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Abstract

The South Atlantic Convergence Zone (SACZ) is an important component of the South American Monsoon System. It is character-
ized by a persistent convective band with northwest-southeast orientation extending from tropical South America to Southwestern
South Atlantic. The SACZ exhibits remarkable spatial and temporal variability and plays a critical role in regulating precipitation
intensity and totals for millions of people living in South America. This study investigates mechanisms explaining persistent
SACZ events (longer than 7 days) that often cause floods and landslides. This analysis extends from October 1996 to April 2014.
To investigate the potential for subseasonal forecast of these events, this study focuses on mechanisms on intraseasonal timescales
(2090 days). We show that persistent SACZ events are preceded by a semi-stationary midlatitude Rossby wave train over the South
Pacific with an equivalent barotropic structure that turns equatorward after crossing subtropical latitudes of South America. One
distinctive feature of these events is the intensification of a trough in midlatitudes South Pacific westward of the Chilean coast pre-
ceding the events. Moreover, cyclonic persistent anomalies associated with the wave train over the western South Atlantic organize
the oceanic SACZ six to 7 days before the events. Concomitantly, a persistent region with negative sea surface temperature (SST)
anomalies emerges southward of the SACZ (between 30°S and 50°S) adjacent to the South American coast, likely resulting from
the coupling between cyclonic circulation and the oceanic SACZ. Together, these processes strengthen the low-level westerlies on
the SACZ equatorward side, causing the continental SACZ to intensify sustained by anomalous cyclonic circulation and enhanced
southeastward moisture transport over land. Consequently, convection increases over the continent and the SACZ maintains active
for long periods. Although shorter SACZ events (4 days) appear associated with the presence of a midlatitude wave train, their
transient nature leads to distinct coupling effects. These observations are relevant for predicting long-lasting SACZ events.
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(SAMS). It is commonly defined as a band of convection
and precipitation with a northwest-southeast orientation
that remains stationary for a few days (Kodama 1992, 1993;
Carvalho et al. 2002a, 2004). When active, the SACZ trans-
ports moisture from the tropics to subtropical latitudes and
can cause precipitation over the southwestern South Atlantic
(Carvalho et al. 2004, 2011; Pezzi et al. 2005, 2022). Thus,
the SACZ and respective moisture transport modulates the
seasonal precipitation cycle over tropical South America
(Gan et al 2004; Vera et al. 2006; Silva and Carvalho 2007,
Vasconcelos Junior et al. 2018) playing a significant role in
water supply for millions of people.

Kodama (1993) recognized that the SACZ, like other
subtropical convergence zones, is characterized by strong
interactions between tropical moisture convergence and
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extratropical dynamical forcing. It can be identified as an
area of frontogenesis in equivalent potential temperatures
and generation of convective instability. Thus, the SACZ
exhibits great contrasts in moisture between its equatorward
and poleward flanks. Geographically, the SACZ activity can
extend from the central-southern Amazon to southeastern
Brazil over land, eventually extending toward the southwest
Atlantic Ocean (Quadro 1994; Carvalho et al. 2002a, 2004;
Ferreira et al. 2004; Jorgetti et al. 2014).

However, Carvalho et al. (2002a, 2004, 2011) showed that
the spatial characteristics of the SACZ are complex. These
previous studies have shown the existence of two types of
SACZ: continental SACZ and oceanic SACZ. These two
types of SACZ may occur independently or may be con-
nected. Carvalho et al. (2004, 2011) and Pezzi et al (2005,
2022) showed that distinct atmosphere-land—ocean coupling
mechanisms drive the oceanic and continental SACZ. Also
relevant, oceanic and continental SACZs play different roles
in the spatial distribution of rainfall and extremes (Liebmann
et al. 2001; Carvalho et al. 2002a).

The SACZ exhibits variations on subseasonal (Nogués-
Paegle and Mo 1997; Liebmann et al. 1999; Herdies et al.
2002; Carvalho et al. 2004; Muza et al. 2009; Vera et al.
2018) and interannual (Liebmann et al. 2001; Carvalho
et al. 2002a, 2004; Muza et al. 2009; Bombardi et al. 2014a,
b) as well as long-term trends (Zilli et al. 2019, 2021). On
interannual timescales, Carvalho et al. (2004) indicated that
the EI Nifio Southern Oscillation (ENSO) warm phase mod-
ulates the number of occurrences of oceanic and continental
SACZ events. Also relevant, previous studies have shown
relationships between convective activity in the Atlantic
intertropical convergence zone (ITCZ) and the SACZ on
seasonal-to-interannual timescales (Garcia and Kayano
2010; 2011).

On intraseasonal timescales, the SACZ is characterized by
a dipole of enhanced-suppressed precipitation over eastern
(climatological position of the SACZ) and southeast South
America (e.g., Nogués-Paegle and Mo 1997; Liebmann
et al. 1999; Carvalho et al. 2011). The positive phase of
the dipole is characterized by enhanced precipitation in
the subtropics and weakened precipitation over the SACZ.
Strong meridional transport of moisture from the Amazon
to southeastern South America by the South American low-
level jet (SALLJ) has been associated with this phase of the
dipole (Vera et al. 2018; Montini et al. 2019). The opposite
phase is characterized by enhanced moisture transport
to southeastern Brazil along the SACZ and suppressed
precipitation in the subtropics over southeastern South
America (Nogués-Paegle and Mo 1997; Doyle and Barros
2002). The Madden—Julian Oscillation (MJO, Madden and
Julian 1994) is the most prominent mode of intraseasonal
variability modulating precipitation and their extremes
in monsoon regions (Jones 2016; Grimm 2019). The
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MJO influences the active and break phases of the South
American Monsoon (Jones and Carvalho 2002; Grimm
et al. 2021) and the SACZ (Carvalho et al. 2004; Muza et al.
2009). Gonzalez and Vera (2014) and Vera et al. (2018)
showed that convection related to the dipole on intraseasonal
timescales (30-90 days) is strongly influenced by the MJO
and respective Rossby wave activity in the extratropics.
According to Mo and Higgins (1998), the Rossby wave train
can be forced by the MJO convective activity. Cunningham
and Cavalcanti (2006) investigated teleconnections
between anomalous convective activity over Indonesia on
intraseasonal timescales (scales 2—10 days and 30-90 days)
and the SACZ position. They found that the propagation
of frontal systems in the subtropics does not always result
in the organization of the SACZ. Moreover, they suggested
that the MJO is more important in modulating convection
when the SACZ is displaced equatorward of its position. In
contrast, planetary Rossby wave trains propagating along
Austral midlatitudes are more important in modulating
convection when the SACZ is located either poleward or at
its climatological position. Moreover, there is compelling
evidence that enhanced convective activity in the oceanic
SACZ is linked to suppressed convection in the Atlantic
ITCZ on intraseasonal timescales (period between 10 and
90 days), a mechanism explained by the propagation of
midlatitude wave trains along the South Atlantic during
these events (see Fig. 4c Carvalho et al. 2011).

