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RESUMEN

El presente estudio presenta una caracterización sinóptica de los episodios de la Zona de Convergencia del 
Atlántico Sur (ZCAS) que causaron eventos de lluvia fuerte (ELF) en la ciudad de Río de Janeiro (CRJ) entre 
2006 y 2016. Se identificaron 77 episodios de ZCAS en la CRJ (ZCRJ), que representaron el 81% del total 
de eventos de ZCAS en Brasil. Se encontró un total de 37 episodios de ZCRJ con al menos un día de ELF 
durante el período que duró el evento (ZELF), representando casi la mitad (48%) de los eventos de ZCAS 
en la CRJ. En el 68.6% de estos casos, los ELF ocurrieron en los dos primeros días del evento de ZELF. El 
patrón sinóptico medio asociado con ZELF mostró un frente frío en el Océano Atlántico conectado con un 
sistema de baja presión ubicado cerca de la costa del estado de Río de Janeiro (RJ). La humedad específica 
en 850 hPa mostró un patrón de dipolo con anomalías positivas en el sureste de Brasil y anomalías negativas 
en el sur de Brasil, desde el día anterior a la ocurrencia del ZELF. La presencia de una cresta anómala en 
niveles superiores en el sureste de Brasil fue determinante para intensificar las fuertes lluvias en la CRJ. 
La clasificación sinóptica mostró cuatro patrones de superficie principales asociados con ZELF. Los dos 
patrones más frecuentes se asociaron con un frente frío cerca de la costa del estado de RJ y los otros dos se 
relacionaron con la presencia de un anticiclón con características de bloqueo y con la presencia de un ciclón 
extratropical débil cerca de la costa del estado de RJ, respectivamente.

ABSTRACT

The present study provides a synoptic characterization of South Atlantic Convergence Zone (SACZ) episodes 
that caused heavy rainfall events (HRE) in the city of Rio de Janeiro (CRJ) between 2006 and 2016. A total 
of 77 SACZ episodes were identified in the CRJ (SCRJ), which represented 81% of the total SACZ events in 
Brazil. At least one day of HRE during the SACZ period (SHRE) was found in 37 SCRJ episodes, representing 
almost half (48%) of the SACZ events in the CRJ. In 68.6% of these cases, the heavy rainfall occurred on the 
first two days of the SHRE period. The mean synoptic pattern of SHRE showed a cold front in the Atlantic 
Ocean connected with a low-pressure system located near the coast of Rio de Janeiro state (RJ). The 850 
hPa specific humidity showed a dipole pattern with positive anomalies in southeastern Brazil and negative 
anomalies in southern Brazil since the day before the occurrence of SHRE. An anomalous upper-level ridge 
in southeastern Brazil was relevant to intensifying the heavy rainfall in the CRJ. The synoptic classification 
showed four main surface synoptic patterns associated with SHRE. The two most frequent patterns were 
associated with a cold front close to the coast of RJ, and the other two were related to the presence of an anti-
cyclone with blocking characteristics and to the presence of a weak extratropical cyclone near the coast of RJ.
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1.	 Introduction
The city of Rio de Janeiro (CRJ) is located in the 
Southeast region of Brazil and is the capital of Rio de 
Janeiro state (RJ), which is an important economic, 
cultural, and tourist center in the country. The city 
is considered a World Heritage Site by the United 
Nations Educational, Scientific, and Cultural Organi-
zation (UNESCO) and is the second-largest Brazilian 
metropolis, responsible for the second-largest Gross 
Domestic Product (GDP) in the country. The presence 
of three massifs (Tijuca, Pedra Branca and Gericinó), 
the proximity of the Atlantic Ocean, the Guanabara 
Bay and the Sepetiba Bay (Fig. 1), produce a great 
spatial variability of precipitation in the region, which  
according to Pristo et al. (2018) varies between 912 mm 
of total annual rainfall in the north of the city and 
2546 mm over the Tijuca massif.

During the rainy season (from October to April), 
much of the Southeast region of Brazil is affected by 
the occurrence of heavy rainfall events (HRE) that 
cause natural disasters such as landslides and floods, 
which have strong impacts on the population (Seluchi 
and Chou, 2009; Dereczynski et al. 2017; Nery and 
Malvestio, 2017; Reboita et al., 2017).

Several of these extreme events are caused by the 
South Atlantic Convergence Zone (SACZ), known 
as one of the main systems modulating the weather 
and climate in Brazil during the rainy season. The 

SACZ is characterized by a persistent cloud-band 
oriented northwest-southeast from the Amazon 
Basin to the South Atlantic Ocean, affecting the 
North, Central-West and Southeast regions of Bra-
zil, north of Paraná state and southern part of Bahia 
state (Kousky, 1988; Kodama, 1992; Quadro, 1994; 
Carvalho et al., 2004).

The SACZ is associated with 13% of the HRE that 
occur in the CRJ, while frontal systems are responsi-
ble for 77% of the cases since these occur throughout 
the year (Dereczynski et al., 2009). Dolif and Nobre 
(2012) identified 32 HRE in the CRJ between January 
2000 and December 2010, and of these 37% were 
caused by SACZ and 47% by cold fronts. Consider-
ing only the rainy season in the Southeast region of 
Brazil, Lima et al. (2010) found a total of 157 HRE, 
of which 74 cases (47%) were associated with SACZ 
and 83 cases (53%) with frontal systems. Despite 
the lower frequency of SACZ episodes associated 
with HRE in the CRJ, even during the rainy season, 
SACZ has the potential to produce higher rainfall 
totals compared to frontal system events, as SACZ 
remains stationary for several days over the same 
region, causing rainfall intensification (Marchioro et 
al., 2016), mainly in late spring and summer months 
(Grimm, 2011).

Between 11 and 20 January 2011, a SACZ event 
caused extreme rain in large parts of the RJ becoming 
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Fig. 1. a) Topography (m) of the city of Rio de Janeiro (RJ). Black circles show the rain gauge stations of the Rio 
Alert System used in this work; b) Brazilian map, showing the Rio de Janeiro State (RJ) in gray and the city of Rio de 
Janeiro (CRJ) in red. The location of the other states cited in this article are also shown: Amazon (AM), Espírito Santo 
(ES), Minas Gerais (MG), Mato Grosso do Sul (MS), Mato Grosso (MT), Paraná (PR), Rio Grande do Sul (RS), Santa 
Catarina (SC) and São Paulo (SP).
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the largest climatic catastrophe in Brazil’s history. On 
12 January the intense and voluminous rain affected 
the CRJ and especially the cities in the mountain-
ous areas of RJ, with successive episodes of mass 
landslides (Dourado et al., 2012) that caused the 
death of 905 people and more than 200 disappeared 
(Dereczynski et al., 2017; Nery and Malvestio, 2017). 
This episode culminated with the creation of the 
Brazilian National Centre for Monitoring and Early 
Warnings of Natural Disasters (CEMADEN - http://
www.cemaden.gov.br/).

Cold fronts, baroclinic troughs (Escobar et al., 
2019) and extratropical and subtropical cyclones 
(Kousky, 1979; Reboita et al., 2010; Gozzo et al., 
2014; Rocha et al., 2019) are the main surface mete-
orological systems identified by weather forecasters 
in the synoptic charts related to SACZ episodes 
during the rainy season in Brazil. The atmospheric  
circulation pattern associated with these meteorolog-
ical systems, when positioned on the coast of south-
eastern Brazil, maintains the moisture convergence 
at low levels and, consequently, contributes to the 
intensification of precipitation.

The Bolivian High (Lenters and Cook, 1997) and 
the trough of the Northeast region of Brazil (Kousky 
and Gan, 1981) are the main upper-level meteoro-
logical systems observed during the Brazilian rainy 
season having important contribution in the SACZ 
episodes. The mean atmospheric circulation pattern 
associated with both systems (Bolivian High and the 
trough of the Northeast region of Brazil) promotes 
strong divergence at high levels and, consequently, 
maintains the convective precipitation observed 
in much of the Central-West, Southeast and North 
regions of Brazil.

