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RESUMEN

Este estudio presenta una climatología sinóptica de eventos de lluvia fuerte (ELLF) en la región del Valle de 
Itajaí (rVI) en la parte este del estado de Santa Catarina (SC) entre 2000 y 2022. Se identificaron un total de 
195 ELLF, correspondientes a precipitaciones superiores a 27 mm diarios. El patrón sinóptico medio asociado 
con los ELLF mostró el avance de un frente frío sobre la región de estudio y la presencia de un sistema de baja 
presión sobre el noreste de Argentina y Paraguay, el cual provocó advección cálida sobre gran parte del estado 
de SC. Este patrón también se observó en el nivel de 850 hPa, donde las circulaciones ciclónicas centradas 
sobre Paraguay dos días antes (día –2) de los ELLF intensificaron el transporte de humedad desde la región 
amazónica sobre SC. El día 0 se observó una vaguada en la troposfera media y superior sobre Argentina, 
Uruguay y partes del sur de Brasil, mostrando un sistema dinámico típico de latitudes medias que refleja el 
frente frío observado en superficie. La clasificación sinóptica en superficie identificó cuatro patrones sinóp-
ticos principales asociados con ELLF en la rVI. El patrón más frecuente estuvo relacionado con la presencia 
del Anticiclón Subtropical del Atlántico Sur (ASAS) con características de bloqueo. Dos patrones estuvieron 
relacionados con un típico frente frío, y el último patrón estuvo asociado con un proceso ciclogenético. No 
se encontró correlación entre la temperatura superficial del mar (TSM) y la ocurrencia de ELLF en la rVI; 
sin embargo, el gradiente de anomalía de TSM observado alrededor de la latitud 35º S sugiere que los frentes 
fríos pueden estar anclados sobre una zona de aguas anormalmente frías en la costa sur de Brasil.

ABSTRACT

This study presents a synoptic climatology of heavy rainfall events (HRE) in the Itajaí Valley region (IVr) in 
the eastern Santa Catarina (SC) state between 2000 and 2022. A total of 195 HRE were identified, correspond-
ing to accumulations greater than 27 mm per day. The mean synoptic pattern associated with HRE showed 
the presence of a cold front over the study region and a low-pressure system over northeastern Argentina 
and Paraguay that promoted warm advection over much of the SC state. This pattern was also observed at 
the 850 hPa level, where a cyclonic circulation centered over Paraguay two days before the HRE (day –2) 
intensified the moisture transport from the Amazon region over SC. On day 0, a trough in the middle and 
upper troposphere was observed over Argentina, Uruguay, and parts of southern Brazil, showing a typical 
mid-latitude dynamic system that reflects the cold front observed at the surface. The synoptic classification 
identified four main surface synoptic patterns associated with HRE in the IVr. The most frequent pattern was 
related to the presence of the South Atlantic Subtropical Anticyclone (SASA) with blocking characteristics. 
Two patterns were related to a typical cold front, and the last was associated with a cyclogenetic process. 
No correlation was found between the sea surface temperature (SST) and the occurrence of HRE in the IVr; 
however, the SST anomaly gradient observed around 35º S suggested that cold fronts may be anchoring over 
the region of anomalously cold waters over the coast of the south of Brazil.
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1. Introduction
The Itajaí Valley region (IVr) is in the eastern part 
of Santa Catarina (SC) state. It is the most vulnera-
ble area of the state due to its high susceptibility to 
flooding and landslides during heavy rainfall events 
(HRE) (Herrmann, 2014; Ávila and Mattedi, 2017; 
Cardoso, 2017; Murara et al., 2018). The IVr has 
a complex topography characterized by mountains 
and valleys that modify the atmospheric flow and 
influence the local weather patterns by, for instance, 
enhancing the rainfall intensity and, therefore, pro-
ducing localized HRE.

Cold fronts are the most common synoptic-scale 
meteorological systems that modify weather con-
ditions in the central-southern region of the South 
American continent (Andrade, 2005; Escobar et al., 
2019a). According to Foss et al. (2017), there are 
two preferred regions with a higher frequency of 
cold front passages over South America: the first is 
located immediately east of the Andes Mountains, 
and the second is along the coast of the south and 
southeast regions of Brazil. Thus, the IVr is one of 
the regions with the highest frequency of cold front 
passages in Brazil.

Escobar et al. (2016) performed a synoptic cli-
matology of cold fronts associated with HRE in the 
IVr, based on 32 years (1979-2010) of data from 
the Climate Forecast System Reanalysis (CFSR) of 
the National Center for Environmental Prediction 
(NCEP). The authors found that the most frequent 
synoptic pattern shows an intense surface south-
easterly wind over the studied area, determined by a 
strong post-frontal anticyclone located over southern 
Buenos Aires state in Argentina. In this case, the 
associated cold front is in the extreme northeastern 
part of the SC state.