While the absence of the SACZ for long periods has been
linked to devastating droughts (Rodrigues et al. 2019; Nobre
et al. 2016; Coelho et al. 2016), persistent SACZ events can
lead to major rainfall-related disasters with significant socio-
economic impacts. Large urban centers with high population
concentration and communities living in poor conditions and
areas of landslide risk are particularly vulnerable to rain-
fall-related disasters. Barcellos et al. (2016) investigated
the potential for meteorological systems to cause natural
disasters and identified that 57% of the 35 catalogued dis-
asters in Duque de Caxias, state of Rio de Janeiro (Brazil),
were related to the SACZ. Two of these episodes were asso-
ciated with the long persistence of SACZ events. One of
them (from January 10 to January 20, 2004) resulted in 3
deaths and 1268 property losses. The November 12-26/2013
event resulted in major floods, 7000 property losses, and 2
deaths. Furthermore, persistent SACZ events can increase
the chance of debris flow and landslides, particularly in
coastal regions or areas with unstable steep terrain (Ferraz
2000). Two recent tragic events, on February 15/2022 when
258 mm were recorded in an interval of 4 h (4:20-7:00 PM
LT), and on March 20/2022 when 415 mm of rain fell in just
10 h (217.4 mm of that total between 2:00 and 6:00 PM), led
to flash floods and horrific mudslides affecting the moun-
tainous city of Petropolis, state of Rio the Janeiro, Brazil
(Alcantara et al. 2022). Both rainfall-related disasters, which
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appeared related to the development of the oceanic SACZ,
caused together over 238 fatalities (231 on February 15 and
7 on March 20) and millions of dollars in property losses.

The objective of this study is to understand atmospheric
dynamical mechanisms influencing persistent SACZ events
(persistence greater than 7 days) focusing on processes oper-
ating on intraseasonal timescales. For this purpose, we inves-
tigate atmospheric circulation and convection and examine
underlying ocean—atmosphere coupled processes revealed
in sea surface temperature (SST) anomalies on intraseasonal
timescales. The stationary behavior of the SACZ exposes
populated areas to rainfall-related hazards, being particu-
larly dangerous for those living in coastal zones and regions
with complex orography. In addition to advancing the pre-
sent understanding of the SACZ, this study aims to provide
simple “rules of thumb” to improve the capability of predict-
ing persistent precipitation events with potential of causing
floods and landslides, alleviating the impacts of these natural
disasters to vulnerable communities. To achieve these goals,
this article is organized as follows: datasets and methods
are described in Section 2; the selection of SACZ cases, the
band-filtering methodology, and statistical tests used in lag
composites are presented in Section 3. The main results are
discussed in Section 4, and conclusions and contributions
to improve forecast of persistent SACZ events are presented
in Section 5.

2 Data sets

One important objective of this study is to investigate SACZ
events that have been catalogued based on criteria utilized
in operational analyses developed at the Brazilian Center
of Weather Forecast and Climatic Studies, National Insti-
tute of Space Research (CPTEC/INPE). Thus, episodes of

Fig. 2 Interannual variability of
the persistent SACZ events from
October to April. The respective
number of events per season 4
and the ENSO phases El Nifio
(EN), La Nida (LN), and neutral
(N) are indicated at the top of
the bars
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SACZ events were compiled based on monthly reports from
the Climanalise Bulletin, which are available from October
1996 to April 2014 (eighteen summers), and published by
CPTEC/INPE. This data set is available at http://climanal-
ise.cptec.inpe.br/~rclimanl/boletim/ and discussed in Rosso
et al. (2018). These SACZ episodes were identified based
following criteria: (1) persistent cloudiness (greater or equal
than 4 days) based on brightness temperature; (2) moisture
convergence at 850 hPa; (3) high potential temperature (6,)
in midlevels of the atmosphere; (4) the presence of a trough
at 500 hPa west of the region with maximum surface con-
vergence; (5) organized ascending movement with north-
west-southeast orientation in the middle troposphere; (6)
anticyclonic vorticity and divergence in upper levels. These
criteria are based on descriptions of the SACZ in Kodama
(1992), Quadro (1994), Sanches (2002), and Ambrizzi and
Ferraz (2015).

To examine dynamical mechanisms, this study utilizes daily
atmospheric data from the National Centers for Environmen-
tal Prediction (NCEP) Climate Forecast System Reanalysis
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«Fig.3 Lag composites of intraseasonal anomalies (20-90 days) of
OLR (shaded) (W.m~2) and 850 hPa winds (vectors) (m.s™") for per-
sistent SACZ events. Areas with statistically significant (at 95% con-
fidence level) OLR anomalies are shown with stippling pattern. Only
statistically significant winds are plotted (see “Section 3” for details)

(CFSR) (Saha et al. 2010). This reanalysis has demonstrated
good performance in representing the South American climate
and precipitation characteristics (e.g., Carvalho et al. 2012;
Quadro et al. 2012; Bueno Repinaldo et al. 2015). The large-
scale atmospheric circulation is described in this study with
850 hPa and 200 hPa zonal and meridional winds (u,v). Both
data sets have an original horizontal resolution of 0.5°%0.5°.
Additionally, to characterize large-scale aspects of tropical con-
vection, we used daily Outgoing Longwave Radiation (OLR)
(W.m™2) at 1°x 1° spatial resolution from the Climate Data
Record Program (CDR). This product was chosen because of
the ability to combine the accuracy of a satellite polar sensor
with the high temporal resolution of a geostationary one (Lee
et al. 2004). Daily SST (°C) was obtained from the National
Oceanic and Atmospheric Administration (NOAA), from the
Optimum Interpolation Sea Surface Temperature (OISST) at
0.25°x%0.25° latitude-longitude (Reynolds et al. 2007). This
dataset uses satellite measurements (Advanced Very-High-
Resolution Radiometer—AVHRR) and in situ data from ships
and buoys. Note that composites of circulation, OLR, and SST
anomalies have been performed after a bilinear interpolation
from the original resolutions to 2°x2°.

To investigate the relationships between persistent SACZ
events and the MJO, we utilized two indices that have been
popularly employed (Kiladis et al. 2014): the OLR-based
MIJO Index (OMI) proposed in Kiladis et al. (2014) and the
daily Real-Time Multivariate MJO (RMM) index proposed
in Wheeler and Hendon (2004). OMI is constructed based on
the projection of 20-96-day filtered OLR, including all east-
ward and westward wave numbers, onto the two daily spatial
EOF (EOF-1 and EOF-2) patterns of 30-96-day eastward
filtered OLR. Moreover, to identify the MJO events with
OML, in this study, we adopted the methodology proposed
by Jones (2009). In this case, an MJO event was defined
when (1) the phase angle between EOF1 and EOF2 system-
atically rotated anticlockwise, indicating eastward propa-
gation; (2) the amplitude (EOF1? + EOF2?%)%> was always
larger than 0.35; (3) the mean amplitude during the event
was larger than 0.9; and (4) the entire duration of the event
lasted between 30 and 90 days.