Escobar (2019) performed a synoptic classifica-
tion at the surface and mid-troposphere during the 
rainy season in Brazil (November to March), using 
the Principal Component Analysis (PCA) method-
ology. The study identified four main synoptic pat-
terns during the rainy season, and the most frequent 
was related to SACZ events, with the presence of 
a stationary front close to the coast of São Paulo 
state and RJ and with the South Atlantic Subtropical 
Anticyclone (SASA) positioned to the south of its 
climatological position. A similar synoptic pattern of 
SACZ was found by Weide-Moura et al. (2013) in 
their synoptic classification related to the occurrence 

of HRE in the CRJ. With such a surface circulation 
pattern, the maritime winds from the southeast persist 
for several days on the coast of São Paulo state and 
RJ, favoring the intensification of rain.

Considering that the HRE that occur in the 
CRJ under the influence of SACZ episodes trigger 
events with strong impacts on the population, the 
knowledge of the behavior of these episodes is very 
important for city planners to mitigate their impacts. 
Therefore, taking into account the importance that 
the SACZ events represent in the modulation of 
precipitation in this region during the rainy season, 
the objective of this study is to describe the dynamic 
and thermodynamic characteristics associated with 
such events through the development of a synoptic 
climatology. 

This paper is organized as follows: section 2 de-
tails the data and the methodology used in this study, 
section 3 analyzes the synoptic features and identifies 
the principal surface weather patterns associated 
with SHRE in the CRJ, and section 4 presents the 
conclusions.

2.	 Data and Methodology
2.1. Data
The studied period comprises 10 rainy seasons, 
considered here as the months between October and 
April of 2006-2016. So, the first rainy season or the 
“2007 rainy season” extends from October 1, 2006, 
to April 30, 2007, and the last one or the “2016 rainy 
season” extends from October 1, 2015, to April 30, 
2016. This studied period is referred to as “Octo-
ber-April/2006-2016”.

The SACZ episodes were identified by analyz-
ing the surface and upper levels (850 hPa, 700 hPa, 
500 hPa, and 250 hPa) synoptic charts at 1200 UTC 
October-April/2006-2016, using the methodology de-
scribed in Escobar and Matoso (2018). Those charts 
were prepared by the weather forecasters from the 
Brazilian Center for Weather Forecasts and Climate 
Studies (CPTEC) - National Institute for Space Re-
search (INPE).

Brightness temperature (K) images from the 
Geostationary Operational Environmental Satellite 
(GOES; 10, 12, and 13) from CPTEC-INPE were 
also used to identify the cloudiness associated with 
the SACZ meteorological situations.
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To identify the SACZ episodes that caused rain in 
the CRJ (SCRJ), daily precipitation maps were built 
using the MERGE product (Rozante et al., 2010), with 
a spatial resolution of 0.2º latitude x 0.2º longitude. 
These daily precipitation maps were constructed for 
each SACZ episode to verify if the rain band was es-
tablished over CRJ. MERGE results from the combina-
tion of surface observations over the South American 
continent with Tropical Rainfall Measuring Mission 
(TRMM) satellite precipitation estimates.

The HRE detection criterion in the CRJ was defi- 
ned through the use of precipitation data observed 
every 15 minutes at the Rio Alert System from the 
Municipality of Rio de Janeiro. Twenty six rain gauge 
stations in the CRJ were used for this work (Fig. 1).

In order to study the synoptic characteristics 
associated with SACZ episodes related to the occur-
rence of HRE in the CRJ (SHRE), daily (1200 UTC) 
gridded reanalysis meteorological data from the Na-
tional Centers for Environmental Prediction (NCEP) 
Climate Forecast System Reanalysis (CFSR) were 
used. The CFSR version 1 (CFS-v1 – Saha et al., 
2010) covers the period from January 1979 to March 
2011. The CFSR version 2 (CFSv2 – Saha et al., 2014) 
was released in March 2011, and it has been running 
operationally since then. Both (CFSv1 and CFSv2) 
have a horizontal native resolution of T382 (~38 km). 
Their horizontal resolution is 0.25º × 0.25ºlatitude/
longitude between 10ºS and 10ºN, reducing gradually 
towards the poles, reaching 0.5º between 30ºN and 
30ºS. The CFSR meteorological variables used were: 
i) mean sea-level pressure (hPa); ii) 850 hPa specific 
humidity (gkg–1); 850 hPa wind components (ms–1), 
and iii) 850, 500 and 250 hPa geopotential height 
(gpm) from October-April/2006-2016.

2.2. Detection of SHRE
The SACZ episodes were identified by analyzing 
the surface and upper synoptic charts at 1200 UTC 
from October-April/2006-2016. The dates of the 
SACZ events were selected using the methodology 
presented by Escobar and Matoso (2018) in which 
the following characteristics should appear simulta-
neously in the synoptic charts:

(a)	a cold front or a baroclinic trough located over 
the ocean, near the coast between São Paulo and 
Espírito Santo states,

(b)	a trough at mid- (500 hPa) and upper troposphere 
(250 hPa) located over the Southeast region of 
Brazil or the southern part of the Northeast region 
of Brazil,

(c)	a polar jet stream (250 hPa) coupled with a sub-
tropical jet stream associated with the surface 
cold front at the surface,

(d)	a subtropical jet stream associated with the baro-
clinic trough at the surface,

(e)	a horizontal equivalent potential temperature 
gradient at 850 hPa pointing from the Atlantic 
Ocean to the continent,

(f)	a northwesterly flow at 850 hPa extending from 
the Amazon Basin to the Atlantic Ocean and 
through the Central-West and Southeast regions 
of Brazil,

(g)	a homogeneous region where the upward motion 
at 500 hPa is in phase with the convergent flow 
at 850 hPa and the precipitable water values are 
greater than 45 mm 

and
(h)	a low-level convergence zone and the pre-sence 

of a band of cloudiness persisting for at least 3 
consecutive days.

After identifying SACZ cases by applying the 
above criterion, daily precipitation maps were cons- 
tructed using MERGE data, to identify the SACZ 
cases that caused rain on the CRJ (SCRJ). The Derec-
zynski et al. (2009) criterion was used to select the 
SACZ cases that produced HRE in the CRJ (SHRE), 
which considers an HRE when the 24 h accumulated 
rainfall reaches the threshold of 30 mm in at least 4 
of the 26 meteorological stations considered in this 
study. The 24 h accumulated rainfall was computed 
using the rainfall data observed every 15 minutes, 
from 1215 UTC on the previous day until 1200 UTC 
on the day in question.

Because a SACZ event lasts at least 3 days, in 
several episodes the criterion for HRE in the CRJ 
was verified in more than one day. The frequency 
of SHRE was caculated if at least one day of heavy 
rainfall during the SACZ event ocurred. Moreover, to 
compute the monthly frequency of SHRE, the SACZ 
month is considered regarding the first SACZ day. 
For example, if one episode begins on February 29 
and lasts for 5 days, this event will be considered a 
February case.
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2.3. Composite fields
After the selection of the SHRE, average composite 
fields and anomaly composite fields of atmospheric 
variables mentioned in section 2.1 for two days be-
fore the initial day (D–2), one day before the initial 
day (D–1), and at the initial SHRE day (D0) were 
calculated, to identify the synoptic features associa- 
ted with such episodes. For example, for the first 
SHRE (29 November 2006 -12 December 2006), 
D–2 is 27 November, D–1 is 28 November and D0 
is 29 November 2006. It is important to emphasize 
that the D0 is always taken as the first day of the 
SACZ episode, regardless of when the HRE was 
observed. Composite fields were constructed in the 
spatial domain of 10ºN-55ºS and 80º-20ºW for all 
variables. Climatology fields are constructed for the 
whole period comprising the 10 rainy seasons, from 
“2007 rainy season” to “2016 rainy season”. Average 
and anomaly composites were calculated consider-
ing the October-April/2006-2016 climatology. The 
composite fields for D–2, D–1, and D0 were useful 
for tracking the evolution of the synoptic systems 
responsible for the SHRE.

