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Abstract: This study analyzed the main features (onset, demise, and length) of the South American
Monsoon System (SAMS) projected in different time slices (2020–2039, 2040–2059, 2060–2079, and
2080–2099) and climate scenarios (SSP2–4.5 and SSP5–8.5). Eight global climate models (GCMs) from
the Coupled Model Intercomparison Project Phase 6 (CMIP6) that perform well in representing South
America’s historical climate (1995–2014) were initially selected. Thus, the bias correction–statistical
downscaling (BCSD) technique, using quantile delta mapping (QDM), was applied in each model to
obtain higher-resolution projections than their original grid. The horizontal resolution adopted was
0.5◦ of latitude × longitude, the same as the Climate Prediction Center precipitation analysis used as
a reference dataset in BCSD. The QDM technique improved the monsoon onset west of 60◦ W and the
simulated demise and length in southwestern Amazonia. Raw and BCSD ensembles project an onset
delay of approximately three pentads compared to the historical period over almost all regions and a
demise delay of two pentads northward 20◦ S. Additionally, the BCSD ensemble projects a reduced
length with statistical significance in most South Atlantic Convergence Zone regions and a delay of
three pentads in the demise over the Brazilian Amazon from the second half of the 21st century.

Keywords: monsoon; precipitation; South America; statistical downscaling; climate scenarios

1. Introduction

The classical definition of a monsoon considers a region to have a monsoon climate
when rainfall increases in association with a seasonal reversal in low-level wind direction [1].
Following this concept, South America (SA) does not have a monsoon climate. However,
modern definitions of a monsoon consider a region to have this climate type based on
the occurrence of a dry and a wet well-defined period in a year [2]. In this sense, SA is a
region with a monsoon climate [3,4]. For instance, more than 50% of the total precipitation
occurs in austral summer (DJF) in central and eastern Brazil, northern Argentina, and the
central north of the Andes Mountains [5,6]. The onset of the South American rainy season is
configured with the rapid shift of the area of intense convection between the northwestern
extreme of the continent and latitudes south of the equator [7,8].

There are different approaches to studying the South American Monsoon System
(SAMS), and one of them is in terms of the SAMS lifecycle [7,9–12]: onset, demise, length,
and intensity (volume of precipitation). These studies, generally, use pentads of precipi-
tation (mean or sum of five days) and have differences in methodology because some of
them identify the SAMS lifecycle in each grid point of a dataset [12], while others consider
Midwest Brazil (50◦–60◦ W and 10◦–20◦ S) as a hotspot region to study the monsoon [9].
In Midwest Brazil, the average SAMS lifecycle begins in 58–59 pentads, decaying by
18–21 pentads, and having a length of 33–34 pentads. Kousky [13] presents a table for the
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pentads with the corresponding calendar dates. To complement information about the liter-
ature, the Supplementary Materials present comparative Tables S1–S4 of the SAMS lifecycle
features obtained by different studies for various regions where the system operates.

The SAMS lifecycle can vary from one year to another. For instance, the rainy phase
of the SAMS can have a short or long duration. Fu and Li [14] observed that the wetter
land surface in southern Amazonia in the dry season could cause an abnormally lower
convective inhibition energy (CINE), which promotes an earlier and more rapid increase
in rainfall during the early phase of the transition. On the other hand, if the increase in
surface evapotranspiration is significantly weakened during the dry season, for example,
by a rise in runoff due to land use or a decrease in rainfall in previous seasons, the onset
of the wet season would probably be delayed [14]. Similar results were obtained in the
midwest and southeast of Brazil by Dias et al. [15]. These findings indicate an early or
late SAMS onset, but they do not explain the causes of the precipitation and land-surface
interaction variability, i.e., what are the drivers for a dryer or wetter dry season? Another
group of researchers [16–22] has addressed this problem and studied the impact of the
modes of atmospheric variability at different scales (interdecadal, decadal, interannual,
and intraseasonal) on atmospheric circulation and their effects on SA. While the physical
chain is simple—the changes in the atmospheric circulation caused by the atmospheric
modes of variability affect the distribution of synoptic and mesoscale precipitation systems,
which, in turn, affect the SAMS lifecycle (Mechoso et al. [23])—the predictability and
the coupling effect of different teleconnection modes continue to present a challenge for
researchers. For SA, most studies on teleconnection patterns and their impacts on monsoons
focus on the rainfall intensity and spatial distribution rather than the implications for
atmospheric systems that cause precipitation. Additionally, few studies analyze the effects
of teleconnection patterns on the onset and demise of monsoons. Most studies address the
SAMS lifecycle variability regarding land use and describe that in southern Amazonia, the
wet seasons have become shorter due to deforestation [24–27].