The RMM index (Wheeler and Hendon 2004) employed
here is based on the combined Empirical Orthogonal Func-
tion (EOF) of OLR and circulation (zonal winds in 850 hPa
and 200 hPa). This index has been commonly utilized to
investigate and monitor the MJO in real time, as the RMM
does not include band-filtered data (Lafleur et al. 2015). In
this case, an MJO was defined when the RMM amplitude

was greater or equal to 1.0. No other criteria were used to
identify the cycle of the event. Precipitation anomalies dur-
ing MJO phases were characterized using the Global Precip-
itation Climatology Project (GPCP) daily precipitation at 1°
X 1° latitude—longitude resolution. GPCP was employed as
an independent variable that has not been utilized to obtain
the MJO indices discussed here.

3 Methodology

SACZ events examined in this study were observed during
Austral summer, between October and April (consistent with
Silva and Carvalho 2007; Carvalho et al. 2011; Gan et al.
2004) and were further classified according to persistence.
Notice that this catalogue does not separate between “conti-
nental” and “oceanic” SACZ (Carvalho et al. 2002a, 2004).
Additionally, in these classifications, only SACZ events with
persistence greater or equal to 4 days are recorded. This
study investigates thirty-two SACZ events with persistence
greater than 7 days (hereafter referred to as persistent SACZ)
and twenty-three SACZ events with persistence of 4 days
(hereafter SACZ,_4,,) for comparison.

The main goal of this study is to investigate intraseasonal
variations in the SACZ. Thus, anomalies in the meteorologi-
cal fields were calculated by first removing linear trends and
then the mean annual cycle. Daily anomalies were further
band-filtered on intraseasonal timescales (20-90 days) using
Fast Fourier Transform (FFT). The 20-90-day band interval
was chosen to properly remove all signals on synoptic scales
(Jones et al. 1998). Mechanisms were examined based on
lag composites with respect to the date of the SACZ event
(lag-0). Composites at lag-0 are calculated as mean values
of variables during the entire period that the SACZ was con-
sidered active. Negative (positive) lags indicate days preced-
ing (succeeding) the SACZ events. Statistical significance in
lag composites was assessed by applying the z-student tests,
considering each SACZ episode as an independent event; all
statistical significances were estimated at a 95% confidence
level. Winds were considered statistically significant when
either the meridional or zonal component was statistically
significant. Notice that variables analyzed in these compos-
ites are distinct (albeit not independent) from those utilized
to identify the SACZ events described above.

4 Results and discussion

4.1 Seasonal and interannual variability
of persistent SACZ

Figure 1 shows the monthly (October—April) percent of
SACZ persistent events from 1996 to 2014. Interestingly,
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Fig.4 Same as Fig. 3 but zoomed over South America

the distribution is not homogeneous throughout the mon-
soon season. Rather, the highest frequency of these events
occurred in January (28%), followed by February (22%).
This data set indicates that the total number of persistent
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events observed in January (nine) corresponds approxi-
mately to the total number of events observed in November
(four) and December (five), suggesting that persistent SACZ
events are more likely observed when the SAMS is well
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established over South America (Carvalho et al. 2004; Gan
et al. 2004; Silva and Carvalho 2007; Zilli and Hart 2021).

The interannual variability of the number of persis-
tent SACZ events (between 1996 and 2014) is shown in
Fig. 2. The ENSO is the most important mode of interan-
nual variability affecting South America climate (e.g.,
Grimm et al. 2000). Here, we investigate the correspond-
ing relationships between persistent SACZ and ENSO
phases based on Nifio-3.4 SST anomalies and the Oce-
anic Nifio Index (ONI) (source: NCEP/Climate Predic-
tion Center). During the analyzed period, we observe five
El Nifo (EN), eight La Nifia (LN), and five neutral (N)
years. ENSO phases are also indicated in Fig. 2. Although
ENSO teleconnection patterns and relationships with con-
vective variability over tropical South America depend
on multiple factors and are seasonally dependent (e.g.,
Tedeschi et al. 2015; Grimm and Zilli 2009), previous
studies have shown evidence that ENSO modulates the
SACZ on interannual timescales (Liebmann et al. 2001;
Carvalho et al. 2002a, 2004; Nieto-Ferreira et al. 2003;
Ferreira et al. 2004). In this study, we have seven cases
of SACZ during five EN (average of 1.4 events per sea-
son), eighteen during eight LN (average of 2.25 events
per season), and seven during five neutral (average of
1.4 events per season) years. The maximum number of
events (four) occurred in the LN season of 1999/2000.
Despite the relatively small sample of ENSO phases, the
z-test for the difference between two means (Spiegel and
Stephens 1999) indicates that differences between LN
and EN are statistically significant at a 90% confidence
interval (p <0.1) and LN and N are statistically signifi-
cant at 94% confidence interval (p <0.06). Although
the relatively small sample size has influenced the sta-
tistical test, the increase in the frequency of the SACZ
during the LN phase compared to the EN and N phases
is consistent with previous observations. For instance,
Carvalho et al. (2004) classified the SACZ according to
continental and oceanic features and found that continen-
tal (oceanic) SACZs with persistence greater than 5 days
are more frequent during LN (EN) events. As it will be
shown, most of the persistent SACZ events investigated
here, while preceded by oceanic SACZ, exhibited conti-
nental characteristics, which can explain the relatively
stronger relationships with LN. Ferreira et al. (2004) have
found a decrease in the number of SACZ events during
EN years in 20 years of analysis and Nieto-Ferreira et al.
(2003) showed enhanced SACZ during the 1999 LN year
compared to the 1998 EN season. Nieto-Ferreira et al.
(2003) findings are also consistent with our observa-
tion of the high frequency of SACZ persistent events in
1999 (Fig. 2). One possible mechanism of teleconnec-
tion between ENSO and the SACZ is the ENSO influ-
ence on the frequency and intensity of the SALLJ, which

is another important component of the South American
climate (Marengo et al. 2009). The SALLJ is critical in
transporting moisture from the tropics to the subtropics
during the summer monsoon, causing the weakening of
the SACZ activity (Liebmann et al. 2004; Carvalho and
Silva Dias 2021). Montini et al. (2019) demonstrated that
the SALLJ is more frequent during EN compared to LN
and neutral years, which could explain the weakening
of the continental SACZ and the less frequent persistent
SACZ events during EN, the opposite occurring during
LN. Nevertheless, further studies with more case stud-
ies are necessary to obtain more robust statistics, and to
further understand the relationships between persistent
SACZ and ENSO.

