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Abstract: Extreme precipitation events have become a central focus of the scientific community due
to their increased occurrence in recent years. This study aims to analyze the variability and trends of
aspects associated with the rainy seasons in the South American Monsoon System (SAMS) area from
1979 to 2022. The Onset and Demise of the Rainy Season (ONR and DER, respectively) dates were
determined using antisymmetric Outgoing Longwave Radiation (OLR) data relative to the equator
(AOLR) for the clustered regions defined in a previous work. Based on these dates, the duration of
the rainy seasons and the total precipitation for each rainy season were also calculated. The main
advantage of this study is the analysis of trends within homogeneous regions derived from cluster
analysis, which enables a more reliable assessment of precipitation patterns across the spatially
heterogeneous SAMS domain. The non-parametric Mann-Kendall test and Sen’s slope estimator were
applied to the ONR, DER, rainy season length, and total precipitation time series for each group over
the 1979-2022 period. Quartile analysis was performed on the total precipitation time series to
identify the most and least intense rainy seasons in the SAMS'’s regions. These analyses revealed a
trend of shortening of the SAMS rainy season over the 44 years of analysis, with a positive trend in
the ONR dates and a negative trend in the DER dates, which is further confirmed by the decreasing
trends in rainy season length and accumulated precipitation in most analyzed regions. The most
(above the third quartile) and least (below the first quartile) intense rainy seasons were found to be
concentrated at the beginning and end of the study period, respectively for all monsoon regions.
When the linear trend was removed, the distribution of events became more homogeneous over time,
but the main drought events after 2010 remained. The results of this study contribute to a better
understanding of the precipitation characteristics in the SAMS area and these findings may assist
climate forecasting and monitoring centers in improving regional precipitation assessments.

Keywords: extreme rainy seasons; Mann-Kendall trend test; South American monsoon system; onset
and demise dates

1. Introduction

Analysis of precipitation trends and aspects associated with the rainy season of the South
American Monsoon System (SAMS) is extremely relevant, especially considering the significant
increase in extreme events observed in recent years. Some extreme events, in the Amazon region, for
example, are the droughts of 2005, 2010 and 2015-2016 [1-5] and the most recent in 2023 [6], while the
floods of 2008-2009, 2012, 2014 [7-10] and the most recent in 2021 [11] were also observed. Concerning
Southeastern Brazil, the severe drought in 2014/2015 [12] and the intense flood in 2021 [13] can be
cited.
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Thus, analyzing trends of precipitation allows for a better understanding of climate change and
its consequences, aiding in the prediction and mitigation of negative impacts of climate extremes
such as floods and prolonged droughts. Additionally, this understanding is crucial for developing
public policies and strategies for managing water resources, agriculture, and infrastructure,
enhancing community resilience to climate variations, and contributing to the safety and well-being
of the population.

Most of the summer precipitation in tropical South America is associated with SAMS [14,15],
with the onset of the rainy season (ONR) in the extreme northwest of the region occurring in mid-
spring, followed by southeastward precipitation spreading and reaching peak precipitation in the
austral summer (December, January and February; DJF); rainfall gradually decreases and goes into
contraction, with the demise of the rainy season (DER) associated with SAMS being observed in mid-
autumn [14-25].

Several studies have shown the presence of trends in hydrometeorological variables in South
America and, mainly, in the SAMS area, as well as the increase trend of extreme events [26-29].
Consistent with the decrease in the precipitation values observed since 2000 in the Amazon region
[1,2], Shimizu et al. [27] found a negative (positive) trend of wet (dry) extreme events in this region
for the 1979-2014 period. More recently, Cerdn et al. [29] obtained the spatial patterns of the trends of
daily extreme precipitation indices for the 1981-2021 period. They found spatially and seasonally
varying trends of the precipitation extremes over the Amazon Basin. They found for the frequency
of precipitation extremes increases over Peruvian Amazon and northeast Brazilian Amazon and
decreases in the central Amazon Basin, mainly during austral summer and autumn; and for the
rainfall intensity indices decreases in Colombia and Bolivian Amazon and increases in northern and
southern Peru during austral winter and spring. Analyzing some indices of extreme precipitation in
the Metropolitan Region of the Paraiba Valley and North Coast of Sdo Paulo for the period 1981-2022,
Da Silva et al. [30] found an increase in the frequency and intensity of these indicators, mainly in the
coastal region of Sao Paulo. In this context, Cerdén et al. [31] analyzed 10 extreme daily rainfall indices
in the La Plata Basin, which was divided in three homogeneous regions: northern, central and
southern. Regarding the trend analysis of the annual total wet-day precipitation, they found increases
in southern La Plata Basin and negative trend in northern La Plata Basin during the 1981-2018 period.