The Upper-Level Cyclonic Vortex (ULCV) is 
another synoptic-scale meteorological system that 
influences the weather over the IVr throughout the 
year and produces severe weather events with strong 
impacts on the population. From November 21 to 
24, 2008, this upper-level low-pressure system was 
responsible for one of the biggest natural disasters 
in the state of SC (Silva Dias, 2009; García et al., 
2011). The eastern SC was affected by an atmo-
spheric blocking configuration, determined by the 
presence of an intense anticyclone in the South 
Atlantic Ocean (SAO) and the action of a ULCV at 

500 hPa located within the state of SC. Both systems 
determined an atmospheric circulation at the surface 
that favored the intensification of northeasterly 
winds over eastern SC, contributing to heavy rainfall 
in the IVr. Between November 22 and 23, rainfall 
records showed accumulations of up to 300 mm in 
the IVr. The cities of Blumenau, Florianópolis, In-
daial, and Joinville were also affected and presented 
strong impacts on the population. In summary, 60 
cities and 1.5 million people were affected, 9390 
were displaced, and 135 died.

Extratropical and subtropical cyclones (Taljaard, 
1972; Simmonds and Keay, 2000; Hoskins and Hodg-
es, 2005) are other of the main synoptic-scale weather 
systems that cause HRE in the eastern part of the SC 
state, including the IVr. Most of these cyclones are 
extratropical, but they can also exhibit subtropical 
(Gozzo et al., 2014; Reboita et al., 2022) or tropical 
characteristics (McTaggart-Cowan et al., 2006) on 
many occasions. The formation process and cyclonic 
circulation associated with these weather systems 
contribute to the intensification of winds and rainfall 
in the IVr. Among the various extratropical cyclones, 
it can be mentioned the explosive cyclone (Sanders 
and Gyakum, 1980; Seluchi and Saulo, 1998; Lim 
and Simmonds, 2002) occurred between June 30 and 
July 1, 2020, when a squall line crossed the SC state 
during the formation process, causing severe weather 
with strong impacts in various locations, including 
the IVr (Fortunato et al., 2023).

Considering that the HRE occurring in the IVr 
under the influence of synoptic-scale weather systems 
can significantly impact the local population, under-
standing the behavior of these episodes is crucial for 
urban planners to minimize their effects. Therefore, 
this study aims to develop a synoptic climatology 
to describe the dynamic and thermodynamic char-
acteristics associated with these events, given the 
importance of these weather systems in modulating 
precipitation in this vulnerable region (Ávila and 
Mattedi, 2017; Murara et al., 2018). Furthermore, 
most studies associated with HRE in the IVr are 
either based on synoptic analyses of specific cases 
or statistical studies of mean meteorological condi-
tions. Therefore, another objective of this study is 
to analyze the variability of atmospheric circulation 
associated with these extreme events by creating a 
surface synoptic classification. The main synoptic 
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patterns of HRE in the IVr obtained in this work 
may also help weather forecasters to improve their 
forecasting and minimize the impacts of flooding and 
landslides in vulnerable regions.

This paper is organized as follows: section 2 
details the data and the methodology used in this 
study; section 3 analyzes the synoptic features and 
identifies the principal surface weather patterns as-
sociated with HRE in the IVr, and section 4 presents 
the conclusions.

2. Data and methodology
2.1 Data
To identify the HRE in the IVr, daily precipitation 
data from the period 2000-2022 were used, ob-
tained through the MERGE product (Escobar et al., 
2016, 2022), with a spatial resolution of 0.2º × 0.2º. 
MERGE results from combining surface observations 
over the South American continent with Tropical 
Rainfall Measuring Mission (TRMM) satellite pre-
cipitation estimates (Rozante et al., 2010).

Images captured by the Geostationary Operational 
Environmental Satellite (GOES) series, specifically 
in the thermal infrared (IR) channels (Knapp et al., 
2011), were acquired with a spatial resolution of 0.1º 
at 12:00 UTC. These images were used to pinpoint 
the cloudiness linked with the HRE in the IVr region.

Weekly sea surface temperature (SST) data 
derived from NOAA Optimum Interpolation (OI) 
SST V2 High Resolution with a spatial resolution 
of 0.25º (Huang et al., 2021) was also used for the 
period 2000-2022.

To study the synoptic characteristics associated 
with HRE in the IVr, daily (12:00 UTC), gridded 
reanalysis meteorological data from the National 
Centers for Environmental Prediction (NCEP) Cli-
mate Forecast System Reanalysis (CFSR) were used 
for the period 2000-2022. The CFSR v. 1 (Saha et 
al., 2010) covers the period from January 1979 to 
March 2011, and the CFSR v. 2 (Saha et al., 2014) 
was released in March 2011 and has been running 
operationally since then. Both have a horizontal na-
tive resolution of T382 (~38 km). Their horizontal 
resolution is 0.25º × 0.25º between 10º S and 10º N, 
reducing gradually towards the poles, reaching 0.5º 
between 30º N and 30º S. We selected the 12:00 UTC 
datasets due to the higher density of observations over 

the South American continent at this time; therefore, 
the analysis is expected to be more accurate.

