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Abstract
The metropolitan region of São Paulo (MRSP), located in southeastern Brazil, is densely populated and economically sig-
nificant for the country. Cold fronts crossing MRSP are crucial for the precipitation regime and can induce extreme rainfall 
events. Therefore, this study presents a climatology of the contribution of cold fronts to extreme rainfall events in the MRSP 
and their associated synoptic patterns, using long term (1960 to 2022) local observations to identify cold fronts and daily 
rainfall extremes, and a time window of 5 days (from 2 days before and after). The mean circulation patterns associated 
with these events are analyzed using gridded precipitation and reanalysis for a short period (1980–2022). For 1960–2022, 
a total of 2535 cold fronts and 1077 extremes rainfall events were identified, with 58% of the daily extremes being associ-
ated with cold fronts. These events mainly occur during the austral spring, although their daily mean precipitation is higher 
in the austral summer. The contribution of cold fronts to extreme precipitation exhibits a statistically significant decrease, 
contrasting with the increasing trend in daily rainfall extremes. This suggests the influence of other meteorological systems 
in increasing rainfall extremes. The synoptic patterns reveal an intense anticyclone located southwest of the main trough in 
the lower troposphere, intense cyclonic vorticity along the front at low levels, stronger upper troposphere divergence, and 
strong thickness gradients in the 500–1000 hPa layer affecting MRSP. Most extremes occur on the day before and the day 
of the cold front due to more favorable dynamic conditions for convective activity.

1  Introduction

Analysis of past observations and future climate projections 
synthesized by the Intergovernmental Panel on Climate 
Change (IPCC) to provide their Assessment Reports (AR5, 
and AR6) have attracted attention to the more frequent and 
intense extreme weather events around the world (IPCC 
2014, 2021). Many statistical indices may be used to char-
acterize daily precipitation extremes, such as exceedance of 
a percentage of monthly/seasonal mean in one day (Carvalho 
et al. 2002; Liebmann et al. 2001) or the upper percentiles 

of daily rainfall (Carvalho et al. 2004; Sugahara et al. 2009; 
Silva Dias et al. 2013; Machado et al. 2021; Dalagnol et al. 
2022; de Souza et al. 2024; Segura and da Rocha 2024). 
Moreover, the last International Panel on Climate Change 
(IPCC 2021) reports incorporated the use of percentiles to 
characterize extreme events to allow intercomparisons of 
the global extreme precipitation patterns and trends. The 
projections from the IPCC’s sixth report indicate with high 
confidence that extreme precipitation events will become 
more frequent as global warming progresses. On a global 
scale, it is estimated that these events will intensify by 7% 
for each 1 °C increase in average global temperature (IPCC 
2021). In continental regions, there is high confidence that 
the frequency and intensity of extreme precipitation have 
increased since 1950. The increase in extreme precipitation 
events is estimated to be caused by human-induced climate 
change. The threshold for defining a precipitation event as 
extreme varies depending on the location, climatological 
patterns (including synoptic systems) and seasonality of a 
specific region (Sugahara et al. 2009). Among the various 
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meteorological systems that can produce extreme events are 
the cold fronts.

In South America, cold fronts significantly influence the 
weather conditions and climate year-round, moving prefer-
entially from southwest to northeast. Cold fronts are syn-
optic-scale meteorological systems and are described as a 
boundary region between two air masses with different ther-
modynamic characteristics (Cavalcanti et al. 2009; Reboita 
et al. 2010; Reboita et al. 2023).

During austral winter, these systems often bring cold air 
masses from higher latitudes, causing cold spells and some-
times frosts in the south and southeast of Brazil as well as 
intense precipitation and winds (Garreaud 2000). In austral 
summer, cold fronts interact with warm and moist tropi-
cal air, leading to deep convection (Garreaud 2000; Nieto-
Ferreira et al. 2011; Escobar et al. 2016). Considering the 
whole Southern Hemisphere, the climatology indicates cold 
fronts contributing to over 50% of the annual precipitation 
in mid-latitudes (Catto and Pfahl 2013).

The climatology of frontal systems conducted by Cav-
alcanti and Kousky (2003) in South America reveals a sea-
sonal pattern, with a higher frequency of cold fronts during 
the winter and early-spring months (June to October), and 
a lower frequency between January and February (Escobar 
et al. 2019). There are two main paths for frontal systems 
over the continent: one inland, heading northwards from 
northern Argentina to the western Amazon region, and the 
other along the eastern coast of Brazil. More recent clima-
tology of Pampuch and Ambrizzi (2015) found the north-
central region of Argentina and southern Brazil experienc-
ing between 45 and 50 cold front passages annually, while 
southeastern Brazil receives from 25 to 30 systems per year.

According to Seluchi et al. (2017), cold fronts responsible 
for intense rainfall in eastern Santa Catarina (Southern Bra-
zil) are associated with the penetration of cold, intense, and 
weakly baroclinic troughs in the middle and upper levels of 
the atmosphere, as well as an intensification of a trough in 
the lower troposphere. Seluchi et al. (2016) also investigated 
the characteristics of cold fronts potentially responsible for 
intense rainfall events in the mountainous region of Rio de 
Janeiro (Southeastern Brazil); they showed that temperature 
contrast, vorticity advection, and upper-level divergence are 
important for the intensification of cold fronts. For the met-
ropolitan region of Rio de Janeiro, Moura et al. (2013) found 
that fronts associated with intense rainfall in the area have 
three main modes (which explain 56% of the total variance 
of the cases). The first mode is characterized by fronts with 
zonal displacement; the second shows a pattern of fronts 
with intense post-frontal anticyclones; and the last mode 
indicates a pattern of post-frontal anticyclone to the east of 
Rio Grande do Sul, which results in southerly winds in Rio 
de Janeiro. In southern South America, Solari et al. (2022) 
showed that more intense cold fronts (stronger cyclonic 

vorticity and higher moisture content) are associated with 
extreme precipitation, and that dynamic factors play a cru-
cial role for their occurrence.

Southeast Brazil is home of the largest metropolitan region 
in South America, São Paulo (MRSP), with a population 
of approximately 21.6 million in 2018 (IBGE 2018). This 
densely populated area is of great socio-economic impor-
tance for the country. In MRSP, cold fronts play a significant 
role in local weather patterns, particularly in terms of pre-
cipitation and temperature changes, being also important for 
pollutant dispersion. Observations in MRSP indicate several 
patterns associated with the passage of cold fronts. For exam-
ple, the air temperature tends to rise in the day leading up to a 
front’s passage followed by a decrease afterwards, while the 
wind typically shifts from northwest to south-southeast dur-
ing and after the passage. In addition, cold fronts contribute 
substantially to seasonal precipitation, with austral winter 
and summer receiving approximately 59% and 41% of its 
precipitation from them, respectively (Dametto and da Rocha 
2005; de Jesus 2014). In terms of frequency, cold fronts occur 
quasi-equally over the year, with a slightly greater occur-
rence in austral spring over the MRSP (Dametto e da Rocha 
2005; de Jesus 2014). According to Escobar et al. (2019), 
almost 40% of the precipitation is associated with three baro-
clinic systems (cold fronts, subtropical fronts, and baroclinic 
troughs) during the rainy season, while this number increases 
to 60% during the dry season.