In SA, land-use changes are mainly responsible for the historical cumulative CO2
emissions [28]. The impact of global climate change and, on a regional scale, the effect
of land use have been considered in the climate projections and indicated changes in the
atmospheric circulation and, consequently, in precipitation in SA [29–31]. With the Couple
Model Intercomparison Project Phase 3 (CMIP3) projections, Bombardi and Carvalho [10]
evaluated the monsoon lifecycle in the twentieth century (1981–2000) and in the A1B
scenario (2081–2100). The authors observed that most models represent the spatiotempo-
ral variability of the annual precipitation cycle in central and eastern Brazil during the
summer monsoon in the reference period. For the A1B scenario, the models do not indi-
cate statistically significant changes in SAMS onset and demise dates. The most coherent
feature projected was a reduction in precipitation over central-eastern Brazil. Jones and
Carvalho [32] analyzed six global climate models (GCMs) of CMIP5 under the RCP8.5
scenario, and the models projected significant increases in seasonal amplitudes, early onsets
(14 days or ~3 pentads), late demises (17 days or ~4 pentads), and durations of the SAMS.
In terms of regional climate models (RCMs), Reboita et al. [11] projected the SAMS lifecycle
using the RegCM3 nested in two GCMs (HadCM3 and ECHAM5) under the A1B scenario.
Focusing on Midwest Brazil, for the period 2010–2040, a delay of one pentad was obtained
at the beginning of the rainy season, while for the period 2070–2100, the authors obtained a
reduction of ~2 pentads in the duration of the rainy season. Ashfaq et al. [12] evaluated
the projections of global monsoons in an ensemble with RegCM4 nested in models from
CMIP5 under the RCP2.6 and RCP8.5 scenarios. For SA, the RegCM4 ensemble simulated
Amazonia’s monsoon onset later in the reference period. However, the authors highlighted
that the RegCM4 ensemble was within the uncertainties shown in Bombardi and Car-
valho [10]. The projected changes are more intense in the RCP8.5 scenario. Even beyond
SA, the authors found a delay in monsoon demise but less than the monsoon onset, which
reflects a shrinking of the monsoon rainy seasons. In SA, under the RCP8.5 scenario, the
onset is projected to be delayed in ~4 pentads and the demise in ~3 pentads. The authors
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also explore the drivers of the changes in the monsoon lifecycle. They mention that every
monsoon region receives a noticeable amount of pre-monsoon precipitation, which helps to
warm up the upper troposphere and induce deep overturning through latent heat release
in the atmosphere. In the future, the dry conditions will negatively affect the pre-monsoon
precipitation, causing a delayed onset.

CMIP provides the projections with GCMs for developing studies for the International
Panel on Climate Change (IPCC) assessment report. However, in regional and local studies
of climate impacts, the GCMs’ resolution is coarse, and downscaling techniques need to
be applied to obtain high-resolution climate information [33–35]. There are two types
of downscaling: dynamical and statistical [36,37]. In dynamical downscaling, RCMs are
nested into GCM outputs, and RCMs simulate the physical processes of the climate system.
This methodology requires substantial computing power and time. For this reason, this
task is generally performed by international projects, such as the Coordinated Regional
Climate Downscaling Experiment (CORDEX, https://cordex.org/, accessed on 26 January
2022) under the World Climate Research Project (WCRP)’s supervision, which makes
the projections available on the same platform as CMIP projections (Earth System Grid
Federation, ESGF).

Statistical downscaling does not directly simulate the physical processes of the cli-
mate systems. It relies on establishing statistical relationships between large-scale climate
variables (obtained from GCMs) and local-scale variables (obtained from in situ measure-
ments). These relationships are derived from historical observations (perfect prognosis—
PP—approach) or simulations (model output statistics—MOS—approach) and then applied
to project future climate conditions [36]. Traditionally, in climate research, the PP approach
has been used, and it includes different methods [36], such as regression models (linear
models, generalized linear models—GLM quantile regression), also called the transfer
function model [37], weather type methods, and analog and resampling methods.