2.4. Synoptic classification
After identifying the mean synoptic characteristics 
associated with SHRE, a synoptic classification at 
the surface was performed through the Principal 
Pattern Sequence Analysis (PPSA; Compagnucci 
et al., 2001; Escobar et al., 2004; Huth et al., 2008). 
According to Compagnucci et al. (2001), the PPSA 
is considered an extension of the traditional Principal 
Component Analysis (PCA), with a correlation ma-
trix in T-Mode (Green and Carrol, 1978; Richman, 
1986; Escobar et al., 2016), whose main objective 
is to obtain the evolution of the principal dominant 
modes of atmospheric circulation for specific meteo- 
rological situations. Thus, in this application, each 
variable is a sequence of the consecutive spatial mean 
sea level pressure patterns, and the correlation matrix 
represents the correlation between sequences.

In order to explore the synoptic variability where 
the surface baroclinic systems are more associated 
with SHRE, a smaller domain (5ºS-40ºS, 30ºW-80ºW) 
was used for the calculation of the composites fields. 
The matrices are composed by mean sea level pres-
sure data of the 37 SHRE x 7171 grid points for 3 
days: D–2, D–1, and D0. With such an objective 

methodology, it is possible to identify subgroups or 
types of fields with the same spatial structure.

After the application of the PPSA, the Varimax ro-
tation (Richman, 1986) was performed. This metho- 
dology is useful to redistribute the total variance of 
the data among the components in order to empha-
size the physical meaning of the Principal Pattern 
Sequence (PPS) that is generated (Richman,1986). 
The optimum number of rotated PPSs was determined 
by the eigenvalue 1.0 rule (Richman et al., 1992).

The real meteorological fields correlated signifi-
cantly with the Principal Pattern Sequences (PPSs) 
were determined through temporal series of factor 
loadings that represent the correlations between the 
variable used (real meteorological field) and each 
PPS (Richman, 1986).

The analysis of the component loadings allows 
the evaluation of the representative patterns (ob-
tained from PPSA) as real atmospheric circulation 
fields (registered in the reanalyses). Values of com-
ponent loadings closer to 1 represent sequences of 
atmospheric circulation fields similar to the obtained 
pattern sequence (Harman, 1976; Cattell, 1978).

The spatial field of the PPSs can be interpreted 
in both their positive and negative phases (Com-
pagnucci and Salles, 1997). PPSs are related to two 
different synoptic patterns that have the same shape. 
For positive values of component loadings (direct 
mode), PPSs have the same sign as the meteorological 
variable under study. For example, positive (negative) 
values of sea level pressure, represent high (low) 
pressures in the PPSs. Conversely, for negative values 
of component loadings (indirect mode), PPSs have 
the opposite sign as the real meteorological fields. 
Therefore, positive (negative) values represent low 
(high) pressures. In this study, the values of com-
ponent loadings (figures not shown) were positive, 
meaning that the PPSs have the same sign as the 
meteorological fields (weather type).

3.	 Results
3.1 SACZ Climatology
The dates of the 95 SACZ episodes (9.5 events per year) 
identified in the 10-year (October-April/2006-2016) 
are listed in Table I. The longest SACZ event took 
place in December 2013 and lasted for 15 days (12/
Dec/2013 - 26/Dec/2013). The other three longest 
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SACZ events (all lasting 12 days) took place in the 
periods 13/Nov/2008-24/Nov/2008, 01/Mar/2010-
12/Mar/2010, and 27/Dec2010-07/Jan/2011.

In the CRJ, 77 episodes of SACZ (SCRJ) were 
configured (highlighted in bold in Table I), repre-
senting 81% of the total SACZ events in Brazil. As 
was mentioned in Section 2.2, in several episodes of 
SACZ, the criterion for HRE in the CRJ was reached 
in more than one day during the entire period of the 
event. Considering the episodes of SCRJ with at least 
one day of HRE (SHRE), 37 cases were identified 

(highlighted in gray in Table I). This indicates that al-
most half (48%) of the total SACZ events configured 
in the CRJ cause heavy rainfall in the city.

During the 37 SHRE episodes, the rainfall reached 
the HRE threshold in 51 days. A total of 22 of these 
51 days (43.1%) occurred on the first day of the 
SHRE episode, and in 13 of these 51 days (25.5%), 
the rainfall reached the HRE threshold on the second 
day, totalizing 68.6% of the heavy rainfall days 
occurring in the first two SHRE days. This result 
indicates that the beginning of an SHRE, which in 

Table I. Start and end dates (month/date/year) of the 95 SACZ episodes that occurred over Brazil in the 
10-year period (October-April/2006-2016). 

Start Date End Date Start Date End Date Start Date End Date

17/10/2006 20/10/2006 28/10/2009 01/11/2009 09/01/2013 17/01/2013
10/11/2006 12/11/2006 04/12/2009 09/12/2009 26/01/2013 30/01/2013
29/11/2006 01/12/2006 13/12/2009 15/12/2009 04/02/2013 10/02/2013
08/12/2006 16/12/2006 21/01/2010 23/01/2010 27/02/2013 04/03/2013
27/12/2006 29/12/2006 01/03/2010 12/03/2010 27/03/2013 30/03/2013
21/01/2007 25/01/2007 28/03/2010 31/03/2010 18/10/2013 20/10/2013
30/01/2007 05/02/2007 27/10/2010 29/10/2010 05/11/2013 09/11/2013
12/02/2007 16/02/2007 01/11/2010 04/11/2010 12/12/2013 26/12/2013
19/03/2007 22/03/2007 01/12/2010 04/12/2010 17/01/2014 20/01/2014
23/10/2007 25/10/2007 14/12/2010 18/12/2010 15/02/2014 19/02/2014
04/11/2007 06/11/2007 27/12/2010 07/01/2011 28/02/2014 02/03/2014
27/11/2007 02/12/2007 11/01/2011 20/01/2011 06/03/2014 10/03/2014
12/12/2007 15/12/2007 15/02/2011 17/02/2011 22/03/2014 24/03/2014
19/12/2007 23/12/2007 28/02/2011 10/03/2011 26/10/2014 29/10/2014
06/01/2008 11/01/2008 04/04/2011 07/04/2011 15/11/2014 19/11/2014
20/01/2008 23/01/2008 02/10/2011 07/10/2011 27/11/2014 30/11/2014
30/01/2008 02/02/2008 16/10/2011 20/10/2011 14/12/2014 17/12/2014
03/02/2008 08/02/2008 01/11/2011 04/11/2011 24/12/2014 26/12/2014
24/02/2008 08/03/2008 23/11/2011 05/12/2011 05/02/2015 09/02/2015
13/03/2008 18/03/2008 09/12/2011 12/12/2011 16/02/2015 19/02/2015
13/11/2008 24/11/2008 15/12/2011 22/12/2011 27/02/2015 01/03/2015
03/12/2008 06/12/2008 26/12/2011 30/12/2011 09/03/2015 14/03/2015
12/12/2008 21/12/2008 01/01/2012 09/01/2012 17/03/2015 20/03/2015
25/12/2008 31/12/2008 15/01/2012 21/01/2012 22/03/2015 25/03/2015
04/01/2009 09/01/2009 26/01/2012 31/01/2012 06/04/2015 08/04/2015
21/01/2009 23/01/2009 11/02/2012 13/02/2012 28/10/2015 30/10/2015
29/01/2009 31/01/2009 16/03/2012 21/03/2012 14/01/2016 19/01/2016
12/02/2009 15/02/2009 24/03/2012 26/03/2012 20/01/2016 23/01/2016
13/03/2009 17/03/2009 04/11/2012 08/11/2012 29/02/2016 05/03/2016
25/03/2009 02/04/2009 14/11/2012 22/11/2012 10/03/2016 14/03/2016
08/04/2009 11/04/2009 26/11/2012 28/11/2012 24/03/2016 27/03/2016
08/10/2009 12/10/2009 15/12/2012 17/12/2012    

The dates of the 77 SCRJ and 37 SHRE events are highlighted in bold and gray, respectively. The rest of the 
dates correspond to SACZ episodes outside the CRJ.
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general is associated with the arrival of a frontal sys-
tem, is more likely to cause heavy rainfall in the CRJ 
compared to the other days of the event. The other 
HRE occurred in the third (11.8%), fourth (3.9%), 
fifth (7.8%), sixth (5.9%) and eighth (2.0%) SHRE 
days. No HRE occurred in the seventh day.