The CFSR meteorological variables used are: (i) 
mean sea level pressure (hPa); (ii) 850 hPa specific 
humidity (g kg–1), and 850, 500 and 250 hPa wind 
components (m s–1); (iii) 850, 500 and 250 hPa geo-
potential height (gpm), and (iv) 500 hPa temperature 
(ºC) for the period 2000-2022. We also utilized sur-
face synoptic charts at 12:00 UTC from the Brazilian 
Center for Weather Forecast and Climate Studies 
(CPTEC), National Institute for Space Research 
(INPE), spanning from 2010 to 2022.

2.2 Selection of HRE
According to Teixeira and Satyamurty (2007), the 
definition of HRE is subjective and varies significant-
ly from one study to another. HRE is usually based 
on a precipitation threshold, while in other cases, it is 
determined by comparing the precipitation averaged 
over a reasonably wide area. As the focus of this study 
is to identify the synoptic pattern associated with the 
onset of HRE rather than its persistence, only the first 
day of HRE is considered.

In this study, HRE were selected using the per-
centile technique (Dereczynski et al., 2009; Silva and 
Reboita, 2013; Escobar et al., 2016), which involves 
calculating daily precipitation quantiles based on the 
average precipitation in a selected area (red box in 
Fig. 1a) using MERGE rainfall data with a spatial 
resolution of 0.2º × 0.2º. The grid of the MERGE 
rainfall is depicted in Figure 1b. Thus, we obtained 
a unified value representing the daily precipitation 
in the box. In the specified region, rainfall values 
above the 95th percentile (the top 5% of the most 
intense cases from the total number of events) were 
considered, corresponding to accumulations greater 
than 27 mm day–1. As a result, 195 cases of HRE 
were identified.

2.3 Composites fields
After the selection of the HRE, average composite 
fields of atmospheric variables mentioned in section 
2.1 for two days before the initial day (day –2) and 
at the initial HRE day (day 0) were calculated to 
identify the synoptic features associated with such 
episodes. The maps comprise the domain of 5º-40º S 
and 80º-30º W for all variables. Mean fields are 
constructed for the whole period, from 2000 to 2022.
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The weekly SST anomaly is calculated from the 
weekly SST climatology, then all event anomalies 
are averaged to create the composite. The weekly 
SST climatology was obtained for the whole period, 
from 2000 to 2022.

2.4 Synoptic classification
After identifying the mean synoptic features associ-
ated with HRE in the IVr, a synoptic classification at 
the surface was performed through principal pattern 
sequence analysis (PPSA) (Compagnucci et al., 2001; 
Escobar et al., 2004; Huth et al., 2008). According to 
Compagnucci et al. (2001), PPSA is considered an ex-
tension of the traditional principal component analysis 
(PCA), with a correlation matrix in T-mode (Green and 
Carrol, 1978; Richman, 1986; Escobar et al., 2016). 
The main objective is to obtain the evolution of the 
principal dominant modes of atmospheric circulation 
for specific meteorological situations. In this applica-
tion, each variable is a sequence of consecutive spatial 
mean sea level pressure patterns, and the correlation 
matrix represents the correlation between sequences.

The matrices are composed of mean sea level 
pressure data of the 195 HRE × 7171 grid points for 
three days: two days before the initial day (day –2), 
one day before the initial day (day –1), and the initial 
HRE day (day 0). With such an objective methodol-
ogy, it is possible to identify subgroups or types of 
fields with the same spatial structure.

After the application of the PPSA, varimax 
rotation (Richman, 1986) was performed. This 

methodology is useful to redistribute the total vari-
ance of data among the components to emphasize the 
physical meaning of the principal pattern sequence 
(PPS) (Richman, 1986). The optimum number of 
rotated PPSs was determined by the eigenvalue 1.0 
rule (Richman et al., 1992). The real meteorological 
fields significantly correlated with the PPSs were 
determined through a temporal series of factor 
loadings representing the correlations between the 
variable used (real meteorological field) and each PPS 
(Richman, 1986). Analysis of the component load-
ings allows the evaluation of representative patterns 
(obtained from PPSA) as real atmospheric circulation 
fields (registered in the reanalysis). 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 positive and negative phases (Compagnucci 
and Salles, 1997). Moreover, PPSs are related to two 
different synoptic patterns with the same shape. For 
positive values of component loadings (direct mode), 
PPSs have the same sign as the meteorological vari-
able 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, 
that is, positive (negative) values represent low (high) 
pressures. In this study, the values of component load-
ings (figures not shown) were positive, meaning that 
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Fig. 1. (a) Area selected for study. The red box indicates the Itajaí Valley region; (b) grid of 
the merged rainfall data within the area selected. Shaded areas represent orography in meters.
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the PPSs have the same sign as the meteorological 
fields (weather type).

