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RESUMEN

Este estudio presenta una clasificación sinóptica de eventos de lluvia intensa en las mesorregiones occidental 
y suroccidental del Estado de Paraná entre 2000 y 2022. Se identificó un total de 178 casos, caracterizados por 
acumulaciones diarias de precipitación que superaron los 32.8 mm. La clasificación identificó cuatro patrones 
sinópticos principales asociados a los eventos de lluvia intensa en la región de estudio. Dos de estos patro-
nes estuvieron vinculados al paso de un frente frío, mientras que los otros dos se relacionaron con procesos 
ciclogenéticos. Los cuatro patrones mostraron, en superficie, vientos del noroeste que comenzaron dos días 
antes de la ocurrencia de los eventos de lluvia intensa. Las depresiones del Noroeste Argentino y del Chaco 
fueron identificadas como los principales sistemas meteorológicos que transportan aire cálido y húmedo hacia 
la región de estudio. Los cuatro patrones sinópticos mostraron el desarrollo de sistemas convectivos iniciados 
un día antes de la ocurrencia de los eventos de lluvia intensa en la región de estudio. Entre ellos, el patrón 
sinóptico asociado con un frente frío con desplazamiento zonal mostró la actividad convectiva más intensa 
alrededor de la región de estudio, según lo indicado por temperaturas de luminosidad inferiores a 240 K. El 
patrón sinóptico asociado con ciclogénesis y con una configuración de bloqueo mostró circulación ciclónica 
en superficie desde el día anterior a la ocurrencia de los eventos de lluvia intensa, lo que provocó una mayor 
convergencia de masa en superficie. Este mecanismo contribuyó a intensificar las lluvias en la región de 
estudio, destacando el rol de la vorticidad a bajos niveles en el mantenimiento de la precipitación intensa.

ABSTRACT

This study presents a synoptic classification of heavy rainfall events in the western and southwestern mesore-
gions of Paraná State between 2000 and 2022. A total of 178 cases were identified, characterized by daily 
precipitation accumulations exceeding 32.8 mm. The classification revealed four principal synoptic patterns 
associated with heavy rainfall events in the study region. Two of these patterns were linked to the passage of 
a cold front, while the remaining two were tied to cyclogenetic processes. All four patterns exhibited north-
westerly winds at the surface level beginning two days prior to the occurrence of the heavy rainfall event. 
The Northwestern Argentinean Low and Chaco Low were identified as the main meteorological systems that 
advect warm, moist airflow into the study region. All four synoptic patterns showed the development of con-
vective systems starting one day before the occurrence of a heavy rainfall event in the study region. Among 
them, the synoptic pattern associated with a cold front featuring a zonal displacement exhibited the most 
intense convective activity around the study region, as indicated by brightness temperatures below 240 K. 
The synoptic pattern associated with cyclogenesis and with a blocking configuration showed surface cyclonic 
circulation as early as the day before the occurrence of the heavy rainfall events, leading to increased surface 
mass convergence. This mechanism contributed to intensified rainfall in the study region, underscoring the 
role of low-level vorticity in sustaining heavy precipitation.
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1.	 Introduction
The heavy rainfall events (HRE) that occur in the 
State of Paraná (PR) are driven by synoptic and 
sub-synoptic-scale meteorological systems that 
act on a large part of the southern region of Brazil 
throughout the year. Examples include cold fronts 
(Andrade, 2005; Cavalcanti and Kousky, 2009; 
Foss et al., 2017), baroclinic troughs (Escobar et al., 
2019a), upper-level cyclonic vortices (Reboita et al., 
2010a), and extratropical and subtropical cyclones 
(Taljaard, 1972; Simmonds and Keay, 2000; Hoskins 
and Hodges, 2005; Reboita et al., 2010b; Gozzo et 
al., 2014).

According to the State of PR’s civil defense, half 
of the natural disasters that occurred between 1990 
and 1999 were caused by HREs. These events had 
significant impacts, including floods, waterlogging, 
flash floods, and mass movement (Balicki et al., 
2020).

The southern region of Brazil is characterized by 
one of the highest frequencies of severe storms in 
the country, which can be accompanied by tornadoes 
(Dyer, 1994; Silva, 2011; Balicki et al., 2020) and, 
in many cases, lead to HRE.

According to Zipser et al. (2006), the western 
and southwestern mesoregions (WSM) of the State 
of PR, along with the northwest of the State of Rio 
Grande do Sul (RS), the west of Santa Catarina 
(SC), the southeast of Paraguay, and the northeast of 
Argentina, are among the regions with the strongest 
storms in the world.

These regions are affected by frequent mesoscale 
convective complexes (MCCs) (Maddox, 1980; 
Velasco and Fritsch, 1987) that mainly act during 
summer and transitional seasons, causing HRE and 
significantly contributing to annual precipitation 
totals (Rasmussen et al., 2016).

MCCs intensify from the interaction of the up-
per-level subtropical jet with the low-level jet (LLJ) 
that advects warm and humid air from the north 
(Marengo et al., 2004; Salio et al., 2007; Castañeda 
and Ulke, 2015; Dos Santos and Reboita, 2018; 
Montini et al., 2019; Moraes et al., 2020). The LLJ 
is strengthened by the presence of the Chaco Low 
(CHL) and the Northwestern Argentinean Low 
(NAL), located approximately between central-north-
ern Argentina, southern Bolivia, and western Para-
guay (Seluchi et al., 2003; Escobar and Seluchi, 2012; 

Marengo et al., 2012). Depending on the position 
of both low-pressure systems, the LLJ is directed 
towards the western portion of the southern region 
of Brazil, including the WSM of PR. Therefore, the 
warm and humid air from the Amazon region favors 
an increase in low-level moisture potential, which 
contributes to atmospheric destabilization, being 
one of the necessary ingredients for severe storms.

According to Teixeira and Satyamurty (2007), 
the main conceptual model associated with the oc-
currence of HRE in the southern region of Brazil is 
related to four relevant characteristics: (i) the inten-
sification of a trough in the middle troposphere in the 
eastern Pacific Ocean that approaches the continent 
three days before the occurrence of the HRE; (ii) the 
presence of a low-pressure system centered in north-
ern Argentina (NAL or CHL) one day before the 
occurrence of the HRE; (iii) the development of 
the LLJ over Paraguay two days before the occur-
rence of the HRE; and (iv) a strong convergence of 
moisture flow over the southern region of Brazil one 
day before the HRE episode.