4.2 Dynamical atmospheric mechanisms

To understand the spatial structure and dynamical mecha-
nisms associated with the organization and evolution of per-
sistent SACZ events, we examined lag composites of daily
intraseasonal anomalies (20-90 days). We recall that lag-0
corresponds to the period when the SACZ is active over the
continent; negative (positive) lags indicate days preceding
(succeeding) the SACZ episode. Figure 3 shows lag com-
posites of OLR (shaded) and 850 hPa winds 7 days preced-
ing the events until 7 days after the events. Figure 4 shows
the same lag composites as Fig. 3 but zoomed over South
America and the western South Atlantic to better visual-
ize anomalous circulation and OLR anomalies. Notice that
the band-filtering (20-90 days) of the data sets results in
small changes in the magnitude of circulation and OLR
anomalies between consecutive lags. The starting of these
analyses 7 days prior to the event was based on observations
that anomalies were weak for longer lags (not shown). One
remarkable signature of the organization of the SACZ that
has been extensively shown in previous literature (e.g., Lieb-
mann et al. 1999; Nogués-Paegle and Mo 1997; Nogués-
Paegle et al. 2000; Carvalho et al. 2004; Cunningham and
Cavalcanti 2006; Muza et al. 2009; Vera et al. 2018) is the
association of these events with the organization of a mid-
latitude Rossby wave train. These wave trains, which exhibit
an equivalent barotropic structure across the western South
Pacific, reach South America and deflect northward over
the South Atlantic basin after crossing the southern portion
of the continent. In this study, we show that this wave train
on intraseasonal timescales remains semi-stationary and
intensifies over time, from lag -7 to lag -1 (Fig. 3), modify-
ing circulation over tropical South America and favoring
persistent SACZ events.

Seven days preceding the SACZ events (Figs. 3 and 4,
lag -7 days), as part of the wave train pattern, an anoma-
lous cyclonic circulation in 850 hPa is already evident off
the coast of southeastern Brazil. This feature enhances
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«Fig.5 Lag composites of 200 hPa meridional winds intraseasonal
(20-90 days) anomalies (m/s) for persistent SACZ events. Only sta-
tistically significant anomalies (at 95% confidence level) are shown

convective activity over the ocean, inducing the oceanic
SACZ from lag -7 to lag -1 (Carvalho et al. 2002a, 2004,
Pezzi et al. 2022). On lag -4 days (Figs. 3 and 4), anoma-
lous westerly winds intensify over tropical Brazil under the
influence of the oceanic cyclonic circulation. Westerly wind
anomalies further enhance moisture transport from the Ama-
zon toward southeastern South America, increasing instabil-
ity and convection over southeastern South America from
lags -4 to -1 days; these results support the findings of previ-
ous studies (Carvalho et al. 2002b, 2004, 2011; Jones and
Carvalho 2002; Rickenbach et al. 2002; Herdies et al. 2002;
Muza et al. 2009; Marengo et al. 2009). Concomitantly, the
Rossby midlatitude wave train intensifies in the extratrop-
ics over the Southern Ocean east of Chile, while maintain-
ing its structure and stationary behavior (Fig. 3, lags -3 to
-2 days). As convection enhances on lag -3 over southeastern
Brazil (Figs. 3 and 4), suppressed convection is observed
over southern Brazil and Uruguay, where the 850 hPa winds
transport cooler and more stable air inland from the sub-
tropical South Atlantic Ocean on the poleward flank of the
oceanic SACZ.

On lag -1, the anomalous cyclonic center begins to shift
from the ocean toward the continent, possibly driven by
enhanced convection and latent heat feedback (e.g., Tao
et al. 2001). This continental shift in the cyclonic anoma-
lies further enhances westerly anomalies over tropical South
America. The intensification in the 850 hPa westerly winds
increases moisture transport and moisture transport con-
vergence equatorward of the SACZ, intensifying the conti-
nental SACZ on lag-0 (Neelin and Held 1987; Schiro et al.
2016; Carvalho et al. 2011). The suppressed convection over
southern Brazil and Uruguay (Fig. 4) appears related to the
intensification of an anticyclonic anomaly poleward of the
SACZ and difluence of the winds. On lag-0, convection is
well developed over the continent in the climatological posi-
tion of the continental SACZ (Carvalho et al. 2002a, 2004).
Moreover, on lag-0, the anomalous anticyclone strength-
ens over subtropical South America in the southern flank
of the SACZ, and a much broader region with suppressed
convection extends over Northeastern Argentina, Paraguay,
Uruguay, and Southern Brazil (Fig. 4). This seesaw in con-
vective activity on intraseasonal timescales has been shown
to be a remarkable feature associated with the SACZ (e.g.,
Nogués-Paegle and Mo 1997; Liebmann et al. 1999; Car-
valho et al. 2011; Cunningham and Cavalcanti 2006; Vera
et al. 2018). The midlatitude wave train pattern on intrasea-
sonal timescales shown in this work resembles the Pacific-
South American (PSA) pattern discussed in Nogués-Paegle
et al. (2000).

From lag+ 1 to lag+4 days, the cyclonic anomaly over
tropical eastern South America weakens and is replaced by
strong anticyclonic anomalies, with easterly winds trans-
porting stable air from ocean to land, suppressing convec-
tion in the region where the SACZ was active in lag-0. The
association between easterly wind anomalies and suppressed
convection over tropical South America has been extensively
demonstrated before (e.g., Carvalho et al. 2002b, 2004; Her-
dies et al. 2002; Jones and Carvalho 2002; Petersen et al.
2002). From lags+5 to+7 days, suppression (convection)
dominates over southeastern (southern) Brazil (Fig. 4),
reversing the signal of the seesaw, consistent with previous
observations (e.g., Gonzalez and Vera 2014; Cunningham
and Cavalcanti 2006; Gelbrecht et al. 2018).

The upper-level support for the organization of the SACZ
is shown with lag composites of intraseasonal anomalies of
the meridional (Fig. 5) and zonal winds (Fig. 6) at 200 hPa.
Here, we separate both components to clarify and better
characterize the midlatitude Rossby wave path. Composites
of 200 hPa winds (u,v) and OLR anomalies can be seen in
Supplemental Figs. S1 and S2.

Figure 5 illustrates the amplification of the midlati-
tude Rossby wave train and the relevance of monitoring
the behavior of 200 hPa meridional anomalies as a poten-
tial predictor for persistent SACZ episodes. Of particular
importance is the intensification of 200 hPa meridional wind
anomalies over Southern Pacific, west of South America, as
the Rossby wave train maintains its stationary behavior from
lag -7 to lag -1. These anomalies are associated with the
amplification of a trough west of South America (Fig. 5 and
Supplemental Fig. S2). The strongest meridional anomalies
in midlatitudes are observed between -2 and -1 days pre-
ceding the events. Meanwhile, the anticyclonic feature east
of the Andes remains stationary with similar strength, as
indicated by the southerly wind anomalies in the subtrop-
ics, blocking the eastward propagation of the Rossby wave
until lag -1. On lag-0, 200 hPa meridional wind anoma-
lies weaken over the eastern South Pacific (west of South
America) and subtropical South America. The Rossby wave
train then bifurcates in midlatitudes, with one path observed
along eastern South America over the tropical South Atlantic
Ocean, and the other path observed along the extratropical
Atlantic following wave guides discussed in Hoskins and
Ambrizzi (1993). Thus, the onset of a persistent SACZ event
over the continent, while preceded by a stationary trough-
ridge pair in midlatitudes across South America, is observed
when the wave train intensifies eastern of South America
and over the extratropical South Atlantic (Fig. 5 and Sup-
plemental Fig. S2).