Finally, the seasonal variation of the variance 
explained by each PPS found at the surface was 
calculated to determine the respective contributions 
or weights of each PPS during different seasons of 
the year: summer (December, January, February), 
autumn (March, April, May), winter (June, July, Au-
gust), and spring (September, October, November). 
These explained variances were computed using the 
respective series of component loadings (Harman 
1976; Cattell 1978).

3. Results
3.1 Climatology of HRE in the IVr
Figure 2 shows the annual distribution of the number 
of HRE cases in the IVr. There are two similar main 
maxima; one in January and the other in Septem-
ber. The highest concentration of HRE in the IVr is 
observed in spring, mainly during September and 
October, with 26 and 23 cases, respectively. This 
characteristic is likely related to more favorable 
thermodynamic conditions, which, combined with 
baroclinic activity, enhance the increase in rainfall 
intensity. (Escobar et al., 2016).

On the other hand, the maximum observed in Jan-
uary (26 cases) could be attributed to the position of 
the South Atlantic Subtropical Anticyclone (SASA), 

which generates northeasterly winds over the study 
area during this month (Escobar, 2019), leading to 
HRE in the IVr. Conversely, during February the 
synoptic pattern associated with the SASA occurs 
less frequently compared to January (Escobar, 2019), 
which could explain the observed minimum (10 
cases) during this month. The maximum observed 
in January and the minimum in February were also 
identified by Escobar et al. (2016) during their study 
of cold fronts associated with extreme rainfall over 
the eastern SC state.

3.2 Synoptic climatology associated with HRE in 
the IVr
3.2.1 Composites fields of atmospheric variables
To identify the primary synoptic features associated 
with HRE in the IVr, we calculated composites fields 
for the variables specified in section 2.1. The analysis 
is based on a sample of 195 HREs, which represents 
the total number of cases identified during the studied 
period from 2000 to 2022.

Figure 3 shows the mean synoptic situation associ-
ated with HRE in the IVr for days –2 and 0. The mean 
sea level pressure shows a cold front located between 
the SAO and southern Rio Grande do Sul (RS) state 
on day –2 (Fig. 3a). The frontal system is extended 
to northeastern Argentina and connected with a large 
low-pressure system of 1011 hPa, which is located over 
northern Argentina, Paraguay, and southern Bolivia. 
This low-pressure system is related to the coupled of 
the North-Western Argentinean Low (NAL) and the 
Chaco Low (CHL) (Escobar and Seluchi, 2012). On 
day 0 (Fig. 3b), the cold front extends from the SAO 
to eastern Bolivia. The cold front is associated with the 
extratropical cyclone positioned over the SAO, close 
to 32º S, 40º W with a center of 1011 hPa. Seluchi et 
al. (2017) identified a similar surface synoptic pattern 
when studying the characteristics of cold fronts asso-
ciated with heavy rainfall in eastern SC.

The frontal characteristics can be confirmed by the 
thickness gradient observed between the northeast of 
SC and 32º S, which is consistent with the presence 
of a frontal system. A similar pattern was found by 
Teixeira and Satyamurty (2007) and Escobar et al. 
(2016) when they studied the dynamical and synoptic 
characteristics of HRE in Southern Brazil and the 
cold fronts associated with extreme rainfall over the 
east of SC state, respectively.
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The 850 hPa streamline field shows the position of 
the cold front in the southern part of RS with north-
erly and northwesterly winds, transporting warm and 
moist air from the Amazon basin and the SAO to the 
state of SC, including the IVr (Fig. 3c). There is also a 
cyclonic circulation between northern Argentina and 
southern Bolivia, which is related to the low-pressure 
area identified at the surface and described in Fig. 3a. 
Additionally, the cold front is clearly detected 
through the specific humidity gradient observed in 
the extreme south and west of Brazil and along the 
border with Argentina and Uruguay (Fig. 3c).

On day 0 (Fig. 3d), after the passage of the cold 
front, a decrease in specific humidity is observed over 
southern and southeastern SC state, with specific hu-
midity values in the range of 8-10 g kg–1. The 500 hPa 
level shows, on day –2 (Fig. 3e), the frontal trough 
with its axis extending northwestward from the SAO 
(40º S, 55º W) to northeastern Argentina (32º S, 60º W). 
The temperature field shows an intense thermal 
gradient south of 32º S of approximately 8 ºC over a 
distance of 10º latitude, consistent with the presence 
of the cold front at middle levels.