The mean daily precipitation in the 51 heavy 
rainfall days during the 37 SHRE episodes is 
presented in Figure 2. The SACZ rainfall band, 
extending in the NW-SE direction from the Am-
azon region through de Atlantic Ocean, is evident 
in Figure 2. Although the daily precipitation varies 
from 10 to 15 mm/day over RJ, it is in the Atlantic 
Ocean, around 27ºS/40ºW, where it achieves its 
maximum intensity (35 mm/day). Figure 3 presents 
the frequency of the 95 SACZ, 77 SCRJ, and 37 
SHRE episodes organized by their duration, lasting 
just 3 days, only 4 days, and so on, until 15 days. 
It is clear from Figure 3 that most of the episodes 
lasted between 3 and 6 days. The higher frequency 
of the SACZ and SCRJ events was 4 days, and the 
higher frequency of the SHRE was 5 days.

The monthly distribution of the 95 SACZ, 77 
SCRJ, and 37 SHRE (Fig. 4) shows an increase in 
their frequency from October through January, which 
peaks in the middle of the rainy season. A small rise 
in the frequency from February to March is also seen, 
which can be explained by two reasons: First, the 
month of February is shorter than the others, reducing 
the chance of a SACZ occurrence during that month. 
And, second, temperature and humidity are still high 
in March, but coincide with the first stronger cold 
fronts that begin their journey inside the continent, 
promoting the formation of more SACZ events. As 
mentioned before, Figure 4 also shows that most of 
the SACZ events that occurred in Brazil reached the 
CRJ (SCRJ). It is noteworthy that during March, all 
16 SACZ events reached the CRJ (SCRJ), and during 
April, none of the 2 SCRJ produced HRE.
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3.2 Synoptic climatology associated with SHRE 
3.2.1 Composites of average and anomalies 
In order to identify the main synoptic features as-
sociated with SHRE as well as their differences in 
relation to climatology, composites of average and 
anomalies were calculated of the variables described 
in section 2.1. Thirty seven SHRE are considered, 
which correspond to the total cases identified during 
the studied period (October-April/2006-2016).

The composites of average and anomalies of the 
500 hPa geopotential height and mean sea level pres-
sure, associated with SHRE for D–2, D–1 and D0 are 
shown in Figure 5. The fields of 500 hPa geopotential 
height average composites (Fig. 5a) show a slightly 

amplified frontal trough located near Buenos Aires 
Province (Argentina) on D–2 that intensifies and 
amplifies as it moves northeastward and reaches the 
eastern part of Santa Catarina state on D0. There is 
another weak trough positioned between northern 
Argentina and southern Bolivia on D–2, which in 
the following days connects with the previously 
mentioned trough. Note that there is a strong geopo-
tential height gradient located to the south of 40ºS, 
and in this intense baroclinic flow, there are several 
cyclonic disturbances with a slight amplification that 
move rapidly eastwards.

The mean sea level pressure average composites 
(Fig. 5a) show a weak cold front located between the 
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Atlantic Ocean and southern Rio Grande do Sul state 
on D–2, which moves northeastwards in the subse-
quent days. On this day (D–2), there is a low-pres-
sure system of 1010 hPa related to the Chaco Low, 
which is located over Paraguay. On D–1, this frontal 
system is located approximately to the southeast of 
the Santa Catarina state without reaching the coast 
of southeastern Brazil on D0. A similar pattern was 
observed by Andrade and Cavalcanti (2018) during 
heavy rainfall summer fronts over southeastern Bra-
zil. Note also that the SASA is located around 30ºS, 
20ºW, and slowly moves eastwards over the entire 
analyzed period. The 500 hPa trough that advances 
from northern Argentina and southern Bolivia contrib-
utes to the formation of a wide low-pressure system 
of 1012 hPa over the Atlantic Ocean, to the south of 
RJ during D0. On this day, this cyclone is connected 
to the cold front and both of these systems con- 
tribute to the intensification of the moist air mass 
convergence over the coast of RJ, including the CRJ.

The composite anomalies of 500 hPa geopotential 
height and sea level pressure are shown in Figure 5b. 
This combination of levels shows the displacement 
of a typical baroclinic system, with the 500 hPa wave 
positioned to the west of the surface wave.

Negative anomalies of mean sea level pressure 
and geopotential height observed respectively at the 
surface and the 500 hPa level, allow the identification 
of the mid-troposphere trough and the cold front at 
the surface. On the other hand, the positive anoma- 
lies at both of the levels identify the ridge and the 
post-frontal anticyclone, respectively at mid- level 
and at surface. On D–2, there are negative height 
anomalies with a minimum of -10 gpm at 500 hPa lo-
cated over northeastern Argentina and Uruguay. This 
pattern is related to the frontal trough at mid-level 
that moves northeastwards during the following days. 
In the South Atlantic Ocean, to the southeast of the 
Malvinas Islands, there is a minimum of –20 gpm at 
the 500 hPa level on D–2, associated with a cyclonic 
disturbance that exhibits a rapid zonal displacement 
during the analyzed period. The minimum related to 
the frontal trough intensifies during the subsequent 
days reaching a minimum value of –40 gpm near 
37ºS, 40ºW on D0. Similar behavior is observed at 
the surface, with slight negative anomalies over RJ 
of the order of –1 hPa to –2.5 hPa on D–1 and D0, 
respectively. On SACZ day (D0), a minimum of –5 

hPa is observed over the Atlantic Ocean around 42ºS, 
30ºW, associated with the low-pressure system relat-
ed to the cold front mentioned in Figure 5a.

The composites of average and anomalies of 
streamlines and 850 hPa specific humidity associated 
with SHRE are shown in Figure 6. The composite 
of streamlines at 850 hPa (Fig. 6a) show the typical 
mean circulation pattern over South America during 
the rainy season in Brazil. There is a clear northerly/
northwesterly flow over continental areas during the 
analyzed period. This circulation pattern at low levels 
is determined by the trade winds that penetrate to 
the north of the continent and deviate by the action 
of the Andes Cordillera, and by the winds coming 
from the Atlantic Ocean related to the presence of the 
SASA. On D–2, there is northerly wind over the RJ, 
determined by the western edge of the SASA since 
the flow from the Amazon region is directed to the 
northern part of southern Brazil. On D–1, the flow 
caused by the SASA persists over the RJ, and the 
influence of the Amazonian flow is beginning to be 
observed. During D0, there is a large influence of the 
Amazonian flow over RJ and a smaller contribution 
from the wind from the Atlantic Ocean. This change 
in the atmospheric circulation at the 850 hPa level 
is related to the advance of a frontal trough that on 
D–2 is observed approximately in the farther south 
of Rio Grande do Sul state and on D0 is identified 
over the Atlantic Ocean, close to São Paulo state. On 
D–2 the Chaco Low can also be observed in southern 
Bolivia and western Paraguay, which is connected 
with the frontal trough mentioned above. On D–1, the 
frontal trough is near the coast of Santa Catarina state 
and, simultaneously, another trough can be observed 
further to the north with its axis extending between 
southern Bolivia and the far west of Santa Catarina 
state. On D0, this trough advances northeastwards, 
extending between southern Mato Grosso state and 
northern Paraná state, where a low-pressure system 
forms. With such low-level atmospheric circulation, 
the RJ is affected by warm and moist air transported 
from the Amazon Basin.

The composites of 850 hPa specific humidity 
(Fig. 6a) show high values over most of the North, 
Central-West and Southeast regions of Brazil, of the 
order of 12 to 14 gkg–1, typical of the rainy season 
in Brazil. The specific humidity shows an increase 
over RJ from approximately 10 to 13 gkg–1 between 
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D–1 and D0. This increase is related to the change in 
the wind direction from northerly to northwesterly, 
as previously described. Also, as noted by Moraes 
et al. (2020), when studying mesoscale convective 
complexes forming in subtropical South America, 
the moisture increase results from the enhanced 
convergence between the flows coming from the 
Amazon Basin and the Atlantic Ocean. It is note-
worthy that during the rainy season the specific 
humidity over the southeast region is very high due 
to the combination of high temperatures and the 
persistent northerly flow from the Atlantic Ocean 
and from the northern Brazil.