It is important to highlight that the occurrence of extreme precipitation events may be associated
with anomalies found in oceanic regions, in atmospheric or sea surface temperature fields, which
modify atmospheric circulations and through teleconnections generate an increase or decrease in
rainfall on the continent [27,32-35].

With respect to the presence of trends in the ONR and DER dates, as well as the duration and
total precipitation, Jones and Carvalho [36] found significant trends in precipitation data in the period
1979-2010, indicating early onset, late demise and longer durations. They used a combined index of
precipitation, wind, specific humidity, and temperature in low levels for the entire area of the SAMS.
Contrasting, Arias et al. [37] found delayed onsets since 1978 in the southern Amazon and earlier
retreat of the North America Monsoon system (NAMS), which results in a shorter duration of the
SAMS, consistent with Correa et al. [38] who found delayed SAMS onset during the period 1979-
2018.

Since the SAMS encompasses a large area, this study aims to analyze long-term trends in
precipitation, ONR and DER dates and duration, as well as identify the most and least intense rainy
seasons in the study period considering separately homogenous regions within the SAMS. These
regions were determined in a previous work [25]. As most studies analyze extreme events that occur
on a scale of days, it is assumed that they can reflect on the accumulated monthly precipitation,
resulting in a more intense or less intense rainy season [39,40]. Data and methodology are described
in Section 2, the results and discussion can be found in Section 3, and the conclusions are presented
in Section 4.

2. Materials and Methods
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Daily OLR ( W/m? ) available at the National Oceanic and Atmospheric
Administration/Cooperative Institute for Research in Environment Science (NOAA-CIRES) Climate
Diagnostics Center (CDC), Boulder, Colorado [41] and daily precipitation (mm) data obtained from
the Climate Prediction Center (CPC) Global Unified Gauge-Based Analysis of Daily Precipitation
[42,43] were used here. The horizontal resolution is 2.5° (0.5°) for OLR (precipitation) data and both
were obtained from 1 January 1979 to 31 December 2022, in the area limited at 40°S, 40°N, 130°W and
30°W.

The OLR data were obtained from polar orbiting satellites, being the daily averages of the day
and night measurements, which reduce the daily cycle [44] and the differences among satellites
caused by the different equator crossing times [45]. The missing data were completed by Liebmann
and Smith [46] who used a spatial and temporal interpolation method.

The regions found by Rodrigues et al. [25] through the Ward hierarchical clustering method (51,
52, 53, 54 and S6) within the SAMS and their respective antisymmetric areas in northern Tropical
America (NTA; N2 and N5) were used here. The SAMS’s regions are shown in Figure 1. It is worth
noting that area S5 was not used for them and will not be used here either. For comparison purposes,
the names of the regions will be maintained. Concerning the SAMS, S1 (S2) is in the central and
western (northeastern) regions of the Amazon Basin; 53 extends from the southern Amazon Basin to
western central Brazil (WCB), while 54 is in the northeastern La Plata Basin; and, finally, S6 is the east
part of the SAMS area. As regards the NTA, N2 region extends from southern Mexico to Nicaragua,
sub-regions that are owned to NAMS [47], while N5 (northern Venezuela and northern Guiana) is in
northern South America. It is worth highlighting that N2 (N5) is the antisymmetric area to 51, S2 and
S3 (54 and S6), according to Rodrigues et al. [25].
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Figure 1. Spatial distribution of groups selected by the cluster analysis performed by Rodrigues et al. [25] for the
SAMS area with OLR data.

