differ in small random perturbations. We will
refer to the ensemble as ENSM.

The EOF analysis of the covariance matrix of the 200
hPa streamfunction of CLIMSST and ENSM produce the
model internal and forced modes of variability respectively
(Straus and Shukla 2000). The domain of the EOF analysis
is from 90W to the prime meridian, and from the equator to
60S. (Black box in Figs. 12, 13 and 14). Forced modes
obtained with the procedure we are applying may depend
on the ensemble, especially if the system is characterized
by a small signal/noise ratio. To add confidence to the
analysis, we compare the internal variability in CLIMSST
and ENSM. The latter is obtained by subtracting the
ensemble mean from each member first and performing the
EOF analysis on the remainder fields. The internal modes
obtained by the two methodologies compare remarkably
well for all seasons (not shown).

In this section our objective is to identify internal and
forced patterns that comprise either a vortex similar to
VOSA or the leading PSA; all other modes of the ICTP
AGCM are not discussed.

4.1 ON AGCM

Figure 12 presents the regression of the first three PCs of
internal variability of streamfunction (left panels), obtained
for the region highlighted by black box in the figures, onto
the same field over the globe. The leading mode (Fig. 12a)

(a) Correlation of PC1 and SSTs for AM
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(b) Correlation of PC3 and SSTs for AM
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Fig. 9 Correlation map of a PC1 and b PC3 of 200 hPa streamfunc-
tion of the Pacific-Atlantic domain with SSTs for AM. Shaded areas
are significant at the 95% confidence level

has an evident zonal structure, but presents a local vortex
over SA similar to VOSA. The 2nd (Fig. 12b) and 3rd
(Fig. 12¢) modes clearly depict wave-like patterns over the
SH with larger amplitude over the SA sector. We notice in
particular that EOF3 has a PSA1-like feature in the South
Pacific in addition to a vortex over SA, which compares
with VOSA very well. A quantitative association of the
internal modes with VOSA, as it would be given for
example by the correlation between corresponding PCs,
cannot be made. In fact the PCs of the internal modes do
not represent a temporal series but rather the amplitude of
the modes in the sequence of members of the ensemble.
Instead, the correspondence with time of the forced mode
exists since all members share the same forcing each year,
and the ensemble mean is its expression.

The only forced pattern of interest to our specific
objectives is that of EOF3 (Fig. 12d). This pattern consists
of an anticyclonic pair straddling the equator and alternate
centers of anomalies over the Southern Hemisphere arch-
ing poleward before being refracted equatorward over the
SA continent and Atlantic Ocean. To the north, the PNA
pattern can also be identified. Compared to the results
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Fig. 11 Correlation map of PC of VOSA onto simultaneous SSTs for
AM. Shaded areas are significant at the 95% confidence level

obtained with reanalysis data, the simulation exaggerates
the anticyclones over the tropics, which in turn shrink the
pattern of interest to the south and to the west especially
over SA. Nonetheless, the pattern can be interpreted as
PSAL, and it is related to ENSO (Fig. 12e).

The extent to which VOSA is the expression of internal
versus forced variability is quantified by the ratio between
the variance of the latter and the total (Bracco et al. 2004).
As expected, the ratio decreases with latitude from the
tropics to higher latitudes and has minimum values in the
region of VOSA (Fig. 12f), which is due to increased noise
at those locations (not shown). The lack of a pattern of
minima in the proximity of PSAIl circulation centers
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supports the idea that VOSA can also be an expression of
continental scale internal variability not related to the
PSALI. This conclusion is consistent with EOF1 of internal
variability (Fig. 12a), which, as discussed, presents an
isolated vortex over SA and it is not accompanied by a
comparable forced mode.

On the ground of these results, we conclude that VOSA
is mainly part of the PSA1 pattern, which is primarily
expression of atmospheric internal variability but also
ENSO-related forced variability. The simulation with the
ICTP AGCM further suggests that VOSA can also be
expression of local internal variability.

4.2 JF AGCM

The EOF1 of the internal variability in JF is very similar to
that in ON, except that the flow is more zonal (Fig. 13a).
EOF3 of the internal component (Fig. 13b) consists of a
zonal structure at high latitude and alternating centers of
anomalies over the Pacific at subtropical latitudes. Such a
pattern can be interpreted as a combination of PSA1 and
the high-latitude mode (Kidson 1988). Over SA, the pattern
consists of a vortex circulation similar to VOSA, and of a
second vortex to the south. EOF3 is the only pattern of
interest of the forced variability; it comprises an isolated
upper level cyclonic circulation that resembles VOSA
(Fig. 13c), even though it is slightly displaced over the
ocean, and a circulation in the opposite direction to the
south. Such vortex has a baroclinic structure (Fig. 13d),
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the internal variability, and d PC3 of the forced variability of 200 hPa
streamfunction (10° m%s) onto the same field over the globe. The

which distinguishes it from VOSA (Zamboni et al. 2010).
The structure is consistent with the oceanic forcing sug-
gested by the correlation of the corresponding PC and
global SSTs (Fig. 13e). A further investigation of this
circulation is beyond the scope of the present study.

We underline that PSA1 appears only as the third mode
of internal variability in combination with the high-latitude
mode, supporting the idea that in the summer it is not a
relevant mode as it is in other seasons. The circulation over
SA is primarily unrelated to that over the southern Pacific,
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black box indicates the domain of the EOF analysis. e is the
correlation of PC3 of the forced variability with SSTs, f is the signal-
to-total-ratio

in agreement with Grimm (2003), but, similarly to other
seasons, it is characterized by a continental scale vortex at
subtropical latitudes, which is expression of both the
internal and forced variability by Atlantic SSTs anomalies.