In MRSP, extreme precipitation events are more frequent 
from November to March, coinciding with the rainy season 
of southeast Brazil, when the highest volumes of precipi-
tation occur (Liebmann et al. 2001; Carvalho et al. 2002; 
Sugahara et al. 2009). The extreme daily rainfall events are 
increasing in frequency and intensity in MRSP, leading to a 
statistically significant increase in total annual precipitation 
(Sugahara et al. 2009; Silva Dias et al. 2013; Marengo et al. 
2020). Some studies related the increase in the occurrence of 
precipitation extremes with specific meteorological systems 
or changes in the urbanization in MRSP. For instance, Car-
valho et al. (2004) linked the activity of the South Atlantic 
Convergence Zone to intraseasonal activity and the occur-
rence of extreme rainfall; Silva Dias et al. (2013) analyzed 
daily precipitation extremes using upper percentiles (80th, 
95th, and 99th) to associate its increasing trends to the 
rapid urbanization and increasing pollutant concentrations; 
Vemado et al. (2016) studied severe weather episodes in 
the MRSP attributed to the combined effects of urban heat 
islands and sea breezes; Marengo et al. (2020) showed that 
the South Atlantic subtropical high underwent an intensifica-
tion and a slight southwestward displacement from its nor-
mal position, which is modifies the moisture transport and 
could also explain the increase in extreme rainfall events in 
the MRSP. The substantial growth of rainfall extreme events 
in MRSP calls attention due to their impact on the region’s 
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economy and human lives. Floods in MRSP are estimated to 
cause over 762 million Brazilian reais in damages annually 
(Haddad and Teixeira 2015).

Based on these findings, Marengo et al. (2020) concluded 
that the observed increase in annual rainfall totals in the 
MRSP is primarily a result of the rise in the frequency of 
extreme events. At the same time, a long-term analysis 
(1960–2022) does not indicate a statistically significant trend 
of the annual frequency of cold fronts in MRSP (Segura and 
da Rocha 2024). Therefore, despite the significant role of 
cold fronts in the precipitation climatology of MRSP, their 
contribution to extreme daily rainfall events as well as their 
change with the time in MRSP remains unclear.

In this context, this study aims to obtain a climatology 
and climate trends of the contribution of cold fronts to daily 
rainfall extremes events as well as to characterize the syn-
optic patterns associated with cold fronts producing extreme 
rainfall in the MRSP. Section 2 presents the data used and 
methods employed to identify the cold fronts and precipi-
tation extremes; Section 3 shows the results on the daily 
and seasonal extremes associated with fronts and their spa-
tial patterns; and Section 4 presents a summarization and 
conclusions.

2 � Materials and methods

2.1 � Data

In this study, three different datasets are employed. The first 
one comprises atmospheric variables (meridional wind, air 
temperature, and daily precipitation) from the meteorologi-
cal station Paulo Marques dos Santos located at University 
of São Paulo Science and Technology Park at 799 m above 
sea level and in 23°39′S- 46°37′W. This station is used to 
represent MRSP and provides the data to identify cold fronts 
and their association with the daily precipitation extremes 
for the period 1960–2022.

The spatial patterns of rainfall associated with cold fronts 
in the MRSP are assessed through data from the Climate 
Hazards Group InfraRed Precipitation with Station Data 
(CHIRPS), which combines meteorological station obser-
vations and satellite-based precipitation estimates (Funk 
et al. 2015). CHIRPS was developed by the United States 
Geological Survey (USGS) and the Climate Hazards Group 
at the University of California, Santa Barbara (UCSB), and 
provides global daily precipitation analysis with a spatial 
resolution of 0.05º from 1981 to the present (Funk et al. 
2015). Due to its high spatial and temporal resolutions, 
CHIRPS offers a novel alternative for studying precipita-
tion extremes, which is particularly advantageous for climate 
studies, especially in regions with limited meteorological 
stations coverage.

ERA5 reanalysis provides the atmospheric data to obtain 
the spatial patterns related to extreme rainfall associated 
with cold fronts. ERA5 is the fifth generation of reanaly-
sis produced by the Copernicus Climate Change Service 
at ECMWF and it replaces ERA-Interim (Hersbach et al. 
2020). ERA5 has a horizontal resolution of 31 km and 137 
vertical levels between the surface and 80 km-height cov-
ering the period from 1940 to the present. The refinement 
of resolution from ERA-Interim (80 km) to ERA5 (31 km) 
allows more detailed studies of synoptic-scale phenomena, 
showing more accurate features than ERA-Interim (Hers-
bach et al. 2020). From ERA5, 12 UTC data of geopotential 
and winds at different pressure levels, sea level pressure, and 
specific humidity at 850 hPa are used. From these data we 
derived the thickness layer between 1000 hPa and 500 hPa, 
relative vorticity, wind divergence and moisture flux.

2.2 � Cold front identification

The objective method to identify cold fronts was previously 
employed by Jesus et al. (2016), Rodrigues and Sugahara 
(2004), Dametto and da Rocha (2005), and it has similarities 
with the method used by Pampuch and Ambrizzi (2015). The 
method consists in two conditions: (i) meridional wind com-
ponent turning from the northern to the southern quadrant 
from day before (d-1) to the cold front day (d), remaining 
from the southern quadrant for at least 48 h after (d + 2) the 
turn; (ii) temperature drop either during the wind turning 
or within the following 48 h. This criterion for identifying 
fronts was validated by Segura and da Rocha (2024) by com-
paring with the records of cold front passages in southeast 
Brazil documented by Climanálise (a national publication 
that includes the dates and locations of the cold fronts cross-
ing Brazil: http://​clima​nalise.​cptec.​inpe.​br/​~rclim​anl/​bolet​
im/). It was also verified by comparing with the three cases 
studied by Escobar et al. (2019): a classic cold front (12 
July 2010 near São Paulo), which was correctly identified, 
and a subtropical front (19 May 2013 near Espírito Santo) 
and a baroclinic trough (5 March 2016 near MRSP), which 
were not identified as cold front by our criterion. Both veri-
fications indicate the effectiveness of the used criterion in 
identifying cold fronts in the MRSP.

2.3 � Detection of daily extreme rainfall

For the period 1960–2022, the 90th percentile of daily rain-
fall was calculated for each month, using only days with 
precipitation greater than zero of MRSP station data. The 
90th percentile was chosen to provide a larger number of 
events with extreme daily rainfall to be associated with cold 
fronts. In addition, it is important to mention that there is a 
small difference between the 95th and 90th percentile pre-
cipitation thresholds. This approach is similar to that used by 

http://climanalise.cptec.inpe.br/~rclimanl/boletim/
http://climanalise.cptec.inpe.br/~rclimanl/boletim/


	 C. S. Segura et al.54  Page 4 of 19

Sugahara et al. (2009), who studied precipitation extremes 
based on upper percentiles. The percentile was calculated on 
a monthly basis because the definition of ‘extreme precipita-
tion’ is dependent on seasonality, which provides different 
monthly amounts of rainfall to be considered an extreme 
event mainly in regions such as MRSP that presents a wet 
austral summer and dry austral winter (Sugahara et al. 2009).