Bugoni et al. (2018) and Ferreira et al. (2022) 
analyzed two severe weather events in the WSM of 
PR, both occurring in 2015 and driven by similar 
synoptic setups. The first, an HRE on September 7, 
produced 136.3 mm in one hour in Foz do Iguaçu—
equivalent to 20% of September’s monthly aver-
age—while the second, a multiple-vortex tornado on 
November 19, impacted Marechal Cândido Rondon, 
injuring 31 people and causing ~$16.5 million in 
damages. In both cases, the primary synoptic driv-
ers were a 500 hPa trough and the presence of the 
NAL, which enhanced LLJ intensity and provided 
the necessary dynamics for extreme convection. 
These studies highlight the critical role of the syn-
optic-scale systems in triggering severe mesoscale 
phenomena in the region.

Despite the high frequency and significant socio-
economic impacts of HRE in the WSM of the State 
of PR, the synoptic circulation patterns that influence 
their occurrence remain poorly documented. Most 
existing studies on HRE in this region focus either 
on synoptic analysis of individual case studies or on 
statistical assessments of average meteorological 
conditions. However, there is a lack of objective 
research that systematically examines the variability 
around these mean synoptic conditions.
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Investigating this variability is crucial for identify-
ing the dominant synoptic patterns linked to HRE in 
the WSM of PR, which will also help meteorologists 
improve their forecasts and minimize the impacts of 
these heavy flooding and landslide events in vulnera-
ble regions. In this sense, Escobar and Barbio (2024) 
elaborated a synoptic climatology of HRE in the met-
ropolitan region of Porto Alegre (RS). According to 
the authors, the CHL and the NAL played a decisive 
role in intensifying the LLJ, which contributes to 
enhanced rainfall in the study area.

Therefore, the main objective of this work is to 
study the variability of atmospheric circulation at 
the surface and at altitude by elaborating a synoptic 
classification associated with the occurrence of HRE 
in the WSM of the State of PR.

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

2.	 Data and methodology
2.1 Data
To detect the HRE in the WSM, daily precipitation 
data from 2000 to 2022 were utilized. This data was 
sourced from the MERGE product (Rozante et al., 
2020), which offers a spatial resolution of 0.1º × 
0.1º. The MERGE product is a composite dataset 
that integrates surface observations across the South 
American continent with precipitation estimates from 
the Tropical Rainfall Measuring Mission (TRMM) 
satellite. The observed data used in the MERGE 
product underwent INPE’s operational quality control 
system, which consists of two stages, as described in 
Rozante et al. (2018).

To study the synoptic features linked with HRE 
in the WSM, we utilized daily meteorological data at 
12:00 UTC from the National Centers for Environ-
mental Prediction (NCEP) Climate Forecast System 
Reanalysis (CFSR) for the years 2000-2022. The 
CFSR v. 1 (Saha et al., 2010) encompasses the period 
from January 1979 to March 2011, while CFSR v. 2 
(Saha et al., 2014), which was introduced in March 
2011, has been operational since then. Both versions 
have a horizontal native resolution of T382 (~38 km). 
Their horizontal resolution is set at 0.25º × 0.25º 

between 10º S and 10º N, gradually decreasing towards 
the poles, reaching 0.5º between 30º N and 30º S.

Although ERA5 (European Centre for Medi-
um-Range Weather Forecasts Reanalysis 5) (Hers-
bach et al., 2020) is a more recent, higher-resolution 
dataset, the lower-resolution CFSR data were chosen 
in this case to reduce computational demands when 
applying the statistical methodology used to study 
synoptic-scale variability. Moreover, since this study 
focuses on synoptic-scale meteorological systems, 
the CFSR data’s resolution is already sufficient to 
identify them.

We selected the 12:00 UTC datasets because this 
time provides a higher density of observations over the 
South American continent, leading to more accurate 
analysis. The meteorological variables from the CFSR 
that were used include: (i) mean sea level pressure 
(SLP) in hPa; (ii) specific humidity at 850 hPa (q850) 
in g kg–1; and (iii) geopotential height at 500 hPa 
(GH500) in gpm, all for the period 2000-2022.

In addition, images captured by the Geostationary 
Operational Environmental Satellite (GOES) series, 
particularly those in the thermal infrared (IR) chan-
nels (Knapp et al., 2011), were obtained at a spatial 
resolution of 0.1º at 12:00 UTC. These GOES images 
were instrumental in identifying the cloud patterns 
associated with HRE in the WSM.

However, it is important to acknowledge a key 
limitation: satellite imagery at 12:00 UTC does not 
capture the full diurnal cycle of convective develop-
ment. Convective systems typically intensify in the 
afternoon, when diurnal heating becomes a domi-
nant driver. Despite this constraint, the 12:00 UTC 
time was prioritized due to the greater observa-
tional coverage and resulting data reliability at this 
synoptic hour.

2.2 Identification of HRE
Various criteria exist for identifying HRE, which may 
take into account factors such as the volume of rain 
recorded within a specific time frame and the geo-
graphical extent of this rainfall, or just one of these 
parameters (Teixeira and Satyamurty, 2007). Some 
research has employed climatology to define HRE 
(Liebmann et al., 2001; Carvalho et al., 2002). As 
the focus of this study is to identify the synoptic pat-
terns associated with the onset of HRE rather than its 
persistence, only the first day of HRE is considered.
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In our study, we selected HRE using the percentile 
technique (Dereczynski et al., 2009; Da Silva and 
Reboita, 2014; Escobar et al., 2016). This method 
involved calculating daily precipitation quantiles 
based on the average precipitation in a chosen area 
(box in Fig. 1), utilizing MERGE rainfall data with 
a spatial resolution of 0.1º × 0.1º. The WSM of PR 
are contained within the box in Figure 1b.

In the specified region, rainfall values exceeding 
the 95th percentile (a daily precipitation value that 
separates the highest 5% of the daily precipitation 
data from the remaining 95%) were considered, 
corresponding to accumulations greater than 32.8 
mm per day. The choice of the 95th percentile was 
primarily based on the fact that it is the threshold 
most commonly used in the literature for identify-
ing episodes of intense daily rainfall. Moreover, 
using this threshold allowed for the selection of an 
adequate number of events, thereby enhancing the 
statistical robustness of the results. A test was also 
conducted using the 99th percentile; however, the 
number of resulting cases was very low—fewer 
than 50.

A larger area (box), which encompasses the WSM, 
was utilized because the primary objective of this 
paper is to examine synoptic-scale features associ-
ated with HRE and exclude those caused by isolated 
small-scale atmospheric perturbations.

2.3 Synoptic classification
Based on the selection criteria for HRE in the WSM 
(as outlined in section 2.2), a total of 178 cases were 
identified for the period spanning from 2000 to 2022. 
Each case represents a day with daily precipitation 
exceeding 32.8 mm. A synoptic classification of these 
events was then conducted using the principal pattern 
sequence analysis (PPSA) method (Compagnucci et 
al., 2001; Escobar et al., 2004; Huth et al., 2008). The 
study area is defined by the coordinates 5º to 40º S 
and 30º to 80º W (Fig. 2a).