On day 0 (Fig. 3f), this frontal trough appears 
more pronounced, with its axis extending northwest-
ward from the SAO (40º S, 49º W) to the center of 
Paraguay (25º S, 57º W). The intense thermal gradient 
moves slightly to the north and is located to the south 
of 28º S according to the advance of the cold front at 
low levels (Fig. 3b, d).

It is also possible to observe the phase shift of 
the thermal wave relative to the mass wave, associ-
ated with a typical baroclinic system. This feature is 
observed mainly on day 0 (Fig. 3f), when the cold 
front is well-defined.

In the upper troposphere, there is a well-defined 
frontal trough that accompanies the progress of the 
cold front at low levels. Two days prior to the HRE 
(day –2, Fig. 3g), the jet stream exhibits a north-
west-southeast orientation around southern Uruguay 
and northeastern Buenos Aires Province (Argentina), 
with wind intensities exceeding 45 m s–1. The wide 
area of strong winds and geopotential height values 
indicates the coupling of the subtropical jet with the 
polar jet. Typically, the subtropical jet appears above 
10 440 gpm, while the polar jet (north branch) is 
identified between 10 200 and 10 440 gpm (Escobar et 
al., 2019a). The polar jet, which is linked to the cold 

front at the surface, is observed in close proximity to 
southern Buenos Aires Province (Argentina) (38º S, 
60º W) two days before the HRE (day –2, Fig. 3g).

On the day of the HRE (day 0, Fig. 3h), the 
frontal trough with its associated jet stream affects 
a significant portion of RS state, northeastern Ar-
gentina, and the SAO, where it shows an intensity 
of approximately 55 m s–1. This feature is in ac-
cordance with an intense horizontal geopotential 
height gradient. On this day, the presence of the 
frontal trough is expected to increase upper-level 
divergence over eastern SC, including the IVr re-
gion. This dynamic factor contributes to the inten-
sification of convergence in the lower troposphere, 
leading to the forced vertical ascent of air from the 
surface. This mechanism contributes to the intensi-
fication of precipitation in the study region.

Another noteworthy feature observed at 250 hPa 
is an atmospheric circulation pattern similar to the 
typical upper-level pattern observed during the rainy 
season in Brazil, characterized by the presence of the 
Bolivian High and the trough in the northeast region 
of Brazil. This pattern is common during the rainy 
season due to its association with strong convective 
activity in the Amazon basin (Lenters and Cook, 
1999). Therefore, it can be inferred that many cases 
of heavy rainfall occur during the rainy season, as 
observed in the annual distribution of the number of 
HRE cases in IVr (Fig. 2).

Figure 4 shows the average infrared field of the 
GOES family satellite for two days before (day –2) 
and on the day of the HRE (day 0). Two days earlier 
(Fig. 4a), a formation of deep clouds was already 
observed, with a brightness temperature of 264 K, on 
the south coast of SC. On day 0 (Fig. 4b) the system 
gained strength, reaching a brightness temperature 
below 250 K. This temperature indicates the presence 
of deep clouds associated with a convective system 
over the ocean. On the other hand, over the study 
region (Fig. 1a), the temperature was around 252 K. 
As the average image resolution is 10 km, deep and 
smaller systems are not discretized. The cloudiness 
band is extended over the ocean, following the sur-
face frontal band (Fig. 3b) and the specific humidity 
pattern (Fig. 3d).

Fig. 4c shows the average SST field only on the 
day of the event (two days before SST anomaly is 
similar, not shown). Despite what could be expected 
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in heavy rainfall events on the coast, the SST had a 
negative anomaly pattern, implying that the ocean 
was not the main energy that sustained the severe 
events.

However, the pronounced positive anomalies 
spread over the South Atlantic around 30º S, 30º W 
and the observed gradient around 35º S implied that 
frontal systems would tend to anchor over the area of 
negative SST anomaly ahead of the coast of southern 
Brazil and west and south of an area of predominance 
of positive SST anomalies. It is precisely in the signal 

change region (33º S, 40º W) that a closed minimum 
of pressure was observed (Fig. 3b).

3.2.2 Synoptic patterns associated with HRE in the 
IVr
The synoptic classification at the surface associated 
with HRE in the IVr, identified eight PPSs that ex-
plain 81.8% of the total variance, with the first four 
PPSs representing 63.5% of that total (Table I). The 
remaining PPSs were not considered in the analysis 
because their series of component loadings presented 
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temperature anomalies (ºC) HRE composites.
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values lower than 0.5. The four PPSs associated with 
HRE in the IVr are shown in Figure 5.