2.4 � Extreme rainfall events associated with cold 
fronts

The cold front algorithm provides a list of dates with cold 
front passages in the MRSP. From this information, daily 
precipitation data were filtered to select only days with cold 
front passage. By combining the dates of cold fronts and 
extreme events (above the 90th percentile), it was possible 
to select episodes of extreme daily rainfall occurring from 
two-day before (d-2) to two-day after (d + 2) the cold front 
passage. These events were thus divided into five groups: 
‘d-2’, ‘d-1’, ‘d’, ‘d + 1’, and ‘d + 2’, each one representing the 
temporal interval in relation to the front’s passage.

The characteristics of these events were compared with 
cold fronts without rainfall extremes (daily rainfall below 
the 90th), aiming to identify potential differences between 
the two scenarios. For example, ‘d-2’ group includes the 
daily rainfall extreme events (exceeding the 90th percen-
tile) occurring two days before a cold front, which was then 
compared with ‘d-2’ cold fronts with daily rainfall below 
the 90th percentile. This allows studying the average and 
anomalous patterns of cold fronts associated with rainfall 
extremes for different atmospheric variables. It is important 
to note that the groups do not represent a temporal sequence; 
the events in the ‘d-2’ group are not necessarily connected 
to those in the ‘d-1’ group, and successively. They are dif-
ferent groups, involving events with potentially different 
characteristics.

It is important to emphasize that the requirement of a 
southerly wind for forty-eight hours limits the overlap of 
the same extreme event being included in more than one 
group. However, two events were identified that were asso-
ciated with two different cold fronts. Therefore, each group 
contains unique events.

2.5 � Time series analysis

Two statistical tests were employed for time series analysis: 
the Mann-Kendall test for monotonic trend detection (Mann 
1945; Kendall 1975) and the Pettitt test for temporal series 
homogeneity (Pettitt 1979; Paiva and Sáfadi 2021). Both 
Mann-Kendall and Pettitt tests are non-parametric statistical 
tests described by Pohlert (2016). The Mann-Kendall test 
and Sen’s slope test are two methods used to analyze trends 
in data over time.

The Mann-Kendall test is used to detect trends by compar-
ing data points to each other over time. The analysis examines 
the direction of changes between successive points in the time 
series. The expression ‘sign’ refers to the sign (positive or neg-
ative) of the difference between pairs of points. When most 
differences are positive, it implies an upward trend; when the 
majority are negative, it indicates a downward trend (Segura 
and da Rocha 2024). The statistical test (S) is based on count-
ing these changes (Pohlert 2016). On the other hand, Sen’s 
slope is a way to calculate the magnitude of a trend in data 
over time. It compares all possible pairs of data points and 
calculates the slopes between them. Then, it finds the median 
of all these slopes, which represents the trend magnitude. This 
method is robust against outliers and works well for irregularly 
spaced data points. The Mann-Kendall test is calculated from 
the S statistic, shown in Eqs. 1 and 2 (Segura and da Rocha 
2024).

Equation 3 shows the variance of the S statistic, which 
in situations with very large samples assumes a normal dis-
tribution. N indicates the sample size (Segura and da Rocha 
2024).

Then, the Z-value is calculated to standardize the S statistic, 
as shown in Eq. 4.

The Pettitt test is calculated according to the U statistic, 
shown in the Eqs. (5), (6) and (7).

(1)S =
n−1∑
k=1

n∑
j=k+1

sign(xj − xk)

(2)sign(x) =

⎧
⎪⎨⎪⎩

1, if x > 0

0, if x = 0

−1, if x < 0

(3)U+

t
=

t∑
j+1

j∑
i=1

sign
(
xj − xi

)

(4)�
2(S) =

N(N − 1)(2N + 5)

18

(5)Z =

⎧
⎪⎨⎪⎩

S−1√
𝜎

, if S > 0

0, if S = 0
S+1√

𝜎

if S < 0

(6)U =
(
U+

t
, U−

t

)

(7)U−

t
=

n∑
j=t+1

j∑
i=t+1

sign
(
xj − xi

)
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Here, ‘xi’ represents the data value at time ‘i’, ‘t’ is the 
potential change point, and ‘n’ is the total number of obser-
vations (Pohlert 2016). The change point is the time ‘t’ that 
maximizes the test statistic U.

In essence, while the Mann-Kendall test identifies the 
presence of a trend in the data, Sen’s slope test quantifies 
the magnitude of that trend (Pohlert 2016) and the Pettitt test 
identifies change points in the series. The significance level 
of 0.05 (p-value) is used to determine the statistical impor-
tance of potential trends and change points in the time series.

3 � Results

3.1 � Daily rainfall extremes

Table  1 presents the monthly values of the 90th per-
centiles of daily precipitation for the period 1960–2022 
in MRSP. The 90th percentiles are higher in the austral 
summer (peaking in February) and lower in winter (low-
est in August), following the annual cycle of precipitation 
(Fig. 1). For the thresholds in Table 1, a total of 1077 daily 
rainfall events exceeded the 90th percentile, resulting in 
an average of ~ 17 extreme events per year. As shown in 
Fig. 1, the seasonal variability of the mean frequency of 
the extremes follows the annual precipitation cycle: most 
events occurring in the rainy season (December to Febru-
ary; hereafter DJF), decreasing during the dry period (June 
to August; hereafter JJA).

The average monthly precipitation only considering 
extreme events is higher during the rainy season, reach-
ing ~ 504 mm in January and 477 mm in February, highlight-
ing these two months from the others of the year. July and 
August, which are typically the driest months, mean rainfall 
extremes only reach 98.4 mm and 76.8 mm, respectively.

Figure 2 presents the time series of absolute frequency of 
extremes and associated accumulated precipitation. There 
is a high interannual variability of the frequency of extreme 
rainfall events (above 90th percentiles), with some periods 
with less (e.g. 1960–1975) and more (e.g. 1977–1983 and 
near 2010) events (Fig. 2). The maximum number of events 
per year was 33 in 1976, and 2003 registered a minimum of 
6 events. Figure 2 also makes evident that the interannual 
variability of the two series is remarkably similar, with an 
increase in the annual cumulative rainfall in the year with a 
higher number of extreme events and the opposite occurring 
when decreasing the number of extreme events, as previ-
ously documented for shorter time period (Sugahara et al. 
2009; Silva Dias et al. 2013; Marengo et al. 2020).

Both series of accumulated extreme rainfall and annual 
frequency of extreme events indicate an increasing trend 
according to the Mann-Kendall test, with p-values of 0.013 
and 0.025, respectively (Fig. 2). The slope of the trend is 
0.07 for the frequency of annual events. Therefore, both 
the annual frequency of extreme events and the associated 
accumulated precipitation are increasing. The accumulated 
extreme precipitation is growing at a linear rate of approxi-
mately 4 mm per year. These results are in line with Suga-
hara et al. (2009), who found positive trends of the frequency 

Table 1   Values of the 90th percentile of daily precipitation (mm day−1) for each month calculated for the period 1960–2022 in MRSP

 Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

 90th 31.2 33.9 28.3 21.4 17.5 18.6 15.7 14.7 19.1 24.1 25.4 27.6

Fig. 1   Annual cycle of the mean frequency of extreme rainfall events (counts, left scale) and associated average monthly mean extreme precipi-
tation (mm, right scale) for the period 1960–2022 in the MRSP
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and intensity of rainfall extreme events in the MRSP station 
time series for the period 1933–2005.