According to Compagnucci et al. (2001), PPSA 
can be seen as an extension of the traditional principal 
component analysis (PCA), utilizing a correlation 
matrix in T-mode (Green and Carrol, 1978; Richman, 
1986; Escobar et al., 2016).

PCA is valuable for identifying distinct types of 
atmospheric flow. However, PPSA goes further by 
classifying sequences of circulation patterns, thereby 
enabling a more comprehensive understanding of the 
life cycle of synoptic systems—including cyclogene-
sis and anticyclogenesis, their trajectories, evolution, 
and dissipation. The primary objective of PPSA is to 
identify the dominant modes of system evolution, 
facilitating the study of the tracks and behavior of 
synoptic-scale systems within a specific region.

T-mode PPSA is applied to analyze spatial fields 
across different time steps. In this approach, each 

6S
22S

23S

24S

25S

26S

27S

22.5S

23.5S

24.5S

25.5S

26.5S

9S

12S

15S

18S

21S

24S

27S

30S

33S

36S

39S

80W 75W 70W 65W 60W 55W 50W 45W 40W 35W 30W

a) b)
55W 54W 53W 52W 51W 50W 49W 48W

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

0

Fig. 1. (a) Area selected for study. The red box shows the western and southwestern mesoregions (WSM) of the State 
of Paraná; (b) grid of the merged rainfall data within the area selected. Shaded areas represent orography in meters.



171Synoptic patterns of heavy rainfall in the western and southwestern mesoregions of Paraná

variable is a sequence of the consecutive spatial fields 
of a given meteorological variable, and observations 
correspond to grid points. This allows the method to 
identify and isolate subgroups of fields that share a 
similar spatial structure. T-mode analysis facilitates 
the identification of recurrent synoptic situations, 
strengthening the fundamental knowledge required 
for weather forecasting.

The matrices used have dimensions of 178 × 
7171 (days × grid points) for two days prior to the 
occurrence of HRE in the WSM (Day –2), one day 
before the occurrence of HRE in the WSM (Day –1), 
and on the day of the HRE occurrence in the WSM 
(Day 0). Thus, the cases correspond to 178 days, 
while the variables are the selected grid points over 
the domain (7171). The final input matrix for the 
PPSA has dimensions of 178 × 21 513 (days × grid 
points). Because we are using T-mode, this matrix 
is constructed by vertically concatenating three in-
dividual matrices (i.e., stacking them one below the 

other). The PPSA was executed separately for each 
meteorological field (SLP, GH500, and q850).

Following the application of PPSA, Varimax 
rotation (Richman, 1986) was performed. This tech-
nique helps redistribute the total variance among the 
components, thereby enhancing the physical signif-
icance of the generated principal pattern sequences 
(PPSs) (Richman, 1986). The ideal number of rotated 
PPSs was determined using the eigenvalue 1.0 rule 
(Richman et al., 1992).

Significant correlations between real meteorolog-
ical fields and the PPSs were identified through time 
series of factor loadings. These loadings represent 
the correlations between the variable used (real me-
teorological field) and each PPS (Richman, 1986). 
Analyzing the factor loadings enables the evaluation 
of the representative patterns (derived from PPSA) 
as actual atmospheric circulation fields (recorded 
in the reanalysis). Factor loading values closer to 1 
indicate sequences of atmospheric circulation fields 
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that closely resemble the obtained pattern sequence 
(Harman, 1976; Cattell, 1978).

Richman and Gong (1999) emphasize the critical 
importance of carefully selecting an appropriate 
cutoff loading value for meteorological analyses. 
Extremely high thresholds (e.g., 0.7) risk discarding 
meaningful physical signals embedded in the data, 
resulting in incomplete or biased interpretations. 
Conversely, thresholds near zero risk fail to reliably 
capture pattern signals.

The authors recommend that acceptable loading 
values typically fall within the range of 0.2-0.4. 
However, in this study, a cutoff of 0.6 was adopted 
to identify significant loadings, balancing the need 
to retain physically relevant signals while avoiding 
excessive noise in the analysis. PPSs can be analyzed 
in both their positive and negative phases (Compag-
nucci and Salles, 1997). Each PPS corresponds to 
two distinct synoptic patterns with identical spatial 
configurations but opposite sign conventions. In the 
direct mode (positive factor loadings), the PPS shares 
the same sign as the meteorological variable under 
analysis. For example, positive (negative) values of 
SLP in a PPS indicate high (low) pressure systems. 
Conversely, in the indirect mode (negative loadings), 
this relationship is inverted: positive (negative) PPS 
values correspond to low (high) pressure systems.

In this study, significant factor loadings were pre-
dominantly positive, indicating that the PPS directly 
corresponded to observed meteorological conditions 
(e.g., weather types such as high- or low-pressure 
systems). This alignment ensures that the derived 
patterns reflect the actual atmospheric states rather 
than inverse configurations.

To investigate the synoptic variability of the entire 
troposphere associated with HRE in the WSM of 
PR, PPSs were analyzed across three atmospheric 
levels: the surface, 850 hPa, and 500 hPa. The anal-
ysis began with a subjective visual examination of 
PPS at each level, informed by synoptic knowledge 
of South America’s atmospheric dynamics and 
forecasting expertise. Given the baroclinic vertical 
structure characteristic of many HRE-linked weather 
systems (Lackmann, 2015), this approach enabled 
rapid identification of vertical connections among 
atmospheric layers.

To validate these visual interpretations, an objec-
tive method was applied: linear correlations (Pearson r) 

(Kutner et al., 2005) were calculated between the 
time series of factor loadings for each identified PPS 
across all three levels. This step ensured consistency 
between subjective pattern recognition and statistical-
ly derived relationships among atmospheric layers. 
A similar approach was applied by Escobar (2019, 
2023) and Escobar and Reboita (2022) when they 
made a synoptic climatology of SACZ episodes and 
synoptic classification of the rainy season and winter 
in Brazil, respectively.

Lastly, the seasonal contribution of each sur-
face-level PPS was evaluated by calculating the 
variance it explained during different seasons. This 
was achieved using the factor loading time series 
(considering loadings greater than 0.6) (Harman, 
1976; Cattell, 1978), which allowed for an assessment 
of how the influence of each PPS varied across the 
seasonal cycles.

Following the synoptic classification of atmo-
spheric patterns associated with HREs in the study 
region, we generated composite fields for thermal 
infrared imagery and mean SLP. These composites 
were derived from cases assigned to each surface-lev-
el PPS that exhibited strong pattern representation, 
defined by factor loadings ≥ 0.6 (Richman and Gong, 
1999). The composite fields were constructed for Day 
–2, Day –1, and Day 0.