The AOLR values were calculated between the SAMS’s and NTA’s regions above mentioned
(Equation (1)):

OLR (SAMS,¢gions) — OLR (NTA,egions)

> @

AOLR (SAMSregions) =

Positive (negative) values of AOLR from Equation (1) indicate absence (presence) of convective
activity in the SAMS'’s regions. After, a 5-pentad running mean filter was applied to the AOLR time

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0316.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2025 d0i:10.20944/preprints202506.0316.v1

4 of 15

series and the ONR e DER pentads were defined when the filtered AOLR changes from positive to
negative (negative to positive) in each region. The rainy season length (number of pentads from ONR
to DER) and total precipitation (accumulated precipitation values from ONR to DER) are also
calculated as in Rodrigues et al. [25].

The next step was to apply the non-parametric Mann-Kendall test and the Sen’s slope estimator
in the ONR, DER, rainy season length and total precipitation time series for each group in the 1979-
2022 period. These techniques have been used in several works to analyze the trend of
hydrometeorological time series [27,48-50]. The non-parametric Mann-Kendall test indicates
whether there is an increasing or decreasing trend for the analyzed variable or whether there is no
trend, while the Sen’s slope estimator shows the trend magnitude.

In the Mann-Kendall test, the value of S is calculated as follows [51,52]:

S = nz_l i sin (x; — x;) (2)

i=1 j=i+1
where n is the number of points in the time series, x; and x; are the values in the time series, and
the sign function is defined as:
+1,(x; —x; > 0)
sin(x; —x;) =< 0,(x; —x; = 0) ®)
-1,(xj —x; <0)
Thus, the variance of S is calculated by the formula:

n(n - 1)(271 + 5) - Z?;l ti(ti - 1)(2tl + 5)

var(S) = 18

4)

where t; is the amount of data with equal values in certain group i and m is the number of groups
that contain equal values in the time series. Therefore, the Mann-Kendall test is given by Equation

(5):

Jvar(S)
Zs = 0,(S=0) )
S+1

Jvar(S)

Hence, positive (negative) values of Z; indicate the increasing (decreasing) trend of the analyzed

(§>0)

(§<0)

variable. Using the 5% significance level, the null hypothesis (Hy = there is no trend) is rejected when
|Zs| > Z1_q/2 (the value of Z;_g,/, is obtained from the standard normal distribution) and, because
of this, there is a significant trend in the time series.

The Sen’s slope estimator is a method that estimates the inclination of the trend assuming a linear
association. The slopes of the combined data pairs Q;; are calculated by Equation (6):
Xj — X

where x; and x; are the data values in the times i and j. Then, these slopes are ordered from

Qij = i<y (6)

smallest to largest to determine the median value, which is Sen’s slope estimator (Q,,eq4), calculated

Qn/2+Qn+2/2
2

increase or decrease of the variable in the analyzed period.

by Qu+1/2 if n is odd or by if n is even. The magnitudes of Q,,.q indicates the rate of

The quartile analysis was also applied to precipitation time series to identify the most intense
and weakest rainy seasons in the SAMS's regions. This technique is widely used in works of extreme
precipitation events in South America [26,27,33,50,53-55]. Thus, the accumulated precipitation
during the rainy season was ordered and the first (Q1) and third (Q3) quartiles were found for each
region. After that, the most intense and weakest rainy seasons were found. As these time series have

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.0316.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 June 2025 d0i:10.20944/preprints202506.0316.v1

5 of 15

linear trends, it was removed, and the quartile analysis was performed again for comparison
purposes.