PPS1 (Fig. 5a) explains 18.9% of the total vari-
ance. It shows on day –2 a large high-pressure system 
related to the SASA, which its center positioned at 
approximately 39º S, 40º W, to the south and west 
of its average climatological position (Marengo et 
al., 2012). At the same time, there is a low-pressure 
area on the continent, extending from the south of 
Bolivia towards the north and west of Argentina that 
is related to the coupled of the NAL and the CHL 
(Escobar and Seluchi, 2012).

During the following days (days –1 and 0), the 
low-pressure area moves slowly toward the east while 
intensifying and covering a great part of south-central 
Brazil. Throughout the entire period, the eastern SC is 
affected by a horizontal pressure gradient, resulting in 
northeasterly winds which contribute to intensifying 
the low-level moisture flux convergence in the region, 
ultimately leading to heavy rainfall in the IVr.

A similar sequence of surface synoptic patterns 
was found by Escobar and Reboita (2022) when they 
studied the main synoptic patterns related to South 
Atlantic Convergence Zone (SACZ) episodes. The 
authors found that a day after the occurrence of heavy 
rainfall in the IVr, the low-pressure area that affects 
the continent moves toward the SAO while intensi-
fying and producing a cyclone. This low-pressure 
system contributes to determining a SACZ episode.

PPS2 (Fig. 5b), with 17.8% of the total variance, 
is associated with the typical passage of a cold front 
in Brazil (Foss et al., 2017; Escobar, 2019). Two 

days before (day –2) of the occurrence of HRE in the 
IVr, there is a low-pressure system located between 
northern Argentina, southern Bolivia, and western 
Paraguay which is probably associated with the CHL. 
This low-pressure system is connected with a cold 
front which is extended approximately between the 
SAO and Uruguay. On this day, a great part of SC 
state is affected by a westerly and northwesterly wind.

During the following days (day –1 and day 0), 
the cold front moves northeastward producing south-
westerly and southeasterly wind over eastern SC on 
day –1 and day 0, respectively. It also can be observed 
the advance of the post-frontal anticyclone, entering 
the continent with a meridional component. On 
day 0, the cold front is extended between northeastern 
SC and southwestern Mato Grosso (MT), with the 
southeasterly wind over the IVr which favors the 
intensification of the rain over the study area (Fig.5b).

This sequence of surface synoptic charts is similar 
to the average of mean sea level pressure associated 
with HRE in the IVr, obtained through the composite 
method (Fig. 3b). This result was expected because 
the PPSs that explain the higher percentage of the to-
tal variance are related to the most frequent synoptic 
pattern, which frequently coincides with the average 
field (Compagnucci et al., 2001).

PPS3 (Fig. 5c) explains 14.1% of the total 
variance and also exhibits meteorological features 
associated with a frontal system, which is linked 
to a process of cyclogenesis. Two days before the 
occurrence of HRE in the IVr (day –2), a stationary 
front appears near eastern SP, extending towards the 
south and east of Bolivia. Additionally, an elongated 
region of low pressure, known as an inverted trough, 
is visible between southern MT and western PR. This 
surface-level low-pressure system is associated with 
the formation of a frontal wave.

On the day before the event (day –1), the inverted 
trough strengthens, and the post-frontal anticyclone 
moves slightly towards the east, positioning itself 
near 37º S, 50º W. As a result of this surface atmo-
spheric circulation, the eastern SC region is dominat-
ed by easterly winds, which can be quite strong due 
to an increase in the pressure gradient.

On the day of the event (day 0), the inverted 
trough continues its eastward movement and can 
now be found between northeastern MT and northern 
SP. Additionally, a weak cyclone is observed over 

Table I. Percentages of explained variance and cumulative 
percentages explained by the different principal pattern 
sequences (PPSs).

PPSs
Percentages of

explained variance
(%)

Cumulative percentages
of explained variance

(%)

1 18.9 18.9
2 17.8 36.7
3 14.1 50.8
4 12.7 63.5
5 6.4 69.9
6 4.3 74.2
7 3.9 78.1
8 3.7 81.8
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the Atlantic Ocean, located near 25º S, 45º W. This 
cyclone may develop into an extratropical or subtrop-
ical cyclone in the near future. The presence of the 
cyclone close to the coast of the SC state contributes 
to increasing the mass and moisture convergence 
over this area and consequently intensifies the rain 
in the IVr.

A similar synoptic weather pattern was identified 
by Escobar et al. (2019b) and Escobar (2023) when 
they conducted a synoptic climatology of winter over 
Brazil and a synoptic classification associated with 
“friagens” in central-western Brazil, respectively.