3.	 Results and discussion
3.1 Synoptic patterns associated with HRE in the 
WSM
Figure 2 illustrates the monthly distribution of HRE 
in the WSM and the associated monthly precipita-
tion climatology. Both datasets show synchronized 
seasonal patterns, with the highest HRE frequencies 
occurring in May (23 cases) and October (33 cases). 
This alignment is likely driven by favorable ther-
modynamic conditions, which, when coupled with 
baroclinic atmospheric dynamics, intensify rainfall 
intensity (Escobar et al., 2016).

The reduced HRE frequency observed during 
January, February, and March is probably linked to 
diminished baroclinic activity, even though humidity 
levels remain elevated during this period. Conversely, 
the observed minimum in HRE occurrences during 
July, August, and September coincides with lower 
atmospheric moisture availability.



173Synoptic patterns of heavy rainfall in the western and southwestern mesoregions of Paraná

This contrast underscores the critical role of 
synoptic-scale atmospheric interactions, specifically 
the interplay between moisture supply and baroclinic 
systems, in governing both the intensity and frequen-
cy of HRE.

Table I shows the percentage of explained vari-
ance (P. Var) and cumulative percentage of explained 
variance (C.P. Var) for the retained PPSs of the three 
meteorological variables: GH500, SLP, and q850.

The synoptic classification at the 500 hPa level 
(GH500), associated with HRE in the WSM, identi-
fied six PPSs that collectively explain 94.4% of the 
total variance (Table I).

The temporal series of factor loadings linked to 
the first four PPSs predominantly exhibit positive 
values, with several exceeding the 0.6 threshold. 
This suggests that these PPSs closely resemble 
real-world weather patterns, as their configurations 
align with observed atmospheric conditions. The 
remaining PPSs, while representing valid meteoro-
logical scenarios, are excluded from this analysis 
because their factor loadings fall below the 0.6 
cutoff—a criterion established by Harman (1976) 
and Cattell (1978) to ensure statistically significant 
physical relevance.

At the surface (SLP), six PPSs were identified, 
explaining 77.3% of the total variance (Table I). 
The first four PPSs alone account for 64.6% of this 
variance. Most factor loading values for these PPSs 
are positive, with many exceeding the 0.6 threshold. 
Similar to the findings at the 500 hPa level, PPS5 and 
PPS6 were excluded from this analysis because their 

factor loading values fell below 0.6, failing to meet 
the criterion for statistical and physical significance.

Table I also shows that a smaller number of PPSs 
are required at 500 hPa to explain a larger portion 
of the variance than at the surface, as a result of the 
smoother nature of atmospheric fields aloft, which 
are less influenced by surface-level irregularities.

The 850 hPa level, situated in the lower tropo-
sphere, plays a critical role in weather forecasting 
as it helps delineate the distribution of moist and 
dry air masses. For the WSM region, the synoptic 
classification of the specific humidity at this level 
(q850) revealed five PPSs that together explain 75.8% 
of the total variance (Table I). Notably, the first four 
PPSs account for 67.4% of this variance. Similar to 
the surface (SLP) and upper-level (GH500) analyses, 
the majority of factor loading values for these PPSs 
are positive, with many surpassing the 0.6 threshold. 
However, PPS5 was excluded here due to its factor 
loading values remaining below 0.6.

The relationships among the three analyzed at-
mospheric levels (surface, 850 hPa, and 500 hPa) 
were determined by subjective visual interpretations 
and by examining the time series of factor loadings 
for each identified PPS at each level. The strongest 
correlation among all possible combinations of the 
three atmospheric levels was identified for:

i.	 PPS3 at 500 hPa with PPS1 at surface (correlation 
= 0.71) and with PPS1 at 850 hPa (correlation 
= 0.33); PPS1 at surface with PPS1 at 850 hPa 
(correlation = 0.32).

Table I. Percentages of explained variance (P. Var) and cumulative percentages (C.P. Var) 
explained by the PPSs retained for each meteorological variable (GH500, SLP, and q850).

PPS GH500 SLP q850

P. Var C. P. Var P. Var C. P. Var P. Var C. P. Var

1 32.9 32.9 22.2 22.2 19.7 19.7
2 25.5 58.4 21,3 43.5 17.3 37.0
3 23.0 81.4 12.7 56.2 16.7 53.7
4 8.6 90.0 8.4 64.6 13.7 67.4
5 3.1 93.1 8.1 72.7 8.4 75.8
6 1.3 94.4 4.6 77.3

PPS: pattern sequence analysis; GH500: geopotential height at 500 hPa; SLP: sea level 
pressure; q850: specific humidity at 850 hPa.



174 G. C. J. Escobar et al.

ii.	 PPS1 at 500 hPa with PPS2 at surface (correlation 
= 0.33) and with PPS2 at 850 hPa (correlation 
= 0.34); PPS2 at surface with PPS2 at 850 hPa 
(correlation = 0.67).

iii.	PPS2 at 500 hPa with PPS3 at surface (correlation 
= 0.40) and with PPS4 at 850 hPa (correlation 
= 0.40); PPS3 at surface with PPS4 at 850 hPa 
(correlation = 0.41).

iv.	PPS4 at 500 hPa with PPS4 at surface (correlation 
= 0.30) and with PPS3 at 850 hPa (correlation 
= 0.17); PPS4 at surface with PPS3 at 850 hPa 
(correlation = 0.43)

The statistical significance of the correlation co-
efficients was assessed using Student’s t-test (Kanji, 
2006). All coefficients were found to be statistically 
significant at the 0.05 confidence level.

Four primary synoptic-scale weather patterns 
associated with HRE in the WSM were identified, as 
summarized in Table II. These patterns are:

•	 Cold front with southwesterly wind (CF_s).
•	 Cyclogenesis (CG).
•	 Cyclogenesis with blocking (CG_b).
•	 Cold front with easterly wind (CF_e).

Figure 3 shows the PPSs derived at the 500 hPa 
level, surface level, and 850 hPa level associated 
with the CF_s pattern. This synoptic configuration 
is characteristic of the typical passage of cold fronts 
across Brazil throughout the year, particularly during 

the winter and spring seasons (Foss et al., 2017; Es-
cobar et al., 2019a, b; Escobar, 2023).

On Day –2 (Fig. 3a), a low-pressure system is 
observed over central-northern Argentina, southern 
Bolivia, and western Paraguay. This system is linked 
to the NAL or the CHL (Seluchi et al., 2003; Escobar 
and Seluchi, 2012; Marengo et al., 2012). Simultane-
ously, a trough is present over southwestern Buenos 
Aires Province, near 38º S, 62º W, likely associated 
with an approaching cold front. In the middle tro-
posphere (500 hPa), an anticyclone over the Pacific 
Ocean extends a ridge into central-northern Argenti-
na, consistent with the thermal low-pressure system 
observed at the surface. Additionally, a frontal trough 
is located near 40º S, 65º W, further reinforcing the 
presence of the aforementioned cold front.