When the SACZ is active (lag-0), southerly (northerly)
anomalies enhance equatorward (poleward) of the SACZ
OLR anomalies (see Figs. 3 and 4) at 200 hPa (Fig. 5). These
patterns indicate increased upper-level divergence associated
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«Fig.6 Lag composites of 200 hPa zonal winds intraseasonal (20—
90 days) anomalies (m/s) for persistent SACZ events. Only statisti-
cally significant anomalies (at 95% confidence level) are shown

with enhanced convection that induce cross-equatorial
southerly winds (see Supplemental Figs. S1 and S2 for fur-
ther details). This pattern of anomalies has been identified
by Tomaziello et al. (2016) in association with intraseasonal
anomalies in the trade winds and in the ITCZ. These obser-
vations also corroborate with the “increased upper-level
divergence” and “anticyclonic circulation in upper-level”
criteria utilized to identify SACZ events used here.

For lags following the SACZ event, the 200 hPa meridi-
onal winds anomalies (Fig. 5) clearly indicate a change in
the phase of the wave train over tropical and subtropical
South America, which is accompanied by changes in low-
level winds favoring suppressed convection collocated with
the position of the SACZ in lag-0 (Fig. 3).

Figure 6 complements the characterization of the upper-
level support for the development of persistent SACZ by
showing intraseasonal anomalies of 200 hPa zonal winds.
While 200 hPa meridional winds are relevant in monitoring
the amplification of the wave train in midlatitudes across
South America (Fig. 5), zonal winds in 200 hPa further char-
acterize the presence of an anomalous stationary cyclonic
vortex on the southern flank of the SACZ position. This
feature persists from lag -7 to lag-0. The enhanced west-
erly winds in the subtropics (around 20°S) induce diver-
gence aloft on the poleward exit of the upper-level jet. This
region is colocated with convective activity observed over
the oceanic SACZ prior to the development of the conti-
nental SACZ. These results reinforce the importance of the
semi-stationary Rossby wave train in enhancing convection
over the subtropical Atlantic prior to the development of
convection over tropical South America. When the SACZ
is active (lag-0) over the continent, we observe an anticy-
clonic circulation associated with the development of deep
convection (Figs. 3 and 5, Supplemental S1), consistent with
Kodama (1993), Carvalho et al. (2002a), Muza et al. (2009),
and Bombardi et al. (2014b). At this stage, the wave train
exhibits a baroclinic structure in the tropics where convec-
tion is enhanced (compare Fig. 4 and S2).

4.3 Persistent SACZ and South Atlantic SST
anomalies

The coupling between the SACZ and SST anomalies has
been investigated before on multiple spatiotemporal scales
(e.g., Chaves and Nobre 2004; De Almeida et al. 2007,
Bombardi et al. 2014a, b; Barreiro et al. 2002, 2005; Tira-
bassi et al. 2015; Pezzi et al. 2005, 2022). Here, consistently
with our previous analyses, we investigate these relation-
ships with lag composites of intraseasonal (20-90 days)

SST anomalies (Fig. 7). A remarkable feature emerging
from these composites is the “blob” of cold SST anomalies
adjacent to South America persisting from lag -7 until lag
-1. Interestingly, from lag-0 to lag +4 days, these anoma-
lies reverse sign and become positive. Pezzi et al. (2022)
investigated the relationships between the oceanic SACZ
and the Atlantic SST and proposed two distinct coupling
mechanisms: thermodynamic and dynamic. The thermody-
namic mechanism accounts for the direct impact of cloudi-
ness and precipitation on the incoming short-wave radiation
that results in the cooling of SST (e.g., Chaves and Nobre
2004; De Almeida et al. 2007). The dynamic mechanism,
according to Pezzi et al. (2022), is a more complex type of
coupling and involves interactions between winds and the
oceanic boundary layer.

The blob of negative SST anomalies preceding the sta-
tionary SACZ (Fig. 7) is observed in a region that is influ-
enced by the Brazil-Malvinas Confluence (BMC). The BMC
is characterized by the convergence of two opposing west-
ern boundary currents: the tropical warm and saline waters
transported by the Brazil Current from the north and the
cold and less saline Sub-Antarctic waters transported by the
Malvinas Current from the south (Peterson and Stramma
1991). Observational studies (Pezzi et al. 2005) have shown
great contrasts in temperature and heat fluxes between the
warm and cold sides of the BMC, showing evidence that
synoptic systems can modulate SST differences due to strong
near-surface winds. In a subsequent study, Acevedo et al.
(2010) investigated changes in the atmospheric boundary
layer in the BMC region caused by passages of frontal sys-
tems during October—November. They observed distinct
behaviors in the cold and warm sides of the confluence, with
the cold side exhibiting a more stably stratified boundary
layer. Our lag composites suggest that the semi-stationary
cyclonic center is positioned such that the respective south-
easterly wind anomalies interact with the BMC (compare
Fig. 3 with Fig. 1 in Acevedo et al. 2010). These winds
may induce persistent cold air advection in the region and
perturb the structure of the BMC, which could result in the
observed negative pool of SST anomalies (Fig. 7). A stably
stratified cool atmospheric boundary layer forms over the
cold SST anomalies inhibiting convection (Acevedo et al.
2010) while increasing pressure gradient contrasts due to air
masses with distinct thermodynamic characteristics (Pezzi
et al. 2005). These gradients could contribute to maintaining
the cyclonic anomaly over the subtropical South Atlantic,
and consequently an active and stationary oceanic SACZ
from lag -7 to lag -1 days (Figs. 3, 4, and 7).