4.3 AM AGCM
The 2nd mode of internal variability in April-May has a

wave-like pattern with larger amplitudes over the Southern
Pacific sector similar to PSA1, and also a vortex over SA
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resembling VOSA (Fig. 14a). In contrast to the analysis
based on observations, none of the forced modes in the
ICTP AGCM presents the PSA1 pattern. This signal is
possibly too small to be reproduced by the model. The only
forced pattern of interest is EOF3. It presents a localized
vortex comparable to VOSA and opposite circulation to the
south (Fig. 14b). Similarly to the summer, the vortex has a
baroclinic structure (Fig. 14c) consistent with the impact of
SST anomalies in the Atlantic (Fig. 14d).

We stress that during both JF and AM upper level
continental scale vortices can be part of an equivalent
barotropic structure, which induces SST anomalies in the
underlying ocean (Zamboni et al. 2010, Robertson and
Mechoso 2000), but can also be part of a baroclinic
structure forced by SSTa. Even though the SST pattern of
the latter is located to the north compared to the former, we
underline the importance of the presence of both structures
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because of the potential implications for predictability over
SA.

5 Summary and discussion

Building on recent findings by Zamboni et al. (2010), we
explored the relationship between a barotropic continental
scale vortex over SA (VOSA) and the leading PSA mode of
interannual variability in the Southern Hemisphere (PSA1).
The investigation is motivated by the relevance of VOSA
in impacting seasonal precipitation via modulation of the
SALLJ and flow from subtropical Atlantic in October-
November (ON), January—February (JF), and April-May
(AM), and consequent implications for seasonal forecasts.

We searched for relationships between the circulation
over the Southern Pacific and continental South America
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with the aim of determining whether VOSA is an integral
part of PSA1 or whether these two important features of the
interannual variability are primarily independent of each
other. The methodology used is mainly based on reanalysis
data (see Sect. 3) for the period 1948-2002. We also per-
formed numerical integrations with the ICTP AGCM in
order to obtain a better understanding of the separation
between the internal and forced variability of the SH (see
Sect. 4) We have investigated each season of interest
individually, which has previously been done by only few
authors, especially for the spring and fall (Cai and Watt-
erson 2002; Garreaud and Battisti 1999; Robertson and
Mechoso 2003; Cazes-Boezio et al. 2003).

According to our results, in spring PSA1 is the result of
both internal and forced variability, the latter being forced
by ENSO (Figs. 2, 3). The forced component appears as
frequently as half of the occurrences of the corresponding
internal mode, consistently with the larger relevance of
ENSO in this season. VOSA appears primarily in associ-
ation with PSA1, but can also be the expression of local
internal variability, as suggested by the simulation

(c) Regression of PC3 forc onto 925 hPa psi
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(Fig. 12). Such a dual character reduces VOSA predict-
ability compared to that of PSAl. In view of the high
similarity of the vortices over SA, the EOF analysis does
not discriminate between the internal and forced compo-
nents when the domain coincides with the continental SA
(Zamboni et al. 2010). The two components separate when
the domain of the EOF computation includes the Pacific
and Atlantic Oceans. This is due to significant differences,
particularly evident over the Tropical Pacific, between the
internal and forced patterns in which VOSA is embedded.

The summer season presents the largest departure with
respect to the occurrence of PSA obtained by pooling all
seasons together (as for example found in Mo and Paegle
2001). The PSA mode is not a dominant circulation: it is
not revealed in the reanalysis data and appears only as
mixed to the high-latitude mode in the ICTP AGCM
(Fig. 13b). In searching for low frequency signals to the
interannual variability Barreiro (2009) identified a different
modulation of Atlantic SSTs to the climate over subtropical
SA. In JF and late spring Andreoli and Kayano (2005)
observed different circulation patterns over the SH and

@ Springer



L. Zamboni et al.: Seasonal variations of interannual variability of South America and PSA

precipitation anomalies over SA, for the periods before and
after the mid-"70s, which correspond to different phases of
the Pacific Decadal Oscillation. Similarly to our results,
PSA1 was not found in neither case during JF in their
study. As precipitation anomalies associated with VOSA
over SA are remarkably similar in different seasons
(Zamboni et al. 2010), while the upper level circulation
over the southern Pacific in summer is significantly dif-
ferent compared to spring and fall, our intuition is that in
summer VOSA is an expression of internal (Fig. 7¢) local
continental scale circulation over SA (Figs. 6, 13).

In the southern fall, VOSA is mainly expression of
internal atmospheric variability related to PSAI, even
though the identification of PSA1 as internal mode in the
reanalysis is less firm in this season (Fig. 8a). A contri-
bution of the forced variability to VOSA and PSAI is
found in the reanalysis (Fig. 8b); however, it accounts for a
much smaller fraction of the variance compared to that of
the internal component. Possibly for this reason, the forced
PSAL1 is not reproduced by the simulation. These results are
all consistent with a better capability of state of the art
GCMs in reproducing VOSA in the spring than for the
other seasons (Zamboni et al. 2010).

The physical processes underlying the establishment of
VOSA remain an open question after this study. We expect
VOSA to be related to intrinsic features of the South
American continent such as its orography, since it is a
dominant circulation in all the seasons we investigated.
The dominant role of the regional circulation associated
with the South American Monsoon (Grimm 2003; Grimm
et al. 2007) in summer further suggests that interactions of
the atmosphere with land-surface conditions could con-
tribute in this season in generating VOSA. Investigations
with a coupled atmospheric-land-surface GCM (or a
regional model) may shade light on this aspect.

Finally, it would be of further value to explore the
potential predictability of VOSA and thus precipitation
further by for example investigating its relationship with
low frequency variability, as different phases of decadal
variability could be mixed in the 50 years we analyzed.
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