The last main surface synoptic pattern, as shown 
in PPS4 (Fig. 5d), accounts for 12.7% of the total 
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Fig. 5. Principal pattern sequences (PPSs) obtained at surface level. (a) PPS1, (b) PPS2, (c) PPS3, (d) PPS4. From 
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variance and is associated with a meteorological sit-
uation characterized by the presence of a cold front 
across the study area. Unlike PPS2 in Figure 5b, 
which is also related to a cold front, the main dif-
ference lies in the location of the frontal system. In 
PPS2, the frontal system is positioned around the 
eastern SP on day 0, generating southeasterly winds 
in IVr. In contrast, the cold front in PPS4 is in the 
east of SC state, creating southwesterly winds in IVr.

Therefore, the passage of a cold front can lead 
HRE in the IVr with southwesterly or southeast-
erly winds. When the cold front is accompanied 
by southeasterly winds (PPS2, Fig. 5b), there is 
greater interaction between the low-level flow and 
the complex topography of the region, resulting in 
more intense rainfall in the study area. Furthermore, 
this surface synoptic pattern (PPS2, Fig. 5b) occurs 
more frequently than the other pattern (PPS4, Fig. 5d) 
because it explains a higher percentage of the vari-
ance (Table I). These two synoptic patterns associated 
with the presence of a cold front were also found by 
Escobar et al. (2016) when they performed a synoptic 
climatology of cold fronts associated with HRE in 
the IVr.

The distribution of variance explained by the first 
four sequence patterns across different seasons is 
presented in Table II.

Spring exhibits the highest percentages of ex-
plained variance, with PPS1 and PPS2 having the 
greatest values (6.9 and 5.8, respectively). PPS1 

shows a significant contribution throughout the year, 
except for winter, which has a lower value (1.7) of 
explained variance. This result is consistent because 
from October to March, the SASA tends to be located 
further south, promoting the occurrence of blocking 
situations (Escobar, 2019; Escobar and Reboita, 2022). 
Consequently, this surface synoptic pattern leads to 
persistent easterly/northeasterly winds affecting the 
eastern SC, resulting in an increase in HRE in the IVr.

PPS3 is the only sequence pattern that hardly 
appears during summer, representing the lowest 
percentages of explained variance (1.5). This pattern 
is typically associated with cold surges in South 
America between May and September.

Figure 6 shows examples of the synoptic surface 
charts (prepared by the weather forecasters from the 
CPTEC/INPE) highly correlated with the four PPSs 
associated with HRE in the IVr. The synoptic surface 
chart associated with the patterns PPS1 (D0) (Fig. 6a) 
shows the SASA centered around 43º W, 38º S, 
with an inverted trough embedded in it that sits over 
the northern RS. This surface circulation pattern 
resembles a blocking configuration with northeast-
erly winds over the eastern SC, which promotes the 
intensification of heavy rain in the IVr.

The synoptic charts associated with the remaining 
patterns indicate a cold front, leading to mass and 
moisture convergence towards the eastern SC. In par-
ticular, the synoptic surface chart linked to the PPS2 
(day 0) pattern (Fig. 6b) displays south-southeasterly 
winds over the study area, while the chart related to 
PPS4 (day 0) (Fig. 6d) shows southwesterly winds. 
Conversely, the synoptic chart connected to PPS3 
(day 0) (Fig. 6c) shows an extratropical frontal wave, 
with the cyclone positioned near the coast of the SC 
state, resulting in easterly winds in the study region.

4. Conclusions
This study investigated the synoptic characteristics 
associated with the occurrence of HRE in the IVr, 
over the eastern part of SC state. Over the entire 
period analyzed, a total of 195 HRE were identified 
in the IVr, corresponding to accumulations greater 
than 27 mm per day.

The season with the greatest occurrence of HRE 
in the IVr region was spring, which can be attributed 
to more favorable thermodynamic conditions that, 

Table II. Percentages of total explained variance and 
variance accumulated by the first four principal pattern 
sequences (PPSs) during the different seasons of the 
year, associated with heavy rainfall events in the Itajaí 
Valley region.

Season PPS1 PPS2 PPS3 PPS4

Summer 5.5 4.2 1.5 2.6
Autum 4.8 3.7 4.2 1.9
Winter 1.7 4.0 3.9 3.7
Spring 6.9 5.8 4.3 4.4
Total 18.9 17.8 14.1 12.7

Summer (December, January, February), autumn 
(March, April, May), winter (June, July, August), spring 
(September, October, November).
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when combined with baroclinic activity, enhance the 
intensity of rainfall.

The mean synoptic pattern associated with HRE in 
the IVr was characterized by the advance of a typical 
cold front, which was observed over southern RS 
on day –2 and around the northeast of SC on day 0. 
On day –2, the NAL and CHL were present, both of 
which promoted warm advection over the western 
part of SC state. This finding aligns closely with 
the results reported by Seluchi et al. (2017) in their 
study about the characteristics of cold fronts linked 
to heavy rainfall in eastern SC.