3.2 � Annual and seasonal rainfall extremes 
associated with cold fronts

Using the objective criterion (Section 2.2), 2534 cold fronts 
were identified from 1960 to 2022. This gives an average 
frequency of approximately 40 cold fronts per year crossing 
the MRSP, with a minimum of 32 (in 1998) and a maximum 
of 50 (in 2009).

Figure 3 shows the boxplot for the annual cycle of cold 
fronts in the MRSP, which gives a more detailed under-
standing of the seasonal variations in cold front passages 
through the region. It is noted that during September to 
November (SON) the frequency of cold fronts is higher, 
with a median of four fronts in September and October 
and outliers reaching a maximum of seven and a minimum 
of two systems. For January and February, the variability 

is similar to that of June, which has a minimum number 
of fronts. However, in January and February there is a 
higher occurrence of outliers, up to six and seven fronts, 
respectively. The greater interquartile range of cold fronts 
frequency occurs in July and November.

As described in Section 2.4, the association between 
daily precipitation extremes and cold fronts considered 
a time window of 5 days (from two days before to two 
days after). This time window is based on the analysis 
characterizing cold fronts in southern Brazil (Rodrigues 
and Sugahara 2004). Applying a 5-day window, from 1077 
extreme events, 630 of them are related to the passage of 
cold fronts, which indicates that 58% of the cold fronts 
produce daily rainfall extremes in MRSP.

This percentage is moderately higher than obtained by 
Lima et al. (2010), who associated the cold fronts with 
~ 53% of extreme daily rainfall events in southeastern 
Brazil. However, it is in the range of the one obtained by 
Catto and Pfahl (2013) in mid-latitudes in the Southern 

Fig. 2   Time series of extreme rainfall events (absolute number, left scale, red line) and associated accumulated precipitation (mm, right scale, 
dashed blue line) for the period 1960–2022 in the MRSP

Fig. 3   Boxplot for the annual cycle of all cold fronts in the MRSP during 1960–2022. For each month, the boxplot displays the outliers, mini-
mum value, first quartile, median (numbers in the boxes), third quartile, and maximum value for the frequency of cold fronts
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Hemisphere, where cold fronts contribute to over 50% of 
the total precipitation.

The higher number of extreme events associated with 
fronts (209) occur one day before the cold front (‘d-1’), 
which is explained by the synoptic environment analysis 
(Section 3.5). The day of the fronts (‘d’) has 173 extremes 
and for both (‘d-1’ and ‘d’) the average extreme precipitation 
reaches 39.3 mm/day. However, although less frequent, the 
events occurring two days before the cold front are slightly 
more intense, with average daily extreme precipitation of 
41.6 mm/day. The average daily precipitation, considering 
all cold fronts and not just extremes, is much lower than for 
cold fronts associated with extremes (Table 2).

For cold fronts with extreme events, the highest aver-
age daily rainfall occurs on ‘d-2’ (41.6 mm/day), while this 
occurs in ‘d-1’ for cold fronts without extremes (6.4 mm/
day). Table 2 also presents an increase in the average pre-
cipitation between ‘d + 1’ and ‘d + 2’ for both cold fronts 
with and without extreme rainfall.

Table 3 displays the seasonal absolute frequency and 
mean extreme precipitation of cold fronts crossing MRSP 
(from ‘d-2’ up to ‘d + 2’). SON has a greater frequency of 
days with cold fronts associated with rainfall extremes, 
being also the season with the highest frequency of cold 

fronts (Dametto and da Rocha 2005; de Jesus 2014; Segura 
and da Rocha 2024), followed by MAM and DJF. The lowest 
frequency occurs in JJA. In all seasons, the rainfall extremes 
associated with fronts are more frequent in ‘d-1’ and ‘d’ and 
less frequent in ‘d + 1’ in DJF, SON and MAM (Table 3). It 
is interesting to note that even though the highest frequency 
of events occurs in SON, the highest average precipitation 
is registered in DJF, coinciding with higher precipitation 
climatology in the region. A possible explanation for the 
greater intensity of events in DJF is the occurrence of low-
level jet episodes. During the austral summer, the moisture 
flow from the Amazon is intensified, creating a more favora-
ble environment for heavier rainfall episodes (Montini et al. 
2019). Another possible mechanism capable of explaining 
the higher intensity of events in DJFter is the increased 
frequency of episodes of the South Atlantic Convergence 
Zone (SACZ), which is more common in austral summer 
(Silva et al. 2021). The higher frequency of extreme pre-
cipitation events in SON can be explained by the return of 
the rainy season in southeastern Brazil, which is associated 
with increased available moisture and a higher frequency 
of fronts favoring the occurrence of intense rainfall events.

Figure 4 shows a boxplot of the seasonal variation in 
precipitation associated with extreme rainfall events due 

Table 2   Number of extreme rainfall events and daily mean precipitation (mm/day) for cold fronts with and without daily rainfall extremes from 
two days before (d-2) until two days after (d + 2) the cold fronts in the MRSP for the period 1960–2022

Time d-2 d-1 d d + 1 d + 2

Number of extreme events 89 209 173 69 90
Annual mean extreme events 1.4 3.4 2.8 1.1 1.5
Average daily extreme precipitation associated with cold fronts 41.6 39.3 39.3 35.3 36.2
Average daily precipitation for all cold fronts 3.8 6.4 5.6 2.8 3.0
Extreme rainfall anomaly associated with cold fronts 37.8 32.9 33.7 32.5 33.2

Table 3   Seasonal absolute frequency (absolute number) of rainfall extreme associated with cold fronts and corresponding mean precipitation 
(mm/day), and the total number of cold fronts in the MRSP for the period 1960–2022

Bold indicates the maximum for each season

Time DJF
(freq)

DJF
Mean rainfall 
(mm/day)

MAM
(freq)

MAM
Mean rainfall 
(mm/day)

JJA
(freq)

JJA 
Mean rainfall
(mm/day)

SON
(freq)

SON
Mean 
rainfall (mm/
day)

d-2 27 47.7 24 38.6 6 37.8 32 39.4
d-1 56 48.3 57 37.3 27 32.2 69 36.5
d 50 50.4 39 37.2 33 26.6 51 38.1
d + 1 14 45.4 23 38.4 18 26.5 14 31.5
d + 2 20 49.0 27 36.8 12 31.5 31 34.6
Total of days of cold fronts 

with rainfall extremes
167 170 96 197

Seasonal mean 2.7 48.2 2.7 37.6 1.5 30.9 3.2 36.0
Total of cold fronts 568 - 646 551 - 769
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to the passage of cold fronts over the MRSP. It is nota-
ble that DJF has the larger number of outliers, with rain-
fall above 80 mm/day (10 events), and with half of these 
outliers recorded on the day of the cold front passage. 
Three outliers are recorded in the ‘d-1’ group (one day 
before the passage). March to May (MAM) is the only 
season showing outlier events with rainfall equal to or 
above 140 mm per day (2 events). One of these events 
was recorded in the ‘d’ group, and the other in the ‘d + 2’ 
group. For JJA, the events show a lower amount of pre-
cipitation compared to the wetter period. However, there 
are still records of intense daily rainfall events, between 
40 and 80 mm/day. The ‘d’ group registers two outlier 
events with daily rainfall between 60 and 80 mm/day. 
In SON there are 5 outliers, two of which occur in the 
‘d-2’ group, and these are also the events with the high-
est daily rainfall from 80 mm/day to 100 mm/day. Two 
events occuring in the ‘d-1’ have daily rainfall between 
60 and 80 mm/day, and the single outlier in the ‘d + 2’ 
accumulates over 60 mm/day.