3. Results and Discussion

3.1. ONR, DER and Length of Rainy Seasons

Figure 2 illustrates the time series of ONR and DER pentads, the length (in pentads) and the total
precipitation in each rainy season (accumulated precipitation values from the ONR pentad to the
DER pentad, in mm) for each region referring to the SAMS of rainy seasons from 1979-1980 to 2021-
2022. The values of the Mann-Kendall trend and the Sen’s slope estimator for these time series in the
SAMS's regions are in Table 1.
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Figure 2. Time series of (a) ONR, (b) DER, (c) rainy season length, and (d) total precipitation during the rainy
seasons from 1979 to 2022, determined using the method of Rodrigues et al. [25], for each of the regions indicated.

ONR, DER and length data are expressed in pentads, while total precipitation is given in millimeters (mm).

Concerning ONR pentads, a positive trend can be observed for all regions, except the 54, which
showed a negative trend. A positive trend in ONR dates indicates a tendency for these dates to occur
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later in the period of study. The positive trend was significant only for S3 region (Figure 2a), with a
delay in the ONR of 0.0588 pentads per year, totaling 2.53 pentads of postponement throughout the
analysis period (Table 1), what is coherent with Arias et al. [37] and Correa et al. [38].

Table 1. Mann-Kendall and Sen’s slope trend analysis in the series of ONR, DER, Length, and Total Precipitation
(TP) of the rainy seasons between 1979-1980 and 2021-2022 in each region. Values in bold are statistically

significant at a 5% significance level.

S V4 p-value Sen’s slope

ONR 59 0.6180 0.5366 0.0000
s1 DER -185 -2.0035 0.0451 0.0000
Length -140 -1.4691 0.1418 -0.0435

TP -407 -4.2490 0.0000 -10.5465
ONR 142 1.4958 0.1347 0.0370
o DER 25 0.2581 0.7963 0.0000
Length -113 -1.1841 0.2364 -0.0323
TP -173 -1.8001 0.0719 -7.4769
ONR 223 2.3646 0.0180 0.0588
3 DER -176 -1.8698 0.0615 -0.0333
Length -265 -2.7937 0.0052 -0.0833

TP -505 -5.2746 0.0000 -12.8134
ONR -22 -0.2212 0.8249 0.0000
S4 DER -62 -0.6445 0.5193 0.0000
Length 26 0.2631 0.7925 0.0000
TP -291 -3.0350 0.0024 -7.1430
ONR 113 1.1813 0.2375 0.0455
S6 DER -85 -0.8850 0.3761 -0.0345
Length -139 -1.4516 0.1466 -0.0714
TP -305 -3.1815 0.0015 -6.3498

Regarding the DER, except for region S2 with a positive trend, all other regions exhibited a
negative trend in dates (DER occurring earlier from the beginning to the end of the study period),
with a significant trend only in S1 (Figure 2b and Table 1). Although the DER trend was significant
in region 51, consistent with Jones and Carvalho [36], the Sen’s slope value was very close to zero.

Another aspect that can be noted in Figure 2 is a trend of decreasing rainy season length in this
period, indicated by a negative trend in this index in all regions except in 54 (Figure 2c and Table 1).
As for ONR, a significant trend value was observed for region S3, with a decrease of 0.0833 pentads
per year, totaling 3.58 fewer pentads in the rainy season duration from the beginning to the end of
the analysis period (Table 1; Jones and Carvalho, [36]).

3.2. Accumulated Precipitation of the Rainy Seasons

The behavior of the last index analyzed was common to all five regions, showing a negative
trend in accumulated precipitation in the rainy seasons. In other words, all the monsoon regions
analyzed exhibit a trend of reduced precipitation during the rainy season in the period from 1979 to
2022; the S2 region was the only one that did not show a significant trend (Figure 2d and Table 1).
The rates of reduction are 6.3498 mm/year for S6; 7.1430 mm/year for S4; 10.5465 mm/year for S1; and
the highest rate of 12.8134 mmy/year for S3, which total reductions of 273 mm for S6, 307.15 mm for
54, 453.5 mm for S1, and 563 mm for S3 throughout the entire period (Table 1). These series will be
analyzed in more detail in Figure 3.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Time series of total precipitation during the rainy season from the ONR of year x to the DER of year

x+1, for each of the SAMS regions. Upper (lower) horizontal lines represent the third (first) quartile. Series on

the left (a-e) show trends, while series on the right (f-j) are detrended.