The 850 hPa streamline composite anomaly fields 
(Fig. 6b) show the zonal displacement of cyclonic 

anomalies that on D–2 are centered over Uruguay and 
in the following days move over the Atlantic Ocean, 
approximately south of 40ºS and between 40ºW 
and 30ºW. This anomalous pattern is mainly associat-
ed with the displacement of the cold front described 
previously (Fig. 6a). The anomalous trough associ-
ated with these cyclonic anomalies extends from the 
southern Amazon Basin to the South Atlantic Ocean, 
determining a band of negative anomalies that affects 
much of southeastern Brazil, especially since D–1. A 
similar configuration was found by Doss-Gollin et al. 
(2018) when they analyzed 850 hPa anomaly fields 
associated with the occurrence of heavy rainfall in the 
central-southern Paraguay. The authors identified a 
circulation pattern with cyclonic anomalies over the 
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Atlantic Ocean, southeast of southern Brazil, one day 
after the occurrence of heavy rainfall in Paraguay.

The specific humidity composite anomaly fields 
(Fig. 6b) are consistent with the anomalous atmos- 
pheric circulation pattern described above. There is a 
large area of positive anomalies of specific humidity 
located over northeastern Argentina, Paraguay, south-
ern Brazil, most of Mato Grosso do Sul state and the 
western and southwestern part of São Paulo state during 
D–2, showing small values (~1 gkg–1-1.5 gkg–1). 
On D–1, these positive anomalies are located to the 
east of the anomalous trough, affecting most of the 
states of Paraná, Mato Grosso do Sul, and São Paulo, 
and the adjacent Atlantic Ocean. Moreover, negative 
anomalies of specific humidity varying between –1 and 
–2 gkg–1 are also observed over Uruguay, northeast-
ern Argentina and central-western Rio Grande do Sul 
state, related to the advection of dry air produced by 
the advance of the post-frontal anticyclone (Fig. 4a). 
On D0, the positive anomalies are located over the 
São Paulo and RJ states, western and southern Minas 
Gerais state and in the adjacent Atlantic Ocean. In 
addition, the negative anomalies are more intense 
comparing to D–1, affecting Uruguay, northeastern 
Argentina, most of Paraguay, Rio Grande do Sul state 
and most of Santa Catarina state.

An interesting feature to mention is the esta- 
blishment of a “dipole” configuration in the specific 
humidity anomalies fields during D0. This dipole, 
also called the seesaw pattern, is determined by 
the presence of positive anomalies in southeastern 
Brazil and by the presence of negative anomalies 
in the South, in agreement with Nogués-Paegle and 
Mo (1997).

The composites of average and anomalies of 200 
hPa streamlines and geopotential heights associated 
with SHRE are shown in Figure 7. Average compo- 
sites (Fig. 7a) allow identifying a typical upper-level 
atmospheric circulation pattern of the rainy season in 
Brazil, with the presence of the Bolivian High and the 
trough in the Northeast region of Brazil. This pattern 
is observed in climatology during the rainy season 
regardless of the occurence of SACZ events because 
it is associated with strong convective activity in 
the Amazon Basin (Lenters and Cook, 1997). On 
D–2, there is a trough with its axis extending from 
central Argentina to the Atlantic Ocean that inten-
sifies as it propagates eastwards over the following 

days. On D–1, the axis of this trough is positioned 
approximately between northeastern Argentina and 
the Atlantic Ocean and on D0 it reaches southern 
Brazil, extending between Paraná state and the Atlan- 
tic Ocean.

This upper-tropospheric trough shows an intense 
horizontal geopotential height gradient that is associa- 
ted with the cold front identified at the surface and 
at the 850-hPa level. On D0, this upper-level trough 
increases the divergent flow over RJ and southern 
Minas Gerais state, contributing to the intensification 
of the convergence flow at the surface. Therefore, 
with such upper-level atmospheric circulation pa- 
ttern, the precipitation will intensify over the study 
area during the SHRE.

The Bolivian High appears practically stationary 
over Bolivia during the analyzed period; however, its 
associated ridge changes position particularly from 
D–1. On D–2, the axis of the ridge extends southward 
from Bolivia to the northeastern part of Southern 
Brazil. The ridge moves towards southeastern Brazil 
on the following days and on D0 it appears approx-
imately over RJ, southern Espírito Santo state and 
central-southern Minas Gerais state. Simultaneously, 
the trough in the Northeast region of Brazil moves 
slightly to the west as the ridge intensifies towards 
the Southeast region of Brazil. The change in the 
upper-level atmospheric circulation associated with 
both of the systems (the ridge and the trough of the 
Northeast region of Brazil) is related to the advance 
of the frontal trough from mid-latitudes.

The 200 hPa streamline and geopotential height 
anomaly fields (Fig. 7b) reveal a well-defined wave 
train that propagates northeastward, with an anoma-
lous ridge over the South Pacific Ocean and southern 
South America and an anomalous trough over most 
southern Brazil. There are positive geopotential height 
anomalies on D–2 over most southern Brazil and Par-
aguay and part of Mato Grosso do Sul and São Paulo 
states, with values varying between 10 and 20 gpm. 
These positive anomalies increase the intensity and 
propagates eastwards on D–1, reaching the RJ and the 
southern part of MG and Espírito Santo states. Anti- 
cyclonic anomalies are located over the Atlantic 
Ocean on D0, centered to the southeast of RJ but 
nevertheless affecting most of RJ, MG and Espírito 
Santo states. On this day, the highest anomalies are 
of the order of 20 to 30 gpm over RJ, southern part of 
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Espírito Santo state and the south of Minas Gerais 
state. These positive anomalies are associated with 
the intensification of the ridge described in Figure 6a, 
indicating strong divergence at upper levels and, 
consequently mantaining moisture convergence at 
low levels. Thus, such an anomalous upper-level 
atmospheric circulation pattern is related to the mean 
position of the band of cloudiness associated with 
SHRE that contributes to precipitation intensification 
in the CRJ.

The negative anomalies show a pattern similar to 
that observed at the 500 hPa level (Fig. 4b). On D–2, 
there is a band of a cyclonic anomaly of streamline 
oriented northwest-to-southeast, from northern 
Argentina to the South Atlantic Ocean. The highest 

values of the negative geopotential height anomalies 
are of the order of –10 gpm to –20 gpm, located 
approximately to the east of the Buenos Aires Prov-
ince (Argentina) and the adjacent Atlantic Ocean. 
On D–1, these negative anomalies intensify as they 
move eastwards and cover northeastern Argentina, 
most of Uruguay and the Rio Grande do Sul state. 
On D0, the negative anomalies continue increasing in 
intensity, showing values of approimately –60 gpm in 
southeastern Rio Grande do Sul state and the adjacent 
Atlantic Ocean. On this day, the cyclonic streamline 
anomalies extend from southern Bolivia to the South 
Atlantic Ocean. A similar configuration at high levels 
was found by Nielsen et al. (2019) when they studied 
the SACZ episodes during the South American Mon-
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soon period. The authors identified the presence of 
cyclonic anomalies between southern Brazil and the 
adjacent Atlantic Ocean associated with the presence 
of SACZ located in different positions.

In the Tropical Atlantic Ocean east of the North-
east region of Brazil, there are cyclonic streamline 
anomalies affecting the area where the trough of the 
Northeast region of Brazil acts during the rainy sea-
son. This result is in agreement with Carvalho (1989) 
who suggests that the most intense SACZ events are 
associated with more intense trough of the Northeast 
region of Brazil.

3.2.2. Synoptic patterns associated with SHRE
The synoptic classification at the surface associated 
with SHRE, identified seven PPSs that explain 83.8% 
of the total variance, with the first four PPSs repre-
senting 69.8% of that total (Table II). The remaining 
PPSs were not considered in the analysis because 
their series of component loadings presented values 
lower than 0.5. The four PPSs associated with SHRE 
are shown in Figure 8.