On lag-0, when convection becomes more intense over
land and cyclonic anomalies shift from the Atlantic to the
continent, the blob with negative SST anomalies along
the MBC is dismantled. An anticyclonic anomaly is now
observed affecting the confluence region, possibly advecting
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«Fig. 7 Lag composites of SST intraseasonal anomalies (20-90 days)
(°C) for persistent SACZ events. Statistically significant regions (at
95% significance level) are shown with stippled patterns

warmer water to the subtropics (Figs. 3 and 4). This process
can explain the transition to a warm anomaly in the same
region from lag-0 to lag +4 days. Therefore, these results
indicate that the “dynamic” coupling mechanism dominates
on intraseasonal timescales. Note that, except for a few sta-
tistically significant grid points, no negative SST anomalies
are observed where the oceanic SACZ is active as should
be expected according to the “thermodynamic” mechanism
(i.e., negative feedback between the SACZ cloud cover
inducing a reduction in short-wave radiation) proposed in
Chaves and Nobre (2004). One possible reason for this dis-
crepancy is the spatiotemporal scale investigated here. It is
possible that cloud-short-wave feedback is a more transient
(mesoscale) process (Pezzi et al. 2022) observed at scales
that have been filtered in this study. Interestingly, we note
that the cooling of the Subtropical South Atlantic shown here
(Fig. 7) and hypothesized to be associated with perturba-
tions in the BMC contrasts with results shown in Bombardi
et al. (2014b). In that study, enhanced precipitation over the
continent over Southeastern Brazil (the climatological posi-
tion of the SACZ region) appeared related to the negative
phase of the South Atlantic Dipole, characterized by warm
temperatures in the subtropics and cold temperatures in the
tropics. Therefore, stationary SACZ events seem to have a
unique signature concerning South Atlantic SST anomalies.
This implies that SST anomalies in the BMC are important
to be monitored along with atmospheric circulation anoma-
lies associated with the Rossby wave train in order to better
predict the probability of persistent SACZ events.

4.4 Contrasting characteristics of short-lived SACZ
events

To further evaluate the potential for discerning prognostics
between long persistent SACZ events and relatively short
events, we investigated circulation, OLR, and SST anomalies
for twenty-three cases of SACZ, 4, . Notice that the Cli-
manalise Bulletin does not include shorter-duration events.
Figure 8 depicts 850 hPa anomaly winds and OLR, similar
to Fig. 3, but for SACZ, 4, While SACZ, 4, appeared
related to the presence of a Rossby midlatitude wave train,
one remarkable difference between SACZ, 4, and persistent
SACZ events is the less coherent pattern of wind anomalies
around extratropical South America, possibly driven by the
more transient nature of these events, indicating the impor-
tance of the synoptic scale anomalies filtered out in these
analyses and greater case-to-case differences. Another inter-
esting observation regards the configuration of the midlati-
tude wave trains between 40°S—60°S across South America

(see Supplemental Fig. S3 for further details). Although the
equivalent barotropic structure in midlatitudes is shared in
both cases (not shown), across South America (i.e., between
180°W and 60°E), we observe a wavenumber-3 for SACZ
persistent cases (Fig. 3) and wavenumber-1 for SACZ, 4,y
with a semi-stationary pair trough-ridge on the eastern and
western sides of Southern South America, respectively, from
lag -3 to lag+4 (Fig. 8). Moreover, the SACZ,_g,,, events
exhibit also a distinct pattern of convective activity. First,
the oceanic- SACZ, 4,y appear to develop much far from
the coast compared to persistent SACZs. The “embryo”
oceanic-SACZ, 4, begins to develop on lag -7 in associa-
tion with an anomalous cyclonic circulation around 30°S
in the middle of the South Atlantic Ocean. This anomalous
cyclone persists from lag -7 to lag+ 7 (Fig. 8). Noticeable,
even during lag-0, the anomalous cyclonic circulation in
the SACZ, 4, cases is not displaced over the continent, as
observed during persistent SACZs (compare Fig. 3 lag-0
and Fig. 8 lag-0). Moreover, SACZ, 4, convection remains
intense over the ocean on lag-0, contrasting with persis-
tent SACZs. Also, there is no intensification of meridional
winds in midlatitudes at 200 hPa during SACZ,_4,, cases
(not shown), despite the fact that the midlatitude cyclone-
anticyclone pair maintains stationary from lag -5 to lag+7
across South America. These observations indicate that per-
sistent SACZs are driven by much stronger local and remote
forcings and feedbacks comparatively to SACZ,_4, . More
importantly, these differences can be clearly distinguished
in lag composites of circulation and OLR.

Another remarkable difference between persistent SACZ
and SACZ,_g,,, concerns SST anomalies (Fig. 9). Interest-
ingly, anomalous features are observed during SACZ, 4,
events that dramatically contrast with persistent SACZ.
First, over the central South Atlantic, the persistent low-
level cyclonic circulation appears to play a critical role in
inducing SST anomalies over the South Atlantic Basin away
from the continent. We hypothesize that, on the equatorward
sector of the persistent anomalous cyclone, the westerly
anomalies transport the relatively warm water of the Brazil-
ian current eastward, whereas on the poleward sector of the
cyclone, the easterly anomalies transport cold water from
the Benguela current westward. These anomalous trans-
ports create the dipolar pattern of warm-cold SST anomalies
over the subtropical South Atlantic (Fig. 9) from lag -7 to
lag+7. Also important, the cool pole of the dipolar feature
seems partially overlaid by OLR negative anomalies associ-
ated with an oceanic SACZ from lag -5 to lag+2 (compare
Fig. 9 with Fig. 7). This indicates that the thermodynamic
effect (i.e., cooling due to precipitation and cloudiness short-
wave feedback— Chaves and Nobre 2004; Nobre et al. 2012;
Pezzi et al. 2022) may also be present from lag -5 to lag +2.
Nonetheless, from lag+ 3 to lag+ 7, the dipolar SST anom-
aly is maintained despite the absence of an oceanic SACZ,
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«Fig.8 Lag composites of intraseasonal anomalies (20-90 days) of
OLR (shaded) (W.m™?) and 850 hPa winds (vectors) (m.s.”!) for
SACZ, 4a events. Areas with statistically significant (at 95% confi-
dence level) OLR anomalies are shown with stippling pattern. Only
statistically significant winds are plotted (see methods for details)

indicating that the dynamical mechanism (wind forcing) is
critical in explaining these anomalies (Pezzi et al. 2022).
Because the cyclonic anomaly is displaced eastward for
SACZ,_gys compared to persistent SACZs, a similar dipo-
lar structure over the central South Atlantic is not evident
for persistent SACZs (compare Figs. 8 and 6). Furthermore,
another interesting observation is that the SACZ, 4, events
are associated with warm anomalies at the BMC region from
lag -7 to lag+ 7, remarkably contrasting with persistent
SACZs. We hypothesize that these anomalies result from
the persistent anomalous anticyclonic circulation feature
associated with the midlatitude wave trains on the east side
of South America that would increase the transport of warm
waters poleward by the Brazil current (Fig. 8).

4.5 Relationships between persistent SACZ
and the MJO

Here, we investigate relationships between the MJO and per-
sistent SACZ events to answer the specific question: does the
probability of persistent SACZ events significantly increase
when the MJO is active? Furthermore, a comparison among
MIJO indices by Kiladis et al. (2014) indicated that differ-
ent indices may lead to different results. Therefore, we also
aim to answer the following question: is the relationship
between persistent SACZ events and the MJO sensitive to
the employed MJO index and methodology to define the
MJO cycle?