Statistical downscaling is less computationally demanding compared to dynamical
downscaling. For this reason, many studies have used it. For SA, most of the studies focus
on southeastern South America (SESA) [38–41]. Bettolli et al. [38] analyzed the capability
of a set of projections using CORDEX dynamical downscaling and statistical downscaling
based on regression models (analog and GLM) in simulating daily precipitation during
the 2009–2010 austral warm season over SESA. The results revealed that no single model
performs best in all aspects evaluated and that most models capture the extreme events
selected, although with a considerable spread in accumulated values and the location of
heavy precipitation. Balmaceda-Huarte and Bettolli [39] applied statistical downscaling to
simulate daily and maximum temperatures in Argentina, considering three approaches:
analog, GLM, and artificial neural networks. According to the authors, depending on the
aspect analyzed, one specific model was more/less skillful. In addition, the authors high-
lighted that it is a challenge to capture the local variability of daily extreme temperatures in
regions with complex topography (Argentinian Patagonia and the subtropical Andes). A
similar study but for precipitation over SESA was carried out by Olmo and Bettolli [40],
while Olmo et al. [41] applied the CMIP5 and CMIP6-GCM projections.

Although statistical downscaling is less costly than dynamical downscaling, robust
computational resources are still needed, justifying its application in small domains. One of
the statistical downscaling approaches that is less computationally expensive is the model
based on transfer functions. This approach was applied by Ballarin et al. [42] using quantile
delta mapping. The authors developed a Brazilian dataset for different hydrological
variables for both historical (1980–2013) and future (2015–2100) scenarios, under the Shared
Socioeconomic Pathways (SSPs) 2–4.5 and 5–8.5, at a 0.25◦ × 0.25◦ spatial resolution. To
our knowledge, this is the only study of CMIP6-GCMs statistical downscaling covering a
large area in SA.

In January 2022, the execution of the project “Hydro, wind, and solar energy in Brazil:
Changes projected by CMIP6 climate models” (R&D Project 00403-0054/2022) began in
order to provide a regional view of the climate change in different renewable energy

https://cordex.org/
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sources in SA. Therefore, this study aims to assess the projected changes in the monsoon
lifecycle in SA, which significantly affects hydroelectric power generation on the continent.
Considering this project’s scope, CMIP6-GCMs have been statistically downscaled in the
whole of SA, yielding a new dataset with a 0.5◦ horizontal resolution. Thus, the main
objective of this work is to describe the projected changes to the SAMS lifecycle (onset,
demise, and length) using an ensemble composed of eight CMIP6-GCMs under the SSP2–
4.5 and SSP5–8.5 scenarios and considering four time slices until 2099. Hereby, this study
addresses uncertainties about SAMS lifecycle projections and the absence of works with
CMIP6 projections for SA.

2. Materials and Methods
2.1. Study Area and Reference Dataset

The study area comprises the SA continent (Figure 1), located at latitudes 12◦ N–55◦ S.
Due to its large latitudinal extension, different climate regimes occur over the continent but
with a predominance of monsoon [3,4,43] with the local convection and the South Atlantic
Convergence Zone (SACZ) as the main drivers of precipitation. The subdomains shown in
Figure 1 indicate the main areas of the monsoon climate and will be used in our analyses.
R1 indicates Amazonia, R2 Midwest Brazil, R3 southeastern Brazil (the boundary between
São Paulo and Minas Gerais states), R4 north of Southeast Brazil, and R5 north Argentina
and Paraguay. SACZ occurs from the southern R1 to R3, crossing R2. Therefore, when
mentioned in the text, the “SACZ region” refers to such areas.
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W–60◦ W; R3, 20◦ S–25◦ S and 40◦ W–50◦ W; R4, 12.5◦ S–17.5◦ S and 40◦ W–50◦ W; and R5, 20◦ S–30◦

S and 55◦ W–65◦ W.