PPS1 (Fig. 8a) and PPS2 (Fig. 8b) show a se-
quence pattern associated with the displacement of a 
cold front that arrives on the coast of RJ on D0. PPS1 
explains 21.4% of the total variance and is associated 
with a shorter and more oceanic baroclinic system 
than PPS2. It is noted that the cold front is unable to 
reach the continent because on D0 the frontal system 
appears connected with a low-pressure system loca- 
ted over the Atlantic Ocean, close to the coast of RJ. 
PPS1 also shows the Chaco Low, located between 

northern Argentina, central-western Paraguay, and 
southern Bolivia. This synoptic pattern at the sur-
face is similar to the average of the mean sea level 
pressure associated with SHRE, obtained through 
the composite method (Fig. 5a). This result was ex-
pected due to the fact that the PPSs that explain the 
higher percentage of the total variance is related to 
the most frequent synoptic pattern, which coincides 
frequently with the average field. The PPS2 sequence 
pattern (Fig. 8b) explains 20.0% of the total variance 
and shows on D0 the cold front over RJ with a more 
intense and wider post-frontal anticyclone compared 
to PPS1.

PPS3 (19.0%) (Fig. 8c) also shows an intense and 
wide post-frontal anticyclone with a slow displace-
ment during the analyzed period. On D–2, the frontal 
system is already over São Paulo state, reaching RJ 
during D–1. On D–1 and D0, the post-frontal anticy-
clone is practically stationary over the Atlantic Ocean 
around 35ºS, 45ºW, and acquiring blocking charac- 
teristics. With such surface atmospheric circulation 
pattern, the RJ is affected by persistent southeast 
winds which favor increased moisture convergence 
and, consequently, heavy rain intensification in the 
CRJ.

The patterns PPS2 and PPS3 are similar to those 
identified by Escobar (2019) related to a synoptic 
climatology during the Brazilian rainy season. The 
last sequence pattern (PPS4) (Fig. 8d) explains 9.4% 
of the total variance and reveals the presence of a 
low-pressure system located over the Atlantic Ocean 
to the south of RJ, which remains practically station-
ary during the analyzed period. This low-pressure 
system on D–2 is observed connected with a cold 
front located over the South Atlantic Ocean, close to 
40ºS, 35ºW. On D–1 and D0, the cold front moves 
eastwards quickly whilst the low-pressure system re-
mains practically in the same position, approximately 
at 25ºS, 45ºW. In general, these cyclones have a weak 
baroclinic structure whose associated cold fronts 
affect the coasts of the São Paulo and RJ states. On 
several occasions, these cyclones are not frontal and 
show subtropical features (Evans and Braun, 2012; 
Escobar, 2014; Gozzo et al., 2014; Brasiliense et al., 
2018; Silva et al. 2019). In both cases (extratropical 
or subtropical cyclones), this cyclone contributes to 
increase moist and warm air convergence towards 
southeastern Brazil. Moreover, surface southerly and 

Table II. Percentages of explained variance (P. Var) and 
the cumulative percentages (P. C.Var) explained by the 
different PPSs.

PPS P. Var (%) P. C. Var (%)

1 21.4 21.4
2 20.0 41.4
3 19.0 60.4
4 9.4 69.8
5 5.9 75.7
6 4.6 80.3
7 3.5 83.8
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southeasterly winds also favor rainfall intensification 
over the coastal areas of RJ.

While the low sample size (37 cases) is a statis-
tical limitation, pattern PPS3 related to a blocking 
configuration, was the synoptic pattern of SHRE that 

showed the longest duration. The rest of the patterns 
did not show significant differences associated with 
the duration of SHRE events.

Similar results were obtained asking how these 
four primary patterns varied throughout the October 
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April rainy season. There were no significant differ-
ences associated with the intraseasonal variability of 
the four PPS of SHRE.

Despite the small number of cases, pattern PPS2 
associated with the incursion of cold fronts, was 
more common in spring (November) and autumn 
(March) than in summer. This result is similar to 
Escobar (2019) of the synoptic climatology during 
the Brasilian rainy season.

Differences in the accumulated precipitation were 
evaluated for each of the four patterns associated 

with SHRE. Despite the few cases of SHRE events, 
the synoptic composite maps (figures not shown) 
did not show significant differences between the 
patterns (PPSs).

Figure 9 shows the synoptic surface charts highly 
correlated with the four PPSs associated with SHRE. 
The synoptic surface charts associated with the pat-
terns PPS1 (Fig. 9a) and PPS2 (Fig. 9b) show a cold 
front over the Atlantic Ocean, favoring mass and 
moisture convergence towards the continent. The 
synoptic surface chart related to the pattern PPS3 

Fig. 9. Surface synoptic charts elaborated by CPTEC/INPE at 1200 UTC associated with SHRE 
in the CRJ. a) January 14, 2016. b) March 12, 2016. c) February 17, 2014. d) February 6, 2015. 
Sea level pressure (hPa) in continuous yellow lines and 1000-500 hPa thickness in red dashed 
lines. Synoptic symbols as in conventional mode.
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(Fig. 9c) is associated with a wide high-pressure 
system located over the Atlantic Ocean and the 
stationary front close to the coast of RJ state. Such 
surface atmospheric circulation is similar to a block-
ing configuration pattern, with southeasterlies over 
the São Paulo and RJ state’s coast and favoring the 
intensification of heavy rain in the CRJ. The surface 
synoptic chart associated with PPS4 (Fig. 9d) shows 
the presence of the subtropical cyclone “Bapo” 
located in the Atlantic Ocean, approximately to the 
southeast of Santa Catarina state. This low-pressure 
system can persist for several days maintaining the 
convergence of a warm and moist air mass from 
the Amazon region to the Southeast region of Brazil 
and, consequently contributing to the intensification 
of the rain in the CRJ.

4.	 Conclusions
A synoptic climatology of SACZ episodes associ-
ated with HRE in the CRJ during the period Octo-
ber-April/2006-2016 was developed in this study to 
identify the main synoptic characteristics and the 
modes of variation of the surface atmospheric circula-
tion related to this extreme meteorological situation.

Over the 10 rainy seasons analyzed, 95 SACZ epi- 
sodes were identified over Brazil, 77 (81%) of which 
reached the CRJ (SCRJ). Considering the SCRJ 
episodes with at least one day of HRE in the CRJ 
(SHRE), 37 cases were identified from the 77 cases 
of SCRJ. This means that almost half (48%) of the 
SCRJ events caused HRE in the city.

A total of 43.1% of SHRE reached the heavy 
rainfall threshold on the first day and in 68.6% of 
the cases the rain reached this threshold on the first 
two days. This result indicates that the heavy rainfall 
in the CRJ caused by SACZ episodes occurs mainly 
during the beginning of the episode.

December, January, and March were the months 
with the highest frequency of episodes of SACZ, 
SCRJ, and SHRE and most of these episodes last 
between 3 and 6 days.

The mean synoptic pattern associated with SHRE 
shows the advance of a typical cold front from Ar-
gentina that is connected with a mid-tropospheric 
trough at lower latitudes and both of them contribute 
to the intensification of moist air mass convergence 
in the CRJ. Two days before the SHRE (D–2),the 

Chaco Low is observed over Paraguay and a weak 
mid-tropospheric trough is located on the lee side of 
the Andes Cordillera, over northern Argentina.

On D0, the 500 hPa cyclonic disturbance is located 
over São Paulo state and favors the formation of a 
wide area of low pressure over the Atlantic Ocean, to 
the south of RJ. The anomaly fields clearly show the 
propagation of a typical baroclinic system, with 
the 500 hPa wave positioned to the west of the sur-
face wave. The negative anomalies at both levels 
are more intense over the South Atlantic Ocean and 
significantly decrease their intensities as they extend 
towards the RJ, including the CRJ.

The atmospheric circulation at 850 hPa shows the 
typical configuration observed during rainy season 
in Brazil, with a predominant northerly flow. On 
D–2, the RJ shows a northerly flow from the Atlantic 
Ocean through the influence of the SASA, and on 
following days the flow rotates to the northwest from 
the Amazon region. Simultaneously, there is a frontal 
trough associated with the displacement of the cold 
front identified at the surface.

The 850 hPa anomaly fields show negative anom-
alies over a wide area in the South Atlantic Ocean 
with a pronounced anomalous trough that favors the 
establishment of a continental flow in a northwestern 
direction over much of the Southeast region of Brazil. 
This type of anomaly pattern at 850 hPa level induces 
the intensification of moisture transport from the Am-
azon region over the CRJ. This behavior is confirmed 
by the specific humidity anomalies at 850-hPa, where 
an increase of approximately 2gkg–1 is observed over 
part of the Southeast region of Brazil during D0. On 
this day, a “dipole” or seesaw pattern configuration 
is established, determined by positive anomalies in 
southeastern Brazil and negative anomalies in the 
South region of Brazil.