To answer these questions, we utilized two indices: the
OMI (Kiladis et al. 2014) along with the criteria proposed
by Jones et al. (2009) to define an MJO, and the daily RMM
index (Wheeler and Hendon 2004) (see details in Section 2).
Using these indices, we found that approximately 68% (75%)
of the 32 persistent SACZ events were related to an active
MJO based on the OMI (RMM) index. To further explore
these results, we calculated the percentage of days during
each SACZ event that were associated with an active MJO,
independently of the duration of the event (Fig. 10). For
example, if a SACZ event persisted for 10 days (or 8 days)
with an active MJO during 5 (or 4 days) within that period,
the fraction of days with an active MJO was equal to 50%.
Figure 10 ordinate indicates the percentage of the 32 events
that were observed in each category interval indicated in
the abscissa. Using the OMI index and the Jones (2009)
approach, the MJO was not considered active in 31% of these
events (10 SACZs). Conversely, the MJO was active during
the entire period characterized as a persistent SACZ in 56%

of the events (18 SACZs). When employing the RMM daily
index and considering the RMM amplitude greater than 1.0
as the single criteria to define an active MJO, the MJO was
active during the entire event in only 28% of the SACZs (9
SACZs). On the other hand, the number of events associ-
ated with an inactive MJO decreased to 25% (8 SACZs).
These results exemplify the fact that the RMM daily index
exhibits much higher fluctuations in amplitude than the OMI
index (not shown). The implication of this fluctuation is an
increase in the probability of an active MJO being observed
during any SACZ event compensated by a decrease in the
probability of a more consistent MJO signal during an
event. The OMI index and the Jones (2009) methodology
revealed that more than half of the SACZ events that have
been associated with an active MJO maintained this asso-
ciation throughout the entire period these events persisted.
These results clearly indicate the importance of monitoring
the MJO activity to forecast the SACZ activity.

We also investigated the relationships between the MJO
phase and the SACZ when the MJO was considered active
(Fig. 11). Two aspects are worth noticing in these analy-
ses. First, the canonical EOF projections on convection
(OLR or precipitation) associated with these MJO indices
in the study of Kiladis et al. (2014) and Wheeler and Hen-
don (2004) were obtained without considering seasonality
and for much longer periods. The SACZ events discussed
here were obtained over 18 years and were predominantly
observed in January and February (Fig. 1), thus exhibited
strong seasonality. Secondly, as discussed by Kiladis et al.
(2014), the RMM exhibits a phase difference with respect
to the OMI, which is clearly noticed in Fig. 11. Surpris-
ingly, when using the OMI, persistent SACZ events were pri-
marily associated with the MJO phase 3 (Ph3) and phase 4
(Ph4), with a preference for phase 4. Persistent SACZs were
less frequent during phase 6 (Ph6) and phase 7 (Ph7). Con-
versely, when employing the RMM index, persistent SACZ
events were more frequent during phase 4 (Ph4) and phase 5
(Ph5), with a preference for phase 5, and were less frequent
during phase 2 (Ph2). Nonetheless, notice that differences in
the frequency of events per MJO phase are less pronounced
for the RMM index than for the OMI, suggesting that a bet-
ter characterization of the MJO cycle with an index that is
less variable in time is important in separating phases.

Figure 12 illustrates the MJO teleconnections with the
SACZ by showing GPCP precipitation anomalies with
respect to the January—February climatology during phases
3—4 and 6-7 based on the OMI. The reason for focusing on
January—February is that precipitation anomalies are season-
ally dependent (not shown), and the largest majority of the
SACZ events occurred during these 2 months. Composites
were performed for all days during the period observed with
an active MJO in each one of the considered phases (110
events during phase 3, 87 during phase 4, 62 events during

@ Springer



90 W. M. B. Fialho et al.

(c) sstlag -5

60°W 120°W

sst lag -3

60°W
(d) sst lag -4

120°W 60°W

(f) sst lag -2

°E

(e)

40°N 40°N
20°N " | 20°N s
00 o~ Oo
20° 20°
40°5 40°s
60's| | 60° ' |
OB oW eoW 0 @ECReT  120W W 0° GEUIRT 120w 6w 0° 60

(g) sstlag -1 (h) sstlag 0

o - it

(i)sstlagl
40°N; —
20°N}!

0°
20°5
40°S
60°S':.

o 1580° 120°W  60°W 0° 60°E80 ISBO° 120°W  60°W 0° 60°E80 1580° 120°W  60°W 0° 60°E

(j) sst lag (k) sst lag 3
40°N 40°N & ——
20°N 20°N}

0°f: 0°
20°S M 9ol 20°hi
40°S 40°S
60°S|" 60°S
e mow 0w 0° e T8

60°W
(o) sstlag 7

0° 120°W  60°W

(n) sstlag 6

0°  120°W °E
(m) sst lag 5
40°N _—

40°N

20°N "W 20°N| " L " %
0° 4'€ep ¥ 0° . ) ' N 2

20°S P " % 20°S '
B .

40°5 64 40°s : 3
% -",‘.l ° % i

60°s" e 60° - o
. 0 . » . o ., 2 @ T

OB oW 60w 0° e ThoT 120°W  60°W 120W  60°W 0 60°E

-0.2 -0.1 0.0 0.1 0.2
°C

@ Springer



Mechanisms controlling persistent South Atlantic Convergence Zone events on intraseasonal... 91

«Fig.9 Lag composites of SST intraseasonal anomalies (20-90 days)
(°C) for SACZ, 4,y events. Statistically significant regions (at 95%
confidence level) are shown with stippled patterns

phase 6, and 77 during phase 7). Two patterns of precipita-
tion anomalies emerged. In phase 3, we observe suppressed
precipitation over Indonesia and increased precipitation over
the date line associated with the enhancement of convec-
tion over eastern Brazil, in the climatological position of
the SACZ. In phase 4, convection builds up over the Indian
Ocean, while suppression is maintained over Indonesia.
This pattern of teleconnection appeared associated with a
clear enhancement of precipitation along the SACZ from the
continent to the Subtropical Atlantic, but now with stronger
activity south of the SACZ climatological position, remark-
ably over the state of Sao Paulo, Brazil.

5 Conclusions

The SACZ is a unique feature of the SAMS that influences
the water supply for millions of people living in tropical
South America. Persistent rains and the development of oro-
graphic convection often associated with the SACZ have
been related to devastating floods and mudslides that took
the lives of numerous people, destroyed property, and dis-
rupted large communities in Brazil. Therefore, forecasting
conditions conducive to the development of persistent SACZ
events is critical to issuing timely alerts and planning evacu-
ation strategies, increasing the resilience of vulnerable com-
munities to rainfall-related disasters. The main objective of
this study is to investigate the physical and dynamic charac-
teristics of persistent SACZ events (persistence greater than
7 days) using meteorological variables commonly examined
in operational forecasts. Here we evaluate patterns of anoma-
lous circulation at 850 hPa and 200 hPa, OLR (as a proxy
for convective activity), and SST. These variables are rou-
tinely evaluated in operational weather forecasting. All vari-
ables were band-filtered (20-90 days) to retain variability
on subseasonal timescales. The band-filtering methodology
allowed us to analyze patterns with less influence of tran-
sients on synoptic timescales.