At the 850 hPa level, specific humidity reveals a 
large moist air mass covering the states of SC, PR, 
São Paulo (SP), Rio de Janeiro (RJ), southern Minas 
Gerais (MG), much of the central-west region, and 
parts of northern and northeastern Brazil. Over PR, 
the maximum humidity is partly driven by moist 
northerly winds associated with the low-pressure 
system described earlier.

By Day –1 (Fig. 3b), the cold front, previously 
located in Argentina, advances eastward, extending 
between southern RS and southern Bolivia. At this 
stage, the WSM of PR experiences moderate north-
erly winds due to a significant pressure gradient. The 
specific humidity at 850 hPa remains elevated over 
PR, while dry air begins to penetrate central Argenti-
na and southern Uruguay, influenced by a post-frontal 
anticyclone. At 500 hPa, the frontal trough is posi-
tioned over Argentina near 57º W, aligning with the 
surface cold front.

On the day of the HRE (Day 0) in the WSM (Fig. 3c), 
the frontal trough shifts further eastward, reaching 
approximately 54º W. As a result, the cold front 
moves across much of RS and SC, positioning itself 
between central PR and southwestern Mato Grosso 
(MT). Over 40º S, 40º W, the low-pressure system 
associated with the cold front is observed. Under this 
surface circulation, the WSM of PR experiences mod-
erate southwesterly winds. A similar synoptic pattern 
was identified by Escobar (2023) during his study on 
winter-season synoptic classifications in Brazil. The 
synoptic pattern associated with a cyclogenesis (CG) 
process is illustrated in Figure 4.

Table II. Relationship of PPSs between the three 
meteorological variables (GH500, SLP, and q850) for 
each of the four main synoptic patterns associated with the 
occurrence of HRE in the WSM (CF_s, CG, CG_b, CF_e).

GH500 SLP q850

CF_s PPS 3 PPS 1 PPS 1
CG PPS 1 PPS 2 PPS 2

CG_b PPS 2 PPS 3 PPS 4
CF_e PPS 4 PPS 4 PPS 3

PPS: pattern sequence analysis; GH500: geopotential 
height at 500 hPa; SLP: sea level pressure; q850: specific 
humidity at 850 hPa; CF_s: cold front with southwesterly 
wind; CG: cyclogenesis; CG_b: cyclogenesis with 
blocking; CF_e: cold front with easterly wind.
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Two days before the occurrence of the HRE in 
the WSM (Day –2 (Fig. 4a), a low-pressure system 
resulting from the merging of the NAL and the CHL is 
observed over central-north Argentina, near 30º S, 67º 
W. In the following days, this low-pressure system 
moves eastward, forming a cyclone near Uruguay, 
southeastern RS, and the adjacent Atlantic Ocean 
by Day 0 (Fig. 4c). Simultaneously, throughout the 
analyzed period, the South Atlantic Subtropical High 
(SASH) is observed around 40º S, 43º W on Day –2, 
which slowly moves eastward in the subsequent days.

During Day –2 and Day –1, significant northerly 
winds are observed over the WSM of the PR State, 

promoting the advection of warm and moist air. This 
contributes to increased instability over the region.

In the middle troposphere, a baroclinic trough 
is observed moving slowly eastward, promoting 
the advection of cyclonic vorticity over Paraguay, 
northeastern Argentina, southern Mato Grosso do Sul 
(MS) State, and the western south region of Brazil, 
including the WSM. This favors the formation of the 
surface cyclone described earlier. Simultaneously, 
during the analyzed period, a high-pressure system at 
500 hPa is located over the Atlantic Ocean near 40º S, 
also moving slowly eastward. This upper-level high 
is associated with the SASH, as noted at the surface.
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Fig. 3. CF_s pattern (cold front with southwesterly wind). Principal pattern sequence (PPS) obtained at the 500 
hPa level, at the surface level, and at the 850 hPa level (top to bottom). From left to right: (a) Day –2; (b) Day –1; 
(c) Day 0.
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On Day –2 (Fig. 4a), the specific humidity at the 
850 hPa level shows a significant moisture concentra-
tion over central-north Argentina, western Paraguay, 
and Uruguay. This moisture spreads to the entire RS 
State, southern and western SC State, and the WSM 
of the PR State by Day –1 (Fig. 4b). This phenome-
non results from the advection of moist air from the 
Amazon region, driven by the low-pressure system 
observed at the surface.

By Day 0 (Fig. 4c), the specific humidity begins 
to decrease, and dry air starts to appear over cen-
tral-north Argentina, much of Paraguay and Uruguay, 
and the western south region of Brazil due to the 
influence of southerly winds. These winds result from 

the formation of the cold branch of the extratropical 
cyclone. Thus, the formation of this extratropical 
cyclone was the main factor related to the HRE that 
occurred in the WSM of the PR State.

A similar synoptic pattern sequence was identi-
fied by Escobar and Barbio (2024) in their analysis 
of synoptic patterns associated with heavy rainfall 
events in the metropolitan region of Porto Alegre, 
Brazil.

The synoptic pattern associated with cyclogenesis 
and a blocking configuration (CG_b) is shown in 
Figure 5. On Day –2 (Fig. 5a), a frontal system is 
observed at the surface near the coast of the PR State, 
and an inverted trough is positioned over the MS State 

a b c

L
L

L

H H

H

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

10S

20S

30S

40S
80W 70W 60W 50W 40W 30W

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

3.3
3
2.7
2.4
2.1
1.8
1.5
1.2
0.9
0.6
0.3

–0.3
–0.6
–0.9
–1.2
–1.5
–1.8
–2.1
–2.4
–2.7
–3
–3.3

0

PPS1 - GH500 - DAY - 2 - 32.9% PPS1 - GH500 - DAY - 1 - 32.9% PPS1 - GH500 - DAY  0 - 32.9%

PPS2 - SLP - DAY - 2 - 21.3% PPS2 - SLP - DAY - 1 - 21.3% PPS2 - SLP - DAY  0 - 21.3%

PPS2 - q850 - DAY - 2 - 17.3% PPS2 - q850 - DAY - 1 - 17.3% PPS2 - q850 - DAY  0 - 17.3%

Fig. 4. CG pattern (cyclogenesis). Principal pattern sequence (PPS) obtained at the 500 hPa level, at the surface 
level, and at the 850 hPa level (top to bottom). From left to right: (a) Day –2; (b) Day –1; (c) Day 0.
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and northwestern RS State. By Day –1 (Fig. 5b), 
the frontal system is located over the southern SP 
State, with the WSM of the PR State affected by 
northeasterly winds. These winds are driven by the 
substantial horizontal pressure gradient created be-
tween the anticyclone located around 40º S, 58º W, 
and the inverted trough positioned over the MS State 
and northwestern RS State.