Thus, it becomes important to highlight that there is a trend of rainy season shortening

associated with the SAMS over the 44 years of analysis, as observed mainly for regions S1, S3, and S6

(central and western of the Amazon Basin; southern Amazon Basin to WCB; and the east part of the
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SAMS, respectively). The positive (negative) trend in ONR (DER) dates, confirmed by the also
negative trend in the length of the rainy seasons and accumulated precipitation, results in shorter
rainy seasons over the years and, therefore, lower precipitation values, consistent with previous
studies [37,38,56]. Concerning 5S4 region, Cerdn et al. [31] also found a negative trend in the extreme
precipitation and total precipitation indices and a positive trend in the number of consecutive dry
days for this region, consistent with the results of Zandonadi et al. [57] and Rafee et al. [58] using
meteorological stations and Avila-Diaz et al. [59] who used Earth System Models.

Figure 3 illustrates the accumulated precipitation series during the rainy season in each of the
five monsoon areas, with the respective first (bottom line) and third (top line) quartiles of each series
(Q1 and Q3, respectively). The column on the left refers to the series with trend (as already shown in
Figure 2), whose Mann-Kendall trend and Sen’s slope estimator values can be seen in Table 1, while
the figures on the right show the series with the linear trend removed (Figure 3).

As already discussed in Figure 2, all areas show a negative trend in the accumulated
precipitation series during the rainy season, being non-significant only in the S2 region. Thus, for
regions S1, S3, 54 and S6, most years with accumulated precipitation greater than Q3 (most intense
rainy seasons) are found in the beginning of the study period, while the years with precipitation
accumulated lower than Q1 (weakest rainy seasons) are found in the most recent years (Figure 3a—e).

In fact, the accumulated precipitation values in area S1 (extreme northwest of Amazonia) vary
from 1317 to 1970 mm, presenting a clear negative trend in the period of study, as shown earlier
(Figure 3a). Figure 4 complements this analysis as it shows the years with the most intense rainy
seasons (total precipitation above Q3; olive green bars) and the years with the weakest rainy seasons
(total precipitation below Q1; terracotta bars). It is interesting to note that, for S1, the last rainy season
with precipitation above Q3 was 1996-1997. In this area, 8 of 11 rainy seasons with precipitation below
Q1 were observed between 2004 and 2021, while the 11 rainy seasons with precipitation above Q3
occurred between 1981 and 1996.

1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
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Figure 4. Timeline showing the most and least intense rainy seasons in each region for the series with trends.
Olive green represents the most intense rainy seasons (total precipitation greater than the third quartile), and

terracotta represents the least intense rainy seasons (total precipitation less than the first quartile).

Similarly, area S3 (region that extends from southern Amazon Basin to WCB) showed minimum
(maximum) accumulated precipitation value of 1040 (1834) mm, being the 1996-1997 as the
penultimate rainy season with precipitation above Q3, while the last one was 2003-2004 (Figure 3c).
Therefore, 10 of 11 precipitation events below Q1 are observed after 2005 (Figure 4). Coherently, as
expected, the droughts of 2005, 2010 and 2015-2016 [1-5] were found in the quartile analysis, as the
cases with precipitation below Q1 for S1 and S3 regions. Thus, these results are consistent with those
found in the literature regarding the tendency of drier events to increase in the Amazon region in
most recent years [1,2,27].
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The region S2 (northeastern of the Amazon Basin) presents the greatest variations between
minimum and maximum values, ranging from 1075 to 2214 mm (Figure 3b). As shown previously,
this area did not present significant value of trend, despite being negative, as in other areas. Because
of this, the events are better distributed compared with the other areas (Figure 4). In fact, although 6
out of 11 events below Q1 were observed from 2004 onwards, the last event was in 2015-2016, a
different behavior from the other monsoon regions analyzed. Concerning events with accumulated
precipitation above Q3, it can be noted that 8 out of 11 events were observed until 1999.