This study examined thirty-two SACZ events (eighteen
summers) with persistence greater than 7 days identified
according to the criteria that are operationally adopted by
CPTEC/INPE. We also contrasted mechanisms driving
persistent events against mechanisms associated with more
transient SACZ events (lasting 4 days).

We show that persistent SACZ events are more frequent
during the peak of the South American Monsoon (January
and February). Despite the relatively small sample size (18
seasons, 8 LN, 5 EN, and 5 neutral seasons), our results sug-
gest that these events are likely more common during the

cold (LN) compared to the warm (EN) and neutral phases of
ENSO. Although ENSO teleconnections with South Ameri-
can climate are complex, one possible mechanism explaining
these teleconnections is the ENSO modulation of the SALLJ
(Montini et al. 2019). Nevertheless, longer periods cover-
ing more decades would be recommended for a more robust
statistical analysis and to explore mechanisms explaining the
relationships between persistent SACZ and ENSO phases.

This study points out the following main features as rel-
evant prognostic observations for the organization of persis-
tent SACZ events 7 days in advance:

a) Development of a semi-stationary midlatitude wave train
with equivalent barotropic structure in the extratropics
organized approximately 7 days preceding the events.

This wave train exhibits a “wavenumber-3" charac-
teristic across South America (from 180°W to 60°E),
with a trough observed in midlatitudes over the eastern
South Pacific (east of Chile). This wave train is evident
in circulation anomalies at 850 hPa and 200 hPa, and
geopotential height (not shown).

b) Presence of anomalous cyclonic circulation offshore of
southeastern Brazil as part of the wave train.

This anomalous cyclonic circulation is part of the
wave train and induces the organization of an oceanic
SACZ close to the southeastern coastal Brazil from lag
-7to lag -1. Contrastingly, shorter SACZ, g, events are
associated with a persistent cyclonic circulation far from
the coast, approximately in the middle of the tropical
Atlantic. The SACZ, 4, persistent cyclonic circulation
organizes convection over the ocean from lag -5 to lag
+2. Given the distance from the coast, the cyclonic fea-
ture does not significantly influence the enhancement of
westerlies over tropical South America contrasting with
persistent SACZ, which may explain the lack of ther-
modynamic support (moisture transport and convective
instability) for extended SACZ periods.

c) Intensification of low-level westerlies over the continent
induced by the offshore cyclonic anomaly.

The persistent cyclonic anomaly off the southeast
coast of Brazil intensifies the oceanic SACZ from lag
-7 to lag -1. Due to its position close to the continent,
this cyclonic circulation induces low-tropospheric west-
erly winds over land. We hypothesize that these west-
erly winds advect moisture and convectively unstable air
from the Amazon on the equatorward side of the SACZ.
The impact of this enhanced transport is to increase
moisture convergence and thus convection on the equa-
torward side of the SACZ, which results in the shift of
the cyclonic circulation from the ocean to the continent
on lag-0. We hypothesize that this shift is a critical fac-
tor in maintaining the continental SACZ active for long
periods. Increased convection increase soil moisture,
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which in turn causes positive feedback for the mainte-
nance of precipitation (Sorensson and Menéndez 2011).
A similar continental shift of the oceanic cyclonic circu-
lation is not observed for SACZ, 4,y Thus, SACZ, 4,
events appear to maintain their ‘oceanic’ component in
lag-0.

Our composites indicate that persistent 200 hPa
westerly (easterly) intraseasonal anomalies over south-
east Brazil (east Argentina) are important prognostic
observations to infer that the wave train is active and to
indicate where convection is becoming enhanced (sup-
pressed).

d) Amplification of the southern Pacific trough, evident ) Cold SST anomalies in the region of the Brazil-Malvi-
from meridional (200 hPa) intraseasonal wind anoma- nas Confluence (BMC) zone. Cold SST anomalies are
lies, from lag -7 to lag -1. perhaps among the most important prognostic vari-

The amplification of the trough appears as a remark- ables concerning the probability of persistent SACZ
able feature preceding persistent SACZ events. Thus, events. Notice that cold anomalies can be observed
monitoring the intensification of meridional transports more than 1 week prior to the occurrence of persistent
over the extratropical Pacific (east of the Chilean coast) SACZ. These maintenance and spatial extent of cold
can be useful in forecasting these events. anomalies have been attributed to the coupling with

e) Persistent upper-level (200 hPa) westerly (easterly) low-level circulation anomalies caused by the near-
anomalies over tropical (subtropical) South America. shore cyclonic vortex preceding the continental SACZ.

Fig. 11 Frequency SACZ events
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Fig. 12 Composites of GPCP precipitation anomalies with respect to
the January—February climatology observed during (a) phase 3; (b)
phase 4; (c) phase 6; (d) phase 7. Composites include MJO events

These anomalies are dynamically driven by the winds
and they change signal (from negative to positive) when
the SACZ is active over the continent (lag-0) and for
positive lags. Short SACZ, 4, events exhibit opposite
behavior. Positive anomalies are observed persisting
all lags along the BMC, possibly driven by persistent
anticyclonic circulation south of the oceanic SACZ, 4y
We hypothesized that the anomalous cyclonic circula-
tion observed over the central tropical Atlantic increases
the transport of warmer water eastward and cold water
westward, creating a distinct signature of SST anomalies
over the tropical South Atlantic. These features support
the dynamical nature of the atmospheric-ocean coupling
on intraseasonal timescales (Pezzi et al. 2022).

Since the MJO is the most relevant mode of tropical
teleconnection on intraseasonal timescales, we explored
the relationships between the oscillation and persistent
SACZ events based on the OMI and RMM daily indices.
The main take away message from these analyses is that
the MJO seems associated with the majority of persis-
tent SACZ events, independently of the index. Therefore,
appropriate monitoring of the MJO seems critical for fore-
casting these extreme events. However, some caveats need
to be considered in these analyses. First, daily MJO indices
need to be carefully examined. As pointed out by Jones
et al. (2009), using simple criteria based on the amplitude
of the index without considering the eastward propaga-
tion of the oscillation to decide whether the MJO is active
may lead to false alarms and poor characterization of the

100 200
Longitude W

between January and February (1996-2013) obtained with OMI and
characterized with Jones et al. (2009) methodology

MIJO cycle. Additionally, different indices may exhibit
a difference in phases (Kiladis et al. 2014) that need to
be carefully considered. Our study also suggests that the
MJO teleconnections with the SACZ exhibit seasonality.
According to the OMI index and using more restrictive
criteria to define the MJO cycle, we show that persistent
SACZs during January—February seem to occur more fre-
quently during phases 3 and 4 and less frequently during
phases 6 and 7.
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