On Day 0 (Fig. 5c), the inverted trough intensifies 
and forms a frontal wave, with the cold branch ex-
tending approximately from the western SC State to 
the southern MT State. To the south of this inverted 
trough, the anticyclone slowly shifts eastward, posi-
tioning itself near 40º S, 50º W by Day 0.

The formation and intensification of this inverted 
trough are linked to the presence of a cyclonic vortex 
in the middle troposphere. On Day –2 (Fig. 5a), the 
low-pressure system at 500 hPa is located over the 
Pacific Ocean, near the coast of Chile, at around 35º 
S, 80º W. By Day –1, the cyclonic vortex begins 
to cross the Andes, and by Day 0, it is positioned 
over northeastern Argentina, near 32º S, 63º W. 
The trough associated with this vortex extends in a 
southwest-northeast orientation, affecting the western 
portion of the south region of Brazil, including the 
WSM of the PR State.

Simultaneously, an upper-level high-pressure sys-
tem is present near 40º S, 63º W on Day –2. It slowly 
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Fig. 5. CG_b pattern (cyclogenesis with blocking). Principal pattern sequence (PPS) obtained at the 500 hPa level, 
at the surface level, and at the 850 hPa level (top to bottom). From left to right: (a) Day –2; (b) Day –1; (c) Day 0.
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moves eastward over the following days, positioning 
near 40º S, 49º W by Day 0.

Both the high- and low-pressure systems at al-
titude are nearly in phase with the surface systems, 
establishing a barotropic pattern similar to that of 
blocking configurations (Sinclair 1996).

The specific humidity at 850 hPa shows a moist 
area extending from the Atlantic Ocean into the in-
terior of the continent, affecting a large part of the 
southeast and central-west regions, as well as portions 
of the north and northeast of the country. This pattern 
is associated with the presence of a stationary front 
located over the Atlantic Ocean and its alignment 
with the moisture advection from the continent.

Due to the presence of the stationary front and 
the formation of a frontal wave between the northern 
RS State and southwestern PR State, a dry air mass 
remains concentrated over Uruguay, the entire RS 
State, much of SC State, the WSM of PR State, cen-
tral-north and northeastern Argentina, southern Para-
guay, and southern Bolivia during Day –2 (Fig. 5a). 
On Day –1 (Fig. 5b), a tongue of moist air mass can 
be seen descending from MT toward the states of PR 
and SC, due to the intensification of the inverted trough 
observed at the surface. By Day 0 (Fig. 5c), moisture 
begins to decrease over the WSM due to the southerly 
winds generated by the cyclogenesis process. With 
such a weather pattern, the WSM of PR increases its 
specific humidity and mass convergence, which favors 
the intensification of rainfall in the study region.

This synoptic pattern is similar to the one iden-
tified by Escobar et al. (2019b) in their study of the 
synoptic climatology associated with “friagens” 
episodes in the city of Cuiabá, MT, and by Müller et 
al. (2003) when they studied the surface circulation 
associated with frost in the wet pampas of Argentina.

Finally, the last main synoptic pattern associated 
with the occurrence of HRE in the WSM is also re-
lated to the passage of a cold front (CF_e), but with 
a different position compared to the CF_s pattern. 
Figure 6 shows the PPSs obtained at 500 hPa, the 
surface level, and 850 hPa for this pattern.

On Day –2 (Fig. 6a), the cold front appears 
approximately over southern RS, connected to the 
CHL located over northern Argentina, western Par-
aguay, and southern Bolivia. At the same time, an 
anticyclone system is observed over the MG State, 
approximately at 19º S, 43º W. This anticyclone is 

an extension of the SASH, positioned approximately 
at 35º S, 30º W, likely related to an old migratory 
anticyclone. Both of these systems (the CHL and the 
anticyclone) produce a significant horizontal pressure 
gradient, resulting in moderate northwesterly winds 
over the WSM. Consequently, this region is dominat-
ed by a moist and warm air mass from the Amazon 
region, leading to high values of specific humidity 
at the 850 hPa level.

On Day –1 (Fig. 6b), the frontal system arrives 
in the eastern part of the SC State. At the same time, 
the CHL is observed over northern Argentina, while 
the post-frontal anticyclone begins to extend over 
central Argentina, Uruguay, and southern RS. Conse-
quently, the dry air mass advances into northeastern 
Argentina, Uruguay, and southern RS, as observed 
at the 850 hPa level.

On Day 0 (Fig. 6c), the cold front slowly moves 
eastward and positions itself in the southern part of 
the SP State. The center of the post-frontal anticy-
clone moves eastward and positions itself near 35 ºS, 
50 ºW. Thus, due to the zonal movement of the 
migratory anticyclone, the WSM of PR State expe-
riences no change in wind direction and continues 
to be influenced by northerly winds associated with 
a trough located between northern Argentina and 
southern Bolivia. In agreement with this weather 
pattern, the highest specific humidity values at low 
levels are concentrated over SC, a significant portion 
of the PR State, northeastern Paraguay, southern and 
western MS, eastern and northeastern Bolivia, and 
the southern part of the north region of Brazil. The 
500 hPa level shows a typical baroclinic trough 
advancing eastward, with its axis extending in a 
northwesterly/southeasterly orientation.

On Day –2 (Fig. 6a), this mid-level low-pressure 
system is located between northeastern Argentina 
and the Atlantic Ocean, and by Day 0 (Fig. 6c), it 
is positioned over eastern SC. Ahead of this trough, 
there is a high-pressure system with wide coverage, 
extending over a significant portion of the Southeast 
and Central-West regions of Brazil and the adjacent 
Atlantic Ocean. This high-pressure system is reflected 
at the surface by the presence of the SASH, which 
also extends into the continent through a relative 
high-pressure area over southeastern Brazil.

Additionally, there is another high-pressure sys-
tem at 500 hPa that enters the continent during the 
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analyzed period. On Day –2, this anticyclone is locat-
ed over central Chile and the adjacent Pacific Ocean, 
and by Day 0, it is observed centered between Argen-
tina and Uruguay, around 33ºS, 58ºW. This high-pres-
sure system is related to the migratory post-frontal 
anticyclone mentioned at sea level pressure.

Under this weather pattern, the WSM of PR 
exhibits northerly winds throughout the entire an-
alyzed period, which favors the concentration of 
high specific humidity values in the study region. 
This was likely the primary factor contributing to the 
occurrence of HRE. This synoptic pattern sequence 
closely resembles that identified by Escobar et al. 

(2024) during the heavy rainfall event in RS from 
late April to early May 2024.