Regarding region S4 (northeastern La Plata Basin), the lowest value found in the series is close
to 460 mm and the highest is above 1375 mm, being the decrease in accumulated precipitation values
very remarkable from 2011 onwards (Figure 3d). In this region, it is important to highlight that the
lowest accumulated precipitation value was in 2011-2012, followed by the rainy season of 2019-2020.
When Figure 4 is analyzed, it is worth noting that the rainy season 2014-2015 appears as one of the
weakest rainy seasons observed in this region, being the water deficit due to anomalous high-
pressure systems, configuring one of the most intense droughts in the state of Sao Paulo [12,60].

The region S6 (eastern portion of the SAMS area) has the lowest accumulated precipitation
values compared to the previous regions, with the variation between maximum and minimum values
being approximately 259 mm to 913 mm (Figure 3e). Precipitation events below Q1 (above Q3) are
distributed more irregularly (regularly) throughout the period (Figure 4). As the region covers the
states of Minas Gerais, Bahia, Piaui and Maranhao (with greater precipitation variation in the
meridional direction), the intense events in the rainy seasons of 2013-2014 and 2014-2015 may have
been influenced by the anomalous high-pressure system formed over Southeast Brazil that includes
Minas Gerais [60] as identified in region S4. The seven years (2011 to 2017) of water deficit in region
S6 may be related to the severe drought period that occurred in Northeast Brazil that generated
serious environmental, social and economic impacts in the region [61-63].

3.3. Accumulated Precipitation with No Linear Trend

The linear trend helps identifying significant and persistent changes in the data over a prolonged
period, which may indicate global warming or cooling, changes in precipitation patterns, or other
long-term climate alterations. Removing the linear trend helps isolate and analyze the intrinsic
climatic variability, offering a clearer view of patterns and behaviors that are inherent to the climate
system.

The column on the right in Figure 3 refers to the series of accumulated precipitation for all
regions of study with the linear trend removed. When removing the trend, the maximum and
minimum accumulated precipitation events are more evenly distributed over the years (Figure 3f-j).
Asin Figure 4, Figure 5 shows the years with the most intense rainy seasons (total precipitation above
Q3; olive green bars) and the years with the weakest rainy seasons (total precipitation below Q1;
terracotta bars) of the series without linear trend.

1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022
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Figure 5. As in Figure 4, but for no trend series.

Regarding region S1, located in the central and western part of the Amazon Basin, it is noted
that, for the weakest rainy seasons (accumulated precipitation below Q1), 8 of 11 were observed in
the series with trend and continue to be observed in the series with no trend (Figures 4 and 5). Among
them, it is worth highlighting the important drought events already recorded in the literature in the
years 2005, 2010 and 2015-2016 [1-5]. Analyzing the most intense rainy seasons (accumulated
precipitation above Q3), the agreement is for only 6 of 11 rainy seasons, being observed until the year
1997 (Figures 4 and 5).

As the northeastern region of the Amazon Basin (region S2) was the only one that did not present
a significant trend in the accumulated precipitation series, it can be noted that there is an agreement
in all eleven weakest rainy season events in the two series. Regarding the most intense rainy seasons,
only one was not consistent between the series with and without trend (Figures 4 and 5).

Region S3 showed the greatest tendency for reduction in accumulated precipitation values
during the study period, with the highest rate of 12.8134 mmy/year, as previously discussed (Table 1
and Figure 3). Therefore, it was expected that the events of most intense and weakest rainy seasons
would not overlap in the series with and without trend. In fact, only 6 of 11 events were the same in
both series, and they belonged to the first (last) years of the period in the cases of most intense
(weakest) rainy seasons (Figures 4 and 5).

The last two areas, S4 (northeastern La Plata Basin) and S6 (east part of the SAMS area) presented
very similar trend negative values (7.1430 and 6.3498 mm/year, respectively), which caused the
behavior in the separation of events to be similar as well. For 54, 9 of 11 (8 of 11) were the rainy
seasons that remained in the selection of cases with accumulated precipitation below Q1 (above Q3),
while these values for region S6 were 8 of 11 for both cases.