The atmospheric circulation at upper level (200 hPa) 
shows, between D–1 and D0, the presence of cyclonic 
anomalies in southern Brazil, Uruguay, and the adja-
cent Atlantic Ocean and anticyclonic anomalies over 
part of southeastern Brazil. The cyclonic anomalies 
are associated with the frontal trough, and the trough 
of the lower latitudes and the anticyclonic anomalies 
indicates strong divergence at high levels contribut-
ing to the precipitation intensification in the CRJ.

The synoptic classification at the surface associat-
ed with SHRE, allowed the identification of four main 
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synoptic patterns that represented approximately 70% 
of the total variance. Two of the patterns (PPS1 and 
PPS2) are related to the displacement of a cold front 
that arrives on the coast of RJ on D0. PPS1 does not 
directly reach the continent and is associated with a 
shorter and more oceanic baroclinic system compared 
to PPS2, and they accounted for 21.4% and 20.0% 
of the total variance, respectively.

Pattern PPS3 represented 19.0% of the total vari-
ance and is associated with an intense post-frontal an-
ticyclone that remains practically stationary over the 
Atlantic Ocean, acquiring blocking characteristics. 
The constant flow from the southeast determined by 
this synoptic pattern favors increased moisture con-
vergence and, consequently, the precipitation intensi-
fication in the CRJ. Pattern PPS4 explained 9.4% of 
the total variance and it is related to the presence 
of a cyclone over the Atlantic Ocean to the south of 
RJ, which reveals a weak baroclinic structure. The 
cold front associated with this cyclone usually affects 
the coasts of the São Paulo and RJ states. Frequently 
this type of cyclone is not frontal and has subtropical 
characteristics, remaining stationary for several days 
and favouring rainfall intensification in the CRJ.

Finally, note that the results of this study are use-
ful for weather forecasters who work in operational 
meteorological centers and need to forecast the heavy 
rainfall that occurs in the CRJ during the the Brazilian 
rainy season.

Acknowledgments
The authors thank the Brazilian Research Council 
(CNPq) for the financial support (“Edital Universal” 
Grant number 424157/2016-0). We also express our 
gratitude to the National Institute for Space Research 
(INPE) of Brazil for the synoptic charts and satellite 
images; the Rio Alert System from the Municipality 
of Rio de Janeiro for the precipitation data and to 
the National Center for Environmental Prediction 
(NCEP) for the reanalysis data.

References
Andrade KM, Cavalcanti IFA. 2018. Atmospheric char-

acteristics that induce extreme precipitation in frontal 
systems over Southeastern Brazil during summer: 
Observations and atmospheric model simulation. In-

ternational Journal of Climatology 38: 1–18. https://
doi.org/10.1002/joc.5744

Brasiliense CS, Dereczynski CP, Satyamurty P, Chou SC, 
Silva Santos VR, Calado RN. 2018. Synoptic analysis 
of an intense rainfall event in Paraíba do Sul river basin 
in southeast Brazil. Meteorological Application 25: 
66–77. https://doi.org/10.1002/met.1670

Carvalho AMG. 1989. Conexões entre a circulação em 
altitude e a convecção sobre a América do Sul. Mas-
ter´s thesis, Instituto Nacional de Pesquisas Espaciais.

Carvalho LMV, Jones C, Liebmann B. 2004. The South At-
lantic convergence zone: Intensity, form, persistence, 
and relationships with intraseasonal to interannual activ-
ity and extreme rainfall. Journal of Climate 17: 88–108. 
https://doi.org/10.1175/1520-0442(2004)017<0088:T-
SACZI>2.0.CO;2

Cattell R.1978. The Scientific use of factor analysis in 
behavioral and life sciences. New York and London, 
Plenum Press.

Compagnucci R, Salles MA. 1997. Surface Pressure 
Patterns during the year over Southern South 
America. International Journal of Climatology 
17: 635-653. https://doi.org/10.1002/(SICI)1097-
0088(199705)17:6<635::AID-JOC81>3.0.CO;2-B

Compagnucci R, Araneo D, Canziani P. 2001. Principal 
sequence pattern analysis: A new approach to classi-
fying the evolution of atmospheric systems. Interna-
tional Journal of Climatology 21: 197-217. https://doi.
org/10.1002/joc.601

Dereczynski CP, Oliveira JS, Machado CO. 2009. Cli-
matologia da precipitação no município do Rio de 
Janeiro. Revista Brasileira de Meteorologia 24: 24-38. 
https://doi.org/10.1590/S0102-77862009000100003

Dereczynski CP, Calado RN, Barros AB. 2017. Chuvas 
extremas no Município do Rio de Janeiro: Histórico a 
partir do Século XIX. Anuário do Instituto de Geociên-
cias 40: 17-30. https://doi.org/10.11137/2017_2_17_30

Dolif G, Nobre CA. 2012. Improving extreme precipitation 
forecasts in Rio de Janeiro, Brazil: are synoptic patterns 
efficient for distinguishing ordinary from heavy rainfall 
episodes? Atmospheric Science Letters 13(3): 216-222. 
https://doi.org/10.1002/asl.385

Dourado F, Arraes TC, Silva MF. 2012. O Megadesastre da 
Região Serrana do Rio de Janeiro – as Causas do Even-
to, os Mecanismos dos Movimentos de Massa e a Dis-
tribuição Espacial dos Investimentos de Reconstrução 
no Pós-Desastre. Anuário do Instituto de Geociências 
35: 43-54. https://doi.org/10.11137/2012_2_43_54



304 G. C. J. Escobar et al.

Doss-Gollin J, Muñoz AG, Mason SJ, Pastén M. 2018. 
Heavy rainfall in Paraguay during the 2015/16 austral 
summer: Causes and subseasonal-to-seasonal predic-
tive skill. Journal of Climate 31: 6669–6685. https://
doi.org/10.1175/JCLI-D-17-0805.1

Escobar GCJ, Compagnucci RH, Bischoff SA. 2004. Se-
quence patterns of 1000 hPa and 500 hPa geopotential 
height fields associated with cold surges in Buenos 
Aires. Atmósfera 12: 69-89.

Escobar GCJ. 2014. Padrões de circulação em superfície e 
em 500 hPa na América do Sul e eventos de anomalias 
positivas de precipitação no Estado de Minas Gerais 
durante o mês de dezembro de 2011. Revista Brasileira 
de Meteorologia 29:105-124. https://doi.org/10.1590/
S0102-77862014000100011

Escobar GCJ, Seluchi ME, Andrade K. 2016. Classifi-
cação sinótica de frentes frias associadas a chuvas 
extremas no leste de Santa Catarina (SC). Revista 
Brasileira de Meteorologia 31: 649-661. https://doi.
org/10.1590/0102-7786312314b20150156

Escobar GCJ, Matoso V. 2018. Zona de Convergência 
do Atlântico Sul (ZCAS): Definição prática segundo 
uma visão operacional. In: XX Congresso Brasileiro 
de Meteorologia. Maceió. Anais do XX Congresso 
Brasileiro de Meteorologia.

Escobar GCJ, Reboita MS, Souza A. 2019. Climatology 
of surface baroclinic zones in the coast of Brazil. 
Atmósfera 32: 129-141. https://doi.org/10.20937/
ATM.2019.32.02.04

Escobar GCJ. 2019. Classificação sinótica durante a 
estação chuvosa do Brasil. Anuário do Instituto 
de Geociências – UFRJ 42: 421-436. https://doi.
org/10.11137/2019_2_421_436

Evans JL, Braun A. 2012. A climatology of subtrop-
ical cyclones in the South Atlantic. Journal of 
Climate 25:  7328–7340. https://doi.org/10.1175/
JCLI-D-11-00212.1

Gozzo LF, Rocha RP, Reboita MS, Sugahara S. 2014: 
Subtropical cyclones over the southwestern South At-
lantic: Climatological aspects and case study. Journal 
of Climate 27: 8543–8562. https://doi.org/10.1175/
JCLI-D-14-00149.1

Green PE, Carroll JD. 1978. Analyzing Multivariate Data. 
The Dryden Press. Illinois.