The four synoptic types related to HRE in the 
WSM of PR exhibit distinct dynamical and thermo-
dynamical characteristics. The CF_s pattern reflects a 
classic cold-frontal passage, with a progressive east-
ward-moving baroclinic system, moderate pre-frontal 
northerly flow, and sustained moisture advection 
leading to widespread rainfall. In contrast, the CG 
type is driven by extratropical cyclogenesis off the 
southern coast, featuring strong low-level moisture 
transport from the Amazon, significant baroclinicity, 
and cyclonic development that maximizes rainfall 
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Fig. 6. CF_e pattern (cold front with easterly wind). Principal pattern sequence (PPS) obtained at the 500 hPa level, 
at the surface level, and at the 850 hPa level (top to bottom). From left to right: (a) Day –2; (b) Day –1; (c) Day 0.
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just before frontal passage. The CG_b configuration 
combines cyclogenesis with a blocking-like pattern: 
an upper-level trough crossing the Andes interacts 
with a surface inverted trough and a persistent 
anticyclone, resulting in prolonged moisture con-
vergence and enhanced rainfall. Finally, the CF_e 
type involves a more zonally displaced cold front, 
where a continental high over southeastern Brazil 
maintains persistent northerly winds over the WSM 
throughout the event, preventing post-frontal drying 
and enabling continuous moisture supply and rainfall 
intensification. While all types rely on low-level 
moisture advection and baroclinic forcing, they dif-
fer in frontal mobility and upper-level support-key 
factors determining HRE in the study region.

The distribution of variance explained by the four 
synoptic patterns (CF_s, CG, CG_b, CF_e) (at sur-
face) across different seasons is presented in Table III.

The CF_s pattern shows a consistent contribution 
throughout the year, primarily during autumn and 
spring, where it reaches its highest values (6.5%).

On the other hand, the CG pattern also exhibits 
the highest percentages of explained variance during 
autumn (5.7%) and spring (9.7%). However, during 
the rest of the year (summer and winter), it shows 
lower percentages of explained variance (3.9% and 
2.0%, respectively).

The highest explained variance percentages ex-
hibited by these synoptic patterns (CF_s and CG) 
are consistent. This is because, during these seasons, 

temperature and humidity become more significant, 
and baroclinic systems remain relevant in the south-
ern region of Brazil. As a result, the WSM of PR 
State experiences more intense and severe rainfall 
compared to other times of the year.

The CB_b pattern displays the lowest percentages 
of explained variance during summer (1.0%) and the 
highest values during winter (3.7%) in comparison to 
the other patterns. This pattern shows its highest values 
during autumn (4.7%) and is typically associated with 
cold surges in South America, as shown in Figure 5.

Finally, the CF_e pattern has the lowest explained 
variance in autumn (1.5%) and shows its major con-
tributions in winter (2.3%).

3.2 Composites for the thermal infrared image asso-
ciated with HRE in the WSM
Following the synoptic classification of atmospheric 
patterns associated with HRE in the study region, we 
generated composite fields of thermal infrared imag-
ery and mean sea level pressure (SLP) for the four 
predominant synoptic patterns (CF_s, CG, CG_b, 
CF_e) identified in section 3.1. These composites 
were calculated using cases that exhibited a high cor-
relation with each PPS at the surface, selecting those 
with loadings ≥ 0.6 (Richman and Gong, 1999). This 
selection yielded 45 cases for the CF_s pattern, 36 for 
the CG pattern, 20 for the CG_b pattern, and 9 for the 
CF_e pattern. Table IV presents the dates associated 
with each of the four main synoptic patterns linked 
to HRE occurrences in the WSM of PR.

The resulting composites for thermal infrared 
imagery and SLP, spanning from Day –2 to Day 0 of 
the HRE in the WSM of PR, are presented in Figure 7.

The CF_s pattern on Day –2 shows the presence 
of a cold front in Argentina, near the latitude of 
the province of Buenos Aires. Associated with this 
frontal system is a band of cloudiness with bright-
ness temperatures around 260 K, indicating weak 
convective activity or stratiform clouds. Over Uru-
guay, northeastern Argentina, and much of southern 
Brazil, there is low cloudiness linked to the presence 
of stratiform clouds, with brightness temperatures 
around 270 K.

By Day –1, this pattern reveals the development 
of deep clouds over the states of RS, SC, and the 
southern and southwestern parts of PR. The max-
imum intensity of these clouds is centered around 

Table III. Percentages of total explained variance and 
variance accumulated by the four main synoptic patterns 
(CF_s, CG, CG_b, CF_e) (at surface) during the different 
seasons of the year, associated with HRE in the WSM.

Season CF_s CG CG_b CF_e

Summer 5.7 3.9 1.0 1.9
Autumn 6.5 5.7 4.7 1.5
Winter 3.5 2.0 3.7 2.7
Spring 6.5 9.7 3.3 2.3
Total 22.2 21.3 12.7 8.4

CF_s: cold front with southwesterly wind; CG: cyclogenesis; 
CG_b: cyclogenesis with blocking; CF_e: cold front with 
easterly wind; HRE: heavy rainfall events; WSM: western 
and southwestern mesoregions of the State of Paraná.
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Table IV. Dates (month/date/year) of HRE related to the four main synoptic patterns 
(CF_s, CG, CG_b, CF_e).

CF_s CG CG_b CF_e

12/30/2000
12/22/2001
09/01/2002
11/04/2002
12/24/2002
12/12/2003
01/25/2005
05/21/2005
10/05/2005
10/29/2005
04/15/2006
08/16/2006
12/21/2006
04/25/2007
04/26/2007
05/08/2007
12/06/2007
04/14/2008
05/14/2009
06/24/2009
07/11/2009
09/23/2009
01/13/2010
03/15/2010
04/23/2010
12/05/2010
12/13/2010
10/30/2011
03/13/2013
05/16/2013
07/24/2014
11/20/2015
12/10/2015
08/20/2017
10/22/2017
05/19/2018
02/12/2019
02/26/2019
04/05/2019
12/05/2019
02/26/2020
08/19/2020
10/04/2021
10/24/2021
08/18/2022

10/01/2001
10/08/2001
09/20/2002
04/19/2003
10/09/2003
10/26/2003
11/17/2003
10/17/2004
09/20/2006
10/12/2009
12/12/2009
04/26/2010
12/03/2010
11/22/2011
03/05/2014
03/31/2014
05/01/2014
09/07/2014
11/28/2015
10/13/2016
10/26/2016
11/02/2016
12/03/2016
04/26/2017
15/19/2017
10/26/2017
11/04/2017
11/27/2019
12/16/2019
03/19/2020
12/03/2020
01/17/2021
10/14/2021
10/15/2021
03/25/2022
04/12/2022

04/04/2003
05/042004
05/13/2004
09/13/2004
06/16/2005
10/17/2005
05/18/2010
08/01/2011
04/29/2012
06/25/2013
06/28/2014
10/10/2015
05/09/2016
05/21/2016
04/16/2017
09/02/2018
01/20/2021
06/02/2022
06/03/2022
08/07/2022

09/13/2000
10/14/2000
06/07/2001
05/16/2002
06/07/2014
07/02/2015
07/11/2015
12/20/2015
09/20/2018

HRE: heavy rainfall events; CF_s: cold front with southwesterly wind; CG: cyclogenesis; 
CG_b: cyclogenesis with blocking; CF_e: cold front with easterly wind.
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northwestern RS and western SC, with brightness 
temperatures around 240 K.