It is interesting to note that during JJA (the dry season 
in southeastern Brazil) the maximum values for the ‘d-2’ 
and ‘d-1’ groups are comparable to the maximum values 
for the same groups during the rainy season. Overall, the 
minimum rainfall values for all groups in JJA are also 
comparable and not substantially different from the mini-
mum in MAM and SON. However, the rainfall maximum 
for ‘d’, ‘d + 1’ and ‘d + 2’ are lower in JJA (though still 
close to 40 mm/day).

3.3 � Trends of extreme rainfall associated with cold 
fronts

The time series of extreme rainfall events associated with 
cold fronts over the MRSP was constructed considering the 
sum of events occurring from ‘d-2’ to ‘d + 2’. Figure 5a (red 
line) shows an average of 10 events per year, ranging from 
~ 3 (in 1985 and 2003) to 20 (in 1983), followed by 1976 
with 19 events. This series does not show a monotonic trend 
or regime change points according to Mann-Kendall and 
Pettitt tests, respectively.

The accumulated extreme precipitation associated with 
cold fronts is presented in Fig. 5a (blue line). For the whole 
period, the average rainfall reaches 388.7 mm/year, with 
1983 and 2019 standing out with accumulations of 755.0 
and 749.2 mm/year, respectively, which are the highest 
amounts in the series representing 300 mm above the aver-
age. The accumulated extreme rainfall associated with fronts 
for 1983 represents 194.2% of the average and 2019 repre-
sents 192.7% of the average. The years 1985 and 2003 have 
the lowest accumulations of extreme rainfall associated with 
cold fronts, with 90.2 and 105.8 mm/year, respectively. The 
series also does not show a monotonic trend (p-value equal 
to 0.81) or regime change points.

The relative contribution of extreme rainfall associated 
with cold fronts to the total rainfall for all extreme days 
is shown in Fig. 5b. On average, more than half (57.4%, 
Fig. 5b) of the extreme precipitation accumulation is asso-
ciated with cold fronts in the MRSP. According to Fig. 5b, 

Fig. 4   Boxplot for the annual cycle of extreme daily precipitation (mm/day) associated with cold fronts for each group of events: ‘d-2’ (green), 
‘d-1’ (orange), ‘d’(blue), ‘d + 1’ (pink), ‘d + 2’ (olive green)
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some years stand out with higher relative contributions, such 
as 1975, 1974, 2009, and 1999 representing 89.3%, 80.4%, 
78.2%, and 77.4%, respectively. It is interesting to note that 
the higher contribution in 1975 and 1974 resulted from 
between 7 and 8 extreme rainfall events, while 16 occurred 
in 2009. The lowest relative contributions of cold fronts to 
extreme rainfall occurred in 1985, 2011, 2007 and 2006, 
with 18.0%, 31.8%, 32.2% and 33.4%, respectively (Fig. 5b).

Figure 5b presents a statistically significant monotonic 
decreasing trend (p-value equal to 0.051) and a regime 
change point in 1984 (p-value equal to 0.0007). The rela-
tive contribution of cold fronts to extremes before and after 
the change point are 66.2% and 52.1%, respectively. It is 
noticeable from 1960 to 1984 that most years remain above 

the average, while the opposite (years below the average) 
occurs afterwards (1985–2022; Fig. 5b).

The negative trend observed in Fig. 5b, when compared 
with Fig. 2, and 5a, indicates that extreme rainfall associated 
with cold fronts does not show a decreasing trend. How-
ever, the contribution of cold fronts to extreme precipitation 
exhibits a statistically significant decrease. Such a trend may 
suggest an increase in daily rainfall extremes due to other 
forcings, such as rainfall organized by sea breeze (Perez and 
Silva Dias 2017), isolated convection forced by urbaniza-
tion effect (Vemado and Pereira Filho 2016), or changes in 
subtropical anticyclones over the South Atlantic with con-
sequent increase of moisture transport to the region feeding 
the intense convection (Marengo et al. 2020).

Fig. 5   a  Annual mean absolute frequency of extreme precipitation 
events associated with cold fronts (events/year, red line) and accu-
mulated rainfall (mm/year, blue line) in the MRSP. b Relative contri-

bution (%) of extreme rainfall associated with cold fronts to the total 
rainfall for all extreme days. Dashed line indicates the average



	 C. S. Segura et al.54  Page 10 of 19

3.4 � Spatial pattern of extreme rainfall associated 
with cold fronts

As CHIRPS data is available only after 1981, the composites 
were calculated considering only cold fronts in the MRSP 
for the period 1981–2022. Figure 6 displays CHIRPS spatial 
pattern of precipitation anomaly for the five days (from ‘d-2’ 
until ‘d + 2’) used to analyze the cold fronts. The anomalies 
were calculated as the difference between the composites 
for the cold fronts with and without daily rainfall extremes.

According to the CHIRPS database, the most intense 
positive anomalies are observed on the day of the cold front, 
with up to 15 mm/day concentrated in the MRSP and coastal 
areas (Fig. 6c). Extreme events occurring on ‘d-1’ exhibit a 
pattern with positive rainfall anomalies in southern Minas 
Gerais and northeastern state of São Paulo (up to 9 mm/day) 
and negative ones to the south of the state. For the ‘d-2’, the 
positive anomalies are more confined to the neighborhood 
of MRSP, and with lower intensity (up to 4 mm/day) than 
for ‘d’ and ‘d-1’. On ‘d + 1’ and ‘d + 2’ the more intense 
positive anomalies occupy the coastal area of the state of 
São Paulo, still encompassing the southern portion of MRSP 
(Fig. 6d, e).

Although CHIRPS captures the spatial pattern of anom-
aly of precipitation for extreme events associated with cold 
fronts, the differences in intensity between CHIRPS (Fig. 6) 
and MRSP station (Table 2) are high. This is expected 
because MRSP station represents only one grid point, 
which may be subject to large local variations not captured 
by CHIRPS gridded data. The processes of interpolation and 
use of multiple sources of data (local observations, satellite 
estimates, reanalysis, etc.) in general reduces the ability of 
gridded analysis to capture extreme rainfall, as discussed 
also by Cavalcante et al. (2020) when analyzing the Amazon 
sector of South America.