On day –2, the atmospheric circulation at 850 
hPa showed northerly and northwesterly winds 
transporting warm and moist air from the Amazon 
basin and the SAO to the state of SC, including the 
IVr. The NAL and CHL were also identified at this 
level through the presence of a cyclonic circulation 
between northern Argentina and southern Bolivia.

The atmospheric circulation in the middle and 
upper troposphere (500 and 250 hPa) revealed a 

well-defined frontal trough accompanying the progress 
of the cold front at low levels. During the analyzed 
period (form day –2 to day 0), it can be observed the 
advance of a typical baroclinic system with the phase 
shift of the thermal wave relative to the mass wave.

The mean atmospheric circulation at 250 hPa 
showed a configuration pattern similar to the typical 
upper-level pattern observed during the rainy season 
in Brazil, which means that many cases of heavy 
rainfall occur during this period of the year.

On day 0, the IVr is influenced by the upper-level 
atmospheric circulation, which leads to a divergence 
aloft. This phenomenon results in the intensification 
of rainfall in the study region.

The analysis of the mean GOES East thermal 
infrared field identified during the analyzed period a 
cloudiness band related to the mean position of the 
frontal system. On day 0 in the IVr, the deep clouds 
revealed an intense convective system, reaching a 
brightness temperature below 250 K over the eastern 
SC and adjacent Atlantic Ocean.

Fig. 6. Surface synoptic charts elaborated by 
the Brazilian Center for Weather Forecast 
and Climate Studies (CPTEC)/National In-
stitute for Space Research (INPE) at 12:00 
UTC associated with HRE in the IVr (day 
0). (a) March 01, 2021; (b) September 28, 
2009; (c) June 01, 2017; (d) July 21, 2013. 
Sea level pressure (hPa) in continuous 
yellow lines and 1000-500 hPa thickness 
in red dashed lines. Synoptic symbols as in 
conventional mode.

a) b)

c) d)
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The SST, on the other hand, showed a negative 
anomalous pattern, indicating that it is not the con-
figuration that provides the necessary energy for the 
event’s intensity, but rather the pattern of continental 
circulation with moisture transport from the interior 
of the continent. However, the positive anomaly 
pattern further north and west may have acted as an 
anchor for the frontal systems.

The surface synoptic classification associated with 
HRE in the IVr revealed four main synoptic patterns, 
which accounted for 63.5% of the total variance. Two 
of these patterns (PPS2 and PPS4) corresponded 
to the displacement of a cold front that reaches the 
eastern SC on day 0, accounting for 17.8 and 12.7% 
of the total variance, respectively. The surface syn-
optic charts associated with PPS2 were similar to the 
average mean sea level pressure associated with HRE 
in the IVr, obtained through the composite method. 
On day 0, the cold front was positioned around the 
eastern SP, leading to southeasterly winds in the IVr. 
In contrast, the cold front in PPS4 was located in the 
east of SC state, resulting in southwesterly winds in 
the IVr. These results indicated that HRE in the IVr 
occurs during and after the cold front passes over 
the SC state. These two synoptic patterns, correlated 
with the presence of a cold front, were also identi-
fied by Escobar et al. (2016) during their synoptic 
climatology analysis of cold fronts associated with 
HRE in the IVr.

PPS1 accounted for 18.9% of the total variance 
and was related to the SASA, which was situated 
south of its climatological position during the an-
alyzed period. With this surface circulation, north-
easterly winds affected the eastern SC, intensifying 
the low-level moisture flux convergence over this 
area and resulting in HRE in the IVr. This synoptic 
pattern, associated with an atmospheric blocking 
configuration, significantly contributed during the 
rainy season (October to March), and it was also 
identified by Escobar et al. (2022) in their study 
of the main synoptic patterns related to SACZ 
episodes.

The last main synoptic pattern was the PPS3, 
which explained 14.1% of the total variance and was 
linked to a process of cyclogenesis. On the day of the 
HRE (day 0), the cyclonic circulation of the low-pres-
sure system located to the east of SC state contributed 
to increasing the mass and moisture convergence 

over this area and consequently intensified the rain in 
the IVr. This synoptic pattern is typically associated 
with cold surges in South America between May and 
September. It is similar to those identified by Escobar 
and Reboita (2022) in their study about the synoptic 
climatology of winter over Brazil and by Escobar et 
al. (2019) in their synoptic classification associated 
with friagens in central-west Brazil.

It is important to highlight that this paper intro-
duces novelties related to HRE in the IVr compared 
to other authors. In this manuscript, in addition to 
confirming findings from previous studies, we were 
also able to identify the principal modes of daily 
variation in atmospheric circulation associated with 
HRE in the IVr.

Finally, it is noteworthy that the results obtained in 
this study are useful for weather forecasters working 
in operational weather centers that have to predict the 
heavy rainfall occurring in the IVr.
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