This cloud formation was primarily associated 
with prefrontal activity, as the cold front on this day 
was positioned near northern Uruguay, northeastern 

Argentina, and the southern RS State, as illustrated 
in Figure 7.

On Day 0, a cloud band extends from southern 
Bolivia to the Atlantic Ocean, aligned with the frontal 
system. Two convective systems are observed: one 

Fig. 7. Composites of GOES-East thermal infrared image (in K, shaded) and SLP (each 3 hPa in lines) associated 
with HRE in the WSM. From top to bottom: CF_s pattern, CG pattern, CG_b pattern, and CF_e pattern. From left to 
right: Day –2, Day –1, Day 0. (GOES: Geostationary Operational Environmental Satellite; SLP: sea level pressure; 
HRE: heavy rainfall events; WSM: western and southwestern mesoregions of the State of Paraná.)
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over Bolivia and the other over PR, with brightness 
temperatures around 240 K and 244 K, respectively. 
Under this weather pattern, the WSM is influenced 
by convective activity on Day –1 and stratiform 
clouds on Day 0.

In the CG pattern, during Day –2, the presence of 
a continental low-pressure system resulting from the 
merging of the NAL and the CHL can be observed 
in northern Argentina, southern Bolivia, and western 
Paraguay. The northerly winds generated by this 
system facilitate the advection of warm and moist 
air masses from the Amazon Basin. This contributes 
to the formation of stratiform clouds (270 K) over 
northeastern Argentina and western southern Brazil, 
including the WSM.

To the south of this area of low pressure, there are 
shallow convective cells (260 K), likely related to the 
presence of a trough located around 40º S, 65º W.

On Day –1, the low-pressure system intensifies 
and moves toward the southeast, contributing to the 
formation of a large area with deep clouds centered 
over the RS State, characterized by a brightness 
temperature below 244 K. On several occasions, 
these deep clouds are associated with the formation 
of MCS (Salio et al., 2007), driven by the inflow of 
warm and moist air generated by the low-pressure 
system.

One day later (Day 0), the convective system 
increased in size and strength, moving toward the 
northeast and reaching a brightness temperature be-
low 235 K. This convective system was concentrated 
over a large portion of the PR State, including the 
WSM. At the same time, the extratropical cyclone 
formed around 37º S, 50º W, with its associated cold 
front extending toward eastern Paraguay. With this 
synoptic pattern, the HRE occurs in the WSM during 
extratropical cyclone formation, approximately be-
tween Day –1 and Day 0.

The CG_b pattern also shows the presence of 
deep clouds for one day before the occurrence of 
HRE in the WSM (Day –1). On this day, there is 
a large convective system covering a great part of 
the SC State and the southwestern part of PR, with 
its maximum intensity centered around the WSM, 
with a brightness temperature around 240 K. This 
convective system is formed to the north of the sta-
tionary front, in the warm, moistly and unstable air, 
as described in Figure 5.

On Day 0, the extratropical cyclone begins to 
form around northeastern RS and eastern SC, with 
its associated cold front extending into Paraguay. In 
this situation, a band of cloudiness covers the states 
of SC and PR, with brightness temperatures ranging 
between 240 and 248 K. The spatial distribution of 
the clouds associated with this weather pattern is 
similar to that observed in the CF pattern.

Finally, the CF_e pattern is also associated with 
the passage of a cold front; however, it does not pass 
over the WSM of PR State due to its zonal translation.

On Day –2, the cold front is observed between 
southern RS and northeastern Argentina, where a 
low-pressure system is located. Ahead of this fron-
tal system, particularly over northeastern RS, deep 
clouds with brightness temperatures around 248 K 
are present. By Day –1, the cold front has moved 
over the Atlantic Ocean, close to the southern coast 
of the SC State. Simultaneously, the low-pressure 
system associated with the merging of the NAL 
and the CHL intensifies and shifts southeastward, 
affecting northwestern RS, western SC, the WSM 
of PR, and southeastern Paraguay. Over this region, 
deep convective clouds with brightness temperatures 
around 234 K are observed.

On Day 0, the cold front is located over the Atlan-
tic Ocean at the latitude of RS, far from the continent. 
The convective system moves slowly northeastward, 
covering a large portion of the PR State. The maxi-
mum intensity of this system occurs over western and 
northern PR, with brightness temperatures around 
234 K. This meteorological pattern also features a 
band of cloudiness extending into the ocean, aligned 
with the surface oceanic frontal band.

4.	 Conclusions
This study developed a synoptic classification to 
identify the main patterns associated with HRE in the 
WSM of PR State, based on 178 events (2000-2022) 
exceeding the daily precipitation threshold of 32.8 
mm. HREs peaked in May and October—periods 
characterized by enhanced moisture availability 
and baroclinic activity—and were least frequent in 
summer (limited by weak baroclinicity) and winter 
(constrained by low atmospheric moisture).

Four dominant synoptic types emerged, consistent 
with weather regimes recognized by experienced 



184 G. C. J. Escobar et al.

forecasters: two linked to cold-front passages (CF_s 
and CF_e), differing in anticyclone trajectory and 
persistence of low-level moisture; and two associ-
ated with cyclogenesis (CG and CG_b). The CF_e 
and CG patterns exhibited the strongest convective 
activity (infrared brightness temperatures < 240 K), 
driven by the merger of the NAL and CHL, which 
sustained moisture advection from the Amazon Basin 
into the WSM. In contrast, the CG_b type involved 
a blocking configuration that promoted frontal wave 
development and mass convergence despite relatively 
modest low-level humidity.

The main contribution of this paper, compared 
to previous studies, is the objective identification 
of synoptic pattern sequences associated with HRE 
in the WSM. This approach enables systematic 
analysis of the development, evolution, and vertical 
structure of synoptic systems across the main tro-
pospheric levels. In operational forecasting centers, 
meteorologists are familiar with these situations, 
but their recognition is often subjective and expe-
rience-dependent. An objective, reproducible clas-
sification reduces subjectivity and supports faster, 
more effective forecasting, a critical advantage in 
operational environments.
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