Table 4 shows the average daily rainfall for MRSP loca-
tion considering all event groups, according to the CHIRPS 
database. Overall, there is an apparent underestimation of 
the rainfall totals from the events according to the CHIRPS 

Fig. 6   CHIRPS daily precipitation averages anomaly for extreme precipitation (mm/day) associated with the cold fronts in the MRSP: a ‘d-2’, 
b ‘d-1’, c ‘d’, d ‘d + 1’, e ‘d + 2’. The square highlights a large area around MRSP

Table 4   Average daily rainfall (mm/day) for ‘d-2’ to ‘d + 2’ at MRSP 
location (average in a 1.0° x 1.0° box centered on the IAG-USP sta-
tion) according to the CHIRPS database for the period 1981–2022

Event d-2 d-1 d d + 1 d + 2

Mean rainfall CHIRPS
(mm day−1)

11.6 14.6 20.7 12.7 9.3
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data. The highest average occurs in the ‘d’ group, with 
only 20.7 mm/day (~ 50% less precipitation), showing val-
ues that are significantly different from those presented in 
Table 2. The largest difference occurs in the ‘d + 2’ group, 
with a 27.6 mm difference between the average obtained 
from CHIRPS and the average from IAG (around 75% less 
precipitation).

Table 5 shows the 90th percentiles for CHIRPS database; 
it is noticeable that CHIRPS presents small differences when 
compared to the 90th percentile calculated using precipita-
tion from MRSP (or IAG station) shown in Table 1. For 
January and February, for instance CHIRPS are slightly 
higher, while in the remaining months they are lower, with 
the largest difference occurring in April.

3.5 � Synoptic features of extreme rainfall associated 
with cold fronts

The composites of atmospheric fields are presented for the 
same period of CHIRPS data, i.e., 1981–2022. For this 
period, the anomalies were calculated as the difference 
between cases of cold fronts associated with extreme rain-
fall events and of cold fronts not associated with extreme 
rainfall events.

Figure 7 depicts the composites of the wind at 1000 hPa 
and sea-level pressure for cold fronts associated with rainfall 
extremes. It is noted that São Paulo is under the influence 
of a relative low-pressure area, with the associated surface 
cyclone (in this case, a cyclone is the same as a low-pressure 
area) located over the South Atlantic Ocean (40°W; 50ºS) 
far from the MRSP. Southwestward and away of the MRSP 
(over southern Brazil, Uruguay and northeastern Argentina) 
there is a post-frontal anticyclone sustaining south/south-
easterly winds to the MRSP, while the South Atlantic sub-
tropical anticyclone (SASA) is displaced to the east contrib-
uting to intensify northerly winds. These winds are prevalent 
from ‘d-2’ to ‘d + 2’ and favor the transport of moist air from 
the ocean to the continent, which strengthens the hypothesis 
that moisture from the ocean is a crucial factor to trigger 
extreme rainfall events in MRSP (Marengo et al. 2020).

In Fig. 7, for ‘d-2’ to ‘d + 2’ groups, the cold front at the 
surface is located near the northern part of the state of São 
Paulo, in the vicinity of the Rio de Janeiro coast. The lack 
of variation in the surface front’s position across the groups 
might be related to the fact that the analysis does not con-
sider the same cold front sequentially over time. However, 

the analysis of meridional wind for the event groups using 
MRSP data reveals that for the ‘d-2’ and ‘d-1’ groups, there 
is a prevalence of northwesterly winds, which is consistent 
with a pre-frontal situation. In this case, there might be some 
discrepancies between the synoptic environment shown by 
the ERA5 reanalysis and the environment suggested by the 
MRSP data meteorological station.

Magalhães et al. (2023) also emphasizes that cold fronts 
causing more intense winds are associated with the presence 
of amplified trough reaching the northern part of the Santos 
Basin, which is similar to the day ‘d’ (Fig. 7c), where the 
frontal trough is quite close to the coast of the state of São 
Paulo. Thus, it is plausible that the structures and character-
istics presented by Magalhães et al. (2023) are also related 
to events of heavy rainfall.

Investigations conducted by Andrade and Cavalcanti 
(2018) showed that frontal systems associated with intense 
rainfall are related to a low-pressure system acting near 
the east of South America, which differs from this study, 
where the low pressure is southeastward away from the 
region (Fig. 7). However, similar to Andrade and Cavalcanti 
(2018), cold fronts associated with extreme rainfall also have 
a strong post-frontal high-pressure system (Fig. 7).

Bonnet et al. (2018) noted that for the cases of post-fron-
tal rainfall events in Rio de Janeiro, both the trough and the 
post-frontal anticyclone have a more amplified structure than 
cold fronts without post-frontal rainfall. Moura et al. (2013) 
also emphasized the significance of the post-frontal anticy-
clone for the occurrence of extreme precipitation in Rio de 
Janeiro. They demonstrated that on the day of the extreme 
rainfall, the post-frontal anticyclone intensifies the pressure 
gradient between oceanic and continental regions, result-
ing in winds from the south transporting moist air from the 
ocean to the continent. These patterns resemble the ‘d + 1’ 
and ‘d + 2’ composites in Fig. 7.

Figure 8 depicts composites of the geopotential height 
at 500 hPa and anomalies of thickness between 500 and 
1000 hPa. From ‘d-2’ to ‘d + 2’ (Fig. 8), the geopotential 
height at 500 hPa characterizes a trough near MRSP, with 
an axis northwest-southeast oriented extending over the 
South Atlantic Ocean. As indicated by the negative thick-
ness anomaly, this system is especially intense (cold) on 
‘d-1’ when the number of rainfall extremes associated with 
cold fronts is highest (Table 2). On day ‘d’ (Fig. 8c), the 
negative thickness anomaly is over a smaller portion of the 
continent, southern 20ºS, much less intense than in ‘d-1’. 

Table 5   Values of the 90th percentile of daily precipitation (mm day−1) for each month calculated for the period 1981–2022 at MRSP location 
(average in a 1.0° x 1.0° box centered on the IAG-USP station) according to the CHIRPS database

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

90th 29.9 29.3 31.8 28.2 24.3 21.5 16,0.6 16.9 25.8 29.2 26.2 27.5
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The thickness anomalies in Fig. 8 indicate that cold fronts 
associated with extreme rainfall events exhibit a stronger 
temperature gradient (due to the greater thickness gradient in 
the layer 500–1000 hPa), with a consequently likely greater 
vertical wind shear, stronger upper-level jet streak (Martin 
2013). This configuration provides stronger dynamic support 
for the extreme events.

Composites of streamlines and wind divergence anomaly 
at 250 hPa are shown in Fig. 9. A prominent and domi-
nant pattern in streamlines is an upper-level circulation 
resembling those of austral summer months, with an anti-
cyclonic circulation in the northwest of the continent, and a 
trough structure downstream located in northeastern Brazil 

(Fig. 9a-e). This pattern is consistent with the structure of 
the Bolivian High displaced to the northwest compared to 
climatology and it was also found by Seluchi et al. (2016) 
when analyzing cold fronts. The location of the Bolivian 
High’s circulation further north may provide a more favora-
ble environment for frontal systems to penetrate the conti-
nent. Andrade and Cavalcanti (2018) also studied patterns 
of cold fronts associated with heavy rainfall, showing that in 
cases of non-rainy fronts, the typical pattern of the Bolivian 
High is displaced southward over the continent, which would 
hinder the continental advancement of the fronts.