4. Conclusions

In this study, aspects related to the variability and trends of precipitation in the South American
Monsoon System (SAMS) region were analyzed for the period from 1979 to 2022. The SAMS’s regions
identified by Rodrigues et al. [25] through the clustering method of Outgoing Longwave Radiation
(OLR) data, as well as the method for detecting the Onset and Demise of Rainy Season (ONR and
DER, respectively) using antisymmetric OLR (AOLR), were employed.

The SAMS's regions identified by Rodrigues et al. [25] using the Ward hierarchical clustering
method (51, S2, 53, 54, and 56), along with their respective antisymmetric counterparts in Northern
Tropical America (NTA; N2 and N5), were used in this study. In the SAMS domain, S1 and S2 are in
the central-western and northeastern Amazon Basin, respectively; S3 spans from the southern
Amazon Basin to western Central Brazil (WCB); S4 covers the northeastern portion of the La Plata
Basin; and S6 lies in the eastern part of the SAMS area. In the NTA, N2 stretches from southern Mexico
to Nicaragua - areas associated with the North American Monsoon System (NAMS), as defined by
Vera et al. [47], while N5 encompasses northern Venezuela and northern Guiana in northern South
America. It is important to note that, as established by Rodrigues et al. [25], N2 is the antisymmetric
counterpart of S1, S2, and S3, while N5 corresponds to 54 and S6.

One of the key strengths of this study lies in analyzing precipitation trends within these
homogeneous regions identified by cluster analysis, which allows for a more spatially consistent and
robust evaluation across the highly heterogeneous SAMS domain. Thus, a 5-pentad running mean
filter was applied to the AOLR time series for each region and the AOLR changes from positive to
negative (negative to positive) indicates the ONR (DER) dates. The rainy season length (number of
pentads from ONR to DER) and total precipitation (accumulated precipitation values from ONR to
DER) are also analyzed.

In addition, the non-parametric Mann-Kendall test and Sen’s slope estimator were applied to
these time series over the 1979-2022 period. Overall, a significant negative trend in precipitation was
observed in all regions during the study period, along with a positive trend in ONR dates, a negative
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trend in DER dates, and a negative trend in season length, already implying a shortening of the rainy
seasons. These results may be associated with the increasing trend of consecutive dry days reported
in the Amazon, WCB and southeastern South America [27,37,38,56]. Regarding northern La Plata
Basin, the results here are consistent with the negative trend in annual total wet-day precipitation
during the 1981-2018 period previously documented by Ceron et al. [31].

Next, the quartile technique was applied to the total precipitation time series of the rainy seasons
in each SAMS region to identify the most intense (above the third quartile) and least intense (below
the first quartile) seasons. Consistently, the most intense (least intense) events, defined as the 25%
highest (lowest) total precipitation values, were concentrated at the beginning (end) of the study
period. When the linear trend was removed from the precipitation series, the events were more
evenly distributed over the entire period. It is worth highlighting the major drought events of 2005,
2010, and 2015-2016 [1-5], which continue to be observed in the series without a trend in region S1.
Similarly, four precipitation events below the first quartile continue to be observed in region 56,
highlighting the severity of the drought that affected the Northeast region from 2011 to 2017 [61-63].

Therefore, this study analyzed the trends of precipitation-related variables in the SAMS rainy
seasons, confirming a tendency toward decreasing rainfall —especially from 2010 onward —as well
as shorter rainy seasons. These changes can directly affect sectors such as agriculture and energy
production. Thus, this work is expected to contribute to the scientific community and society at large
by improving the understanding of rainy season characteristics in the tropical region of South
America.
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Abbreviations

The following abbreviations are used in this manuscript:

AOLR Antisymmetric Outgoing Longwave Radiation
DER Demise of the Rainy Season

DJF December, January and February

NAMS North American Monsoon System

NTA Northern Tropical America

OLR Outgoing Longwave Radiation

ONR Onset of the Rainy Season

SAMS South American Monsoon System

WCB Western Central Brazil
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