Grimm AM. 2011. Interannual climate variability in 
South America: impacts on seasonal precipitation, 
extreme events, and possible effects of climate 
change. Stochastic Environmental Research and Risk 

Assessment 25: 537-554. https://doi.org/10.1007/
s00477-010-0420-1

Harman H.1976. Modern Factor Analysis. The University 
of Chicago Press Chicago. IL.

Huth R, Beck C, Philipp A, Demuzere M, Ustrnul Z, 
Cahynová M, Kyselý J, Tveito OT. 2008. Classi-
cations of atmosfheric ciculation patterns. Recent 
advances and applications. Trends and Directions in 
Climate Research. Annals of the New York Academy 
of Sciences 1146: 105-152. https://doi.org/10.1196/
annals.1446.019

Kodama Y. 1992. Large-scale common features of sub-
tropical precipitation zones (the Baiu frontal zone. 
the SPCZ and the SACZ) Part I: Characteristics of 
subtropical frontal zones. Journal of the Meteorologi-
cal Society of Japan. Ser. II. 70: 813-835. https://doi.
org/10.2151/jmsj1965.70.4_813

Kousky VE. 1979. Frontal influences on northeast Brazil. 
Monthly Weather Review 107: 1140-1153. https://
doi.org/10.1175/1520-0493(1979)107<1140:FION-
B>2.0.CO;2

Kousky VE, Gan M. 1981. Upper tropospheric cyclonic 
vortices in the tropical South Atlantic. Tellus 33: 538-
551. https://doi.org/10.3402/tellusa.v33i6.10775

Kousky VE. 1988. Pentad outgoing longwave radiation 
climatology for the South American sector. Revista 
Brasileira de Meteorologia 3: 217-231.

Lenters JD, Cook KH. 1997. Summertime precipitation 
variability over South America: Role of the large-scale 
circulation. Monthly Weather Review 127: 409-431. 
https://doi.org/10.1175/1520-0493(1999)127%3C040
9:SPVOSA%3E2.0.CO;2

Lima KC, Satyamurty P, Fernández JP. 2010. Large-scale 
atmospheric conditions associated with heavy rainfall 
episodes in Southeast Brazil. Theoretical and Applied 
Climatology 101: 121-135. https://doi.org/10.1007/
s00704-009-0207-9

Marchioro E, Silva GM, Correa W. 2016. A Zona de 
Convergência do Atlântico Sul e a precipitação plu-
vial do município de Vila Velha (ES): repercussões 
sobre as inundações. Revista do Departamento de 
Geografia 31: 101-117. https://doi.org/10.11606/rdg.
v31i0.108447

Moraes FDS, Aquino FE, Mote TL, Durkee JD, Mattingly 
KS. 2020. Atmospheric characteristics favorable for the 
development of mesoscale convective complexes in 
Southern Brazil. Climate Research 80: 43-58. https://
doi.org/10.3354/cr01595



305Synoptic patterns of SACZ associated with heavy rainfall in the city of Rio de Janeiro

Nogués-Paegle J and Mo KC. 1997. Alternating wet and 
dry conditions over South America during summer. 
Monthly Weather Review 125:279– 291. https://doi.
org/10.1175/1520-0493(1997)125%3C0279:AWAD-
CO%3E2.0.CO;2

Nery JT, Malvestio L. 2017. Natural Disasters in South-
eastern Brazil Associated with the South Atlantic 
Convergence Zone. Natural Hazards and Earth System 
Sciences Discussions 1-24. https://doi.org/10.5194/
nhess-2015-33

Nielsen DM, Belém AL, Marton E, Cataldi M. 2019. Dy-
namics-based regression models for the South Atlantic 
Convergence Zone. Climate Dynamics 52: 5527–5553. 
https://doi.org/10.1007/s00382-018-4460-4

Pristo MV, Dereczynki CP, Souza PRD, Menezes WF. 
2018. Climatologia de Chuvas Intensas no Município 
do Rio de Janeiro. Revista Brasileira de Meteoro-
logia 33: 615-630. https://doi.org/10.1590/0102-
7786334005

Quadro MFL. 1994. Estudo de episódios de Zona de Con-
vergência do Atlântico Sul (ZCAS) sobre a América 
do Sul. 1994. Master´s thesis, Instituto Nacional de 
Pesquisas Espaciais.

Reboita MS, Gan MA, Rocha RP, Ambrizzi T. 2010. 
Regimes de precipitação na América do Sul: uma 
revisão bibliográfica. Revista Brasileira de Meteo-
rologia 25: 185-204. https://doi.org/10.1590/S0102-
77862010000200004

Reboita MS, Marietto DMG, Souza A, Barbosa M. 2017. 
Caracterização atmosférica quando da ocorrência de 
eventos extremos de chuva na região sul de Minas 
Gerais. Revista Brasileira de Climatologia 21: 20-37. 
https://doi.org/10.5380/abclima.v21i0.47577

Richman M. 1986. Rotation of Principal Components. 
Journal of Climatology 6: 293-335.

Richman M, Angel J, Gong X. 1992. Determination of 
Dimensionality in Eingenanalysis. In: Proceedings of 
the 5th International meeting on statistical climatology, 
Toronto, Canadá. 

Rocha RP, Reboita MS, Gozzo LF, Dutra LMM, Jesus EM. 
2019. Subtropical cyclones over the oceanic basins: a 

review. Annals of the New York Academy of Sciences 
1436: 138-156. https://doi.org/10.1111/nyas.13927

Rozante JR, Moreira DS, Gonçalves LGG, Vila DA. 
2010. Combining TRMM and surface observations 
of precipitation: technique and validation over South 
America. Weather and forecasting 25: 885-894. https://
doi.org/10.1175/2010WAF2222325.1

Saha S, Moorthi S, Pan H, Wu X, Wang J, Nadiga S, Tripp 
P, Kistler R, Woollen J, Behringer D, Liu H, Stokes 
D, Grumbine R, Gayno G, Wang J, Hou Y, Chuang H, 
Juang HH, Sela J, Iredell M, Treadon R, Kleist D, Delst 
PV, Keyser D, Derber J, Ek M, Meng J, Wei H, Yang 
R, Lord S, van den Dool H, Kumar A, Wang W, Long 
C, Chelliah M, Xue Y, Huang B, Schemm J, Ebisuzaki 
W, Lin R, Xie P, Chen M, Zhou S, Higgins W, Zou 
C, Liu Q, Chen Y, Han Y, Cucurull L, Reynolds RW, 
Rutledge G, Goldberg M. 2010. The NCEP Climate 
Forecast System Reanalysis. Bulletin of the American 
Meteorological Society 91: 1015-1057. https://doi.
org/10.1175/2010BAMS3001.1

Saha S, Moorthi S, Wu X, Wang J, Nadiga S, Tripp P, Beh-
ringer D, Hou Y, Chuang H, Iredell M, Ek M, Meng J, 
Yang R, Mendez MP, van den Dool H, Zhang Q, Wang 
W, Chen M, Becker E. 2014. The NCEP Cimate Fore-
cast System Version 2. Journal of Climate 27: 2185-
2208. https://doi.org/10.1175/JCLI-D-12-00823.1

Seluchi ME, Chou SC. 2009. Synoptic patterns associated 
with landslide events in the Serra do Mar, Brazil. The-
oretical and Applied Climatology, 98: 67-77. https://
doi.org/10.1007/s00704-008-0101-x

Silva JP, Reboita MS, Escobar GCJ. 2019. Caracterização 
da zona de convergência do Atlântico Sul em campos 
atmosféricos recentes. Revista Brasileira de Clima-
tologia 15: 355-377. http://doi.org/10.5380/abclima.
v25i0.64101

Weide-Moura CR, Escobar GCJ, Andrade KM. 2013. 
Padrões de circulação em superfície e altitude as-
sociados a eventos de chuva intense na região met-
ropolitana do Rio de Janeiro. Revista Brasileira de 
Meteorologia 28: 267-280. https://doi.org/10.1590/
S0102-77862013000300004