The westerly circulation occupying the latitudinal band 
20–30oS at upper levels (250 hPa), between the trough in 

Fig. 7   Composite fields of sea level pressure (shaded, hPa) and wind at 1000 hPa (m/s) for extreme rainfall events associated with cold fronts in 
MRSP for: a ‘d-2’, b ‘d-1’, c ‘d’, d ‘d + 1’, e ‘d + 2’. Composites are calculated from ERA5 reanalysis for the period 1981–2022
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southern South America and the one in northeastern Bra-
zil, creates conditions for intensifying the mass divergence, 
which contribute to intensifying convective activity over 
center-southeast Brazil. This divergence is stronger over São 
Paulo on days ‘d-1’, ‘d’ and ‘d + 1’ compared with ‘d-2’ and 
‘d + 2’ (Fig. 9). The upper-level westerly circulation (axis 
in ~ 25oS) with associated anomalous wind divergence acts 
to intensify the convective activity over MRSP and sur-
roundings. It is interesting to note that the ‘d-1’, ‘d’ and 
‘d + 1’ groups exhibit higher values of divergence occupying 

larger areas at upper levels, which possibly indicates greater 
dynamic support for the occurrence of extreme rainfall 
events. This is in line with the study of the development and 
strengthening of the summer thunderstorms in the MRSP 
conducted by Rodriguez et al. (2010), which found wind 
divergence anomalies at 250 hPa similarly as in Fig. 9.

Comparing Figs. 8 and 9, on all days the trough located 
in the southern of the South Atlantic Ocean presents a rela-
tively low slope between the 500 hPa and 250 hPa levels. 
This weak vertical inclination was also observed by Seluchi 

Fig. 8   Mean geopotential height at 500  hPa (solid lines, in meters) 
and thickness anomaly between 500–1000 hPa (shaded, in meters) for 
extreme rainfall events associated with the cold fronts in MRSP for: 

a ‘d-2’, b  ‘d-1’, c ‘d’, d ‘d + 1’, e  ‘d + 2’. Composites are calculated 
from ERA5 reanalysis for the period 1981–2022
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et al. (2017) in a study characterizing the cold fronts causing 
intense rainfall in Santa Catarina (south Brazil).

From ‘d-2’ to ‘d + 2’, the cold fronts associated with rain-
fall extremes are characterized by the presence of a frontal 
trough and anomalous intense northwest-southeast organized 
band of cyclonic vorticity at 850 hPa crossing center-western 
São Paulo state, which is more continental and organized 
from ‘d-1’ to ‘d’ (Fig. 10). The low-level circulation fur-
ther shows the confluence over MRSP of the northwesterly 
flow with origin in Amazon basin with northerly winds from 
western side of SASA. The presence of an extratropical anti-
cyclone over Argentina inducing southeasterly flow over part 

of southern Brazil is also well characterized from day ‘d-2’ 
to ‘d + 2’.

From Figs. 7 and 10, it is noted that the circulation at 
1000 hPa is predominantly from the south/southeast, however, 
at the 850 hPa level there is the presence of northwesterly 
winds. This indicates a more inclined frontal ramp between 
1000 − 850 hPa, as also noted by Seluchi et al. (2017).

Figure 11 shows the moisture flux anomaly (vectors and 
intensity). From ‘d-2’ to ‘d + 2’, there are positive anomalies 
of moisture flux over the Southern and Southeastern regions 
of Brazil for cold fronts associated with extreme rainfall. 
For the ‘d-2’ (Fig. 11a) the positive anomalies of moisture 

Fig. 9   Composites of streamlines and anomaly of wind divergence 
(shaded; in units of 10−6 s−1) at 250  hPa and for each group of 
extreme rainfall events associated with the cold fronts in MRSP for: 

a ‘d-2’, b ‘d-1’, c ‘d’, d ‘d + 1’, e ‘d + 2.’ Composites calculated from 
ERA5 reanalysis for the period 1981–2022
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flux are located especially northward of MRSP, which turns 
cyclonically near the coast of the state of São Paulo (cen-
tered at approximately 27°S; 40°W), with south/southeast-
erly being responsible to moisture flux to the MRSP.

In the ‘d-1’ and ‘d’ (Fig. 11b, c), positive anomalies asso-
ciated with anomalous cyclonic circulation are enhanced 
(centered approximately over eastern MRSP), consequently 
intensifying the northwesterly winds circulation and allow-
ing southeasterly flow, both acting to increase the moisture 
flux, especially in the proximity of MRSP. High positive 
moisture flux anomalies also occur in ‘d-1’ over Rio de 
Janeiro, parts of Minas Gerais and Goias states as well as 
on day ‘d’ over a great part of São Paulo and other states 

(Rio de Janeiro, Minas Gerais, southern Goiás and Mato 
Grosso do Sul). Positive anomalies of southerly moisture 
flux over the region of Bolivia are also intensified in day ‘d’. 
For ‘d + 1’ and’ d + 2’ (Fig. 11d, e), there is an intense north-
westerly moisture flux from Amazon to the south/southeast 
of Brazil, more intense on ‘d + 1’.

Most events are concentrated between one day before (‘d-
1’) and on the day of the front (‘d’). These days stand out in 
the composites, especially due to cyclonic vorticity anoma-
lies along the front line. The anomalies are more pronounced 
and appear to be better organized from Bolivia to the South 
Atlantic Ocean adjacent to the eastern coast of southeastern 
Brazil, with the frontal system visibly more extensive and 

Fig. 10   . Composites of vorticity anomaly (x10−5s−1) and mean streamlines at 850 hPa for extreme rainfall events associated with the cold fronts 
in MRSP for: a ‘d-2’, b ‘d-1’, c ‘d’, d ‘d + 1’, e ‘d + 2’. Composites are calculated from ERA5 reanalysis for the period 1981–2022
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with greater continental penetration. At the 250 hPa level, the 
composites for events occurring in the ‘d-1’ and ‘d’ groups 
showed divergence anomalies that favor upward movement. 
This mechanism provides a more favorable dynamic for 
events to occur preferentially on ‘d-1’ and ‘d. The two event 
groups also exhibit cyclonic anomalies at the 850 hPa level, 
centered over the state of São Paulo, which also favor ‘d-1’ 
and ‘d’ for higher event frequency.

Especially in Fig.  11a-c, and more prominently in 
Fig. 11c, a well-defined cyclonic circulation is observed, 

centered approximately at 25°S-50°W. This type of cir-
culation may indicate the influence of teleconnection pat-
terns in cases of extreme rainfall events associated with 
cold fronts. Andrade (2017) studied the role of telecon-
nections in extreme rainfall events caused by frontal sys-
tems, noting that the Pacific-South American (PSA) pattern 
appears to influence such events during austral spring and 
summer. Furthermore, the anomalous circulation pattern 
(Fig. 11a-c) is also similar to the ones shown in Fig. 3 in 
Silva et al. (2021), which studied cases of SACZ associated 

Fig. 11   Composites of moisture flux anomaly (vectors and its inten-
sity in shaded, x10³ Kg Kg−1 m s−1) at 850 hPa for extreme rainfall 
events associated with the cold fronts in MRSP for: a  ‘d-2’, b ‘d-1’, 

c ‘d’, d ‘d + 1’, e ‘d + 2’. Composites are calculated from ERA5 rea-
nalysis for the period 1981–2022
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with cyclones in the South Atlantic. However, in the case of 
Silva et al. (2021), the pattern is shifted further toward the 
South Atlantic Ocean.

Although the present study does not search for SACZ 
cases, it is expected that (although unknown) some percent-
age of the extreme events associated with cold fronts studied 
here might also be associated with SACZ cases, since most of 
the events occur during SON and DJF. Therefore, we can also 
infer that the pattern in Fig. 11a-c might represent the influ-
ence of teleconnection patterns like the PSA on the SACZ, 
documented by Carvalho et al. (2004). According to Caval-
canti and Shimizu (2012), the PSA teleconnection pattern can 
influence rainfall in South America on various time scales, 
including the intraseasonal scale. The wave train patterns gen-
erated by the PSA can affect the amount of rainfall in SACZ 
events, but during austral winter, the PSA can also induce 
the formation and passage of cold fronts in South America 
(Cavalcanti and Shimizu 2012). Thus, the higher frequency 
of events in the ‘d-1’ and ‘d’ groups may also be influenced 
by the PSA teleconnection pattern.

4 � Conclusions

For the period 1960–2022, in  situ observations were 
employed to analyze the seasonality, interannual variabil-
ity, trends of extreme daily precipitation events associated 
with cold fronts in the MRSP. Extremes are defined based 
on daily precipitation greater or equal to the monthly 90th 
percentiles. For a shorter period (1981–2022), CHIRPS data 
and ERA5 reanalysis were used to characterize the spatial 
pattern of precipitation and atmospheric circulation for 
extreme events associated with cold fronts. It is important to 
highlight that one of the limitations of the objective criterion 
for front identification is the use of only one station and the 
10-meter wind, which is heavily influenced by local factors.

From 1960 to 2022, MRSP registered 1077 (average of 17 
by year) daily precipitation extremes. There is an increase in 
both annual frequency and accumulated precipitation related 
to these extremes; moreover, both have similar interannual 
variability, since an increase in the number of extreme events 
typically results in higher cumulative rainfall.

Using a time window of 5 days (from 2 days before to 2 
days after) the rainfall extremes associated with cold fronts 
totalized 630 events, representing a contribution of cold 
fronts to 58% of the daily extreme rainfall events in MRSP 
from 1960 to 2022, which is consistent with the approxi-
mately 50% expected for mid-latitudes of the South Hemi-
sphere (Catto and Pfahl, 2013) and the 53% obtained by 
Lima et al. (2010) for southeastern Brazil.

The climatology (1960–2022) indicates that extreme rain-
fall associated with cold fronts preferably occurs during the 

austral spring (SON), although associated daily mean pre-
cipitation is higher in austral summer (the rainy season of the 
region). For all seasons, the extreme rainfall events associated 
with fronts are more frequent one day before and on the day of 
the detected front. From 1960 to 2022, the relative contribution 
of cold fronts to extreme precipitation exhibits a monotonic 
decreasing trend and a regime shift in 1984, which is in oppo-
sition to the increasing trend in extreme daily events in the 
MRSP. The discrepancy may be related to other atmospheric 
systems’ contribution to increase in extreme events, such as 
isolated convection associated with urban heat island effect 
caused by MRSP increased urbanization (Vemado et al. 2016).

The anomalies of precipitation from CHIRPS indicate that 
the extremes are better characterized and occupy a larger area 
one day before, on the day, and one day after the cold front 
in MRSP. For two days before and two days after the rain-
fall extremes associated with cold fronts have a more local 
characteristic, being identified only surrounding MRSP. It 
is important to mention the CHIRPS underestimation of the 
intensity of the rainfall extremes associated with cold fronts 
in MRSP, which is expected since the local station represents 
only one point, while CHIRPS is a product combining dif-
ferent datasets in a horizontal grid with spacing of ~ 5 km.

The surface synoptic patterns of daily rainfall extremes 
associated with cold fronts are characterized by: (i) the pres-
ence of a surface trough over MRSP, which is connected 
with a surface cyclone away from the continent over the 
South Atlantic Ocean; (ii) a strong and well-developed post-
frontal anticyclone located southwestward (northeast Argen-
tina and south Brazil), which would sustain south quadrant 
winds direct to MRSP; (iii) north/northwest winds associ-
ated with the South Atlantic subtropical anticyclone/Ama-
zon region promoting the transport of moist air to MRSP.

At mid-levels, the trough is located over south Brazil with 
thickness (between 500 and 1000 hPa) anomalies showing dif-
ferent intensity along the five days. For the 5 days window, 
the negative and positive thickness anomalies cover southern 
and southeastern Brazil, with only negative anomalies over 
MRSP one day before the cold front detection. Therefore, a 
thickness gradient (thermal gradient) is possibly an important 
factor for the occurrence of rainfall extremes associated with 
cold fronts in the region. At upper levels, the streamlines show 
the presence of a trough in southern South America and an 
anticyclonic circulation centered over the northern region of 
Brazil/extreme northwest of the Amazon. Except for ‘d + 2’, 
the upper-level divergence anomalies cover most of center-
southeastern Brazil.

The comparison of different vertical levels indicates 
that cold fronts associated with extreme rainfall events in 
MRSP present a more inclined trough between 1000 hPa 
and 850 hPa compared with the 500 hPa and 250 hPa levels. 
A strong post-frontal anticyclone and troughs at mid-upper 
altitudes, along with patterns of divergence and low-level 
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moisture availability are the main features for these events. 
Furthermore, most extreme events associated with cold 
fronts occur one day before and on the day of the cold 
front detection, with 209 and 173 events, respectively. Both 
groups exhibited more favorable dynamic conditions for the 
development of convective systems, such as more intense 
and extensive anomalies of cyclonic vorticity at low levels, 
cyclonic structure (centered near the state of São Paulo) in 
the moisture flux anomalies, and stronger divergence flow at 
upper levels.Additionally, the moisture flux anomaly patterns 
at 850 hPa indicate that the PSA teleconnection pattern may 
influence the higher occurrence of events in ‘d-1’ and ‘d’.

Some of the synoptic patterns found in this study, such as a 
more intense thickness gradient between 500 hPa and 1000 hPa, 
cyclonic vorticity anomalies at lower levels, fronts with greater 
continental penetration, anticyclonic circulation over northern 
Brazil at higher levels, and a shallow trough in the mid to upper 
troposphere can, to some extent, be generalized to other regions 
of South America. These characteristics can be used to iden-
tify situations where cold fronts could potentially cause intense 
rainfall in other regions as well as they would be useful for 
future construction of statistical artificial intelligence models 
for predicting extreme events in MRSP.

Further studies aiming to improve the understanding of 
the thermodynamic profile for cases of cold fronts respon-
sible for extreme rainfall events are relevant to better com-
prehending the vertical structure of these systems. Addi-
tionally, this investigation is also recommended in a future 
climate scenario, considering the impact of climate change 
as a potential intensifier of these events.
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