The reference dataset is the precipitation analysis from the Climate Prediction Center
Gauge-Based Analysis of Global Daily Precipitation (CPC) [44]. The CPC has a daily
frequency and horizontal resolution of 0.5◦ (available at https://ftp.cpc.ncep.noaa.gov/
precip/CPC_UNI_PRCP/GAUGE_GLB/RT/, accessed on 22 January 2022). It is developed
through rain gauge observations and has been applied in several studies in SA [40,45–47].
In this study, the period from 1995 to 2014 is used.

https://ftp.cpc.ncep.noaa.gov/precip/CPC_UNI_PRCP/GAUGE_GLB/RT/
https://ftp.cpc.ncep.noaa.gov/precip/CPC_UNI_PRCP/GAUGE_GLB/RT/
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2.2. CMIP6-GCMs

The projections of eight CMIP6-GCMs (Table 1) are used in this study. The models
were selected in January 2022 under the R&D project 00403-0054/2022. As described
in Ferreira et al. [48,49], the performance of 50 CMIP6-GCMs in representing the mean
state of the SA climate was analyzed with the methodology of ranking analysis [50].
Monthly data (from 1995 to 2014) of air temperature at 2 m and precipitation of these
models were used. Not all top-ranking models could be selected due to the absence of
hourly/daily data and/or projections on the database of the ESGF platform (available at
https://esgfnode.llnl.gov/search/cmip6, accessed on 20 January 2022). Thus, the selection
followed the ranking and data availability on the ESGF platform.

Moreover, studies such as Dias and Reboita [51] have indicated that an ensemble of
CMIP6-GCMs for the historical period composed of the models with better representation
of the SA climate presents fewer biases with the reference datasets than an ensemble with
around 50 GCMs. Therefore, the GCMs used in this study were selected based on the
ranking method and data availability on the ESGF platform, but the validation previously
carried out by Dias and Reboita [51] also corroborates the choice of some of the GCMs used,
given their good performance in simulating the SA climate. We emphasize that if the model
has a good representation of the historical climate, it can have a good representation in the
future [52]. For this reason, we are using only eight models in the study, which helps to
save computational resources. The main steps of the methodology are indicated in Figure 2.
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Figure 2. Main steps of the methodology: (a) CMIP6-GCMs selection [50], (b) statistical downscaling,
and (c) defining the SAMS lifecycle [7,10].

After the eight CMIP6-GCMs (Table 1) were selected, precipitation projections every
three hours were downloaded from ESGF and, posteriorly, were accumulated into daily
data (the rainfall for a given day was accumulated from 1200 Z of the previous day to 1200 Z
of the day in question). As CMIP6-GCMs present distinct horizontal resolutions (Table 1),
the data were remapped into a regular 0.5◦ × 0.5◦ grid using a bi-linear interpolation
technique [42,53,54].

Table 1. Information on each CMIP6-GCM employed in the study.

Model Resolution (◦Lat × ◦Lon) Institute Reference

CMCC-CM2-SR5 1.25 × 0.94 Fondazione Centro Euro-Mediterraneo
sui Cambiamenti Climatici Lovato and Peano [55]

CMCC-ESM2 1.25 × 0.94 Fondazione Centro Euro-Mediterraneo
sui Cambiamenti Climatici Lovato et al. [56]

EC-Earth3 0.70 × 0.70 EC-Earth Consortium Döscher et al. [57]

GFDL-ESM4 1.25 × 1.00 Geophysical Fluid Dynamics Laboratory Krasting et al. [58]

https://esgfnode.llnl.gov/search/cmip6
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Table 1. Cont.

Model Resolution (◦Lat × ◦Lon) Institute Reference

IPSL-CM6A-LR 2.50 × 1.26 Institut Pierre Simon Laplace Boucher et al. [59]

MIROC-6 1.41 × 1.41 Japan Agency for Marine-Earth Science
and Technology Tatebe and Watanabe [60]

MPI-ESM1-2-LR 0.94 × 0.94 Max Planck Institute for Meteorology Wieners et al. [61]

MRI-ESM2-0 1.13 × 1.13 Meteorological Research Institute Yukimoto et al. [62]

The historical period (1995–2014) follows the IPCC recommendation [12]. For the
future, two greenhouse gas emission scenarios (SSP2–4.5 and SSP5–8.5) are evaluated in
four time slices (2020–2039, 2040–2059, 2060–2079, and 2080–2099). SSPs are narratives
describing different development paths of society [63]. The SSP2–4.5 scenario denotes a
moderate emission scenario, in which the future trends in climate change stay relatively
the same as they are currently, with moderate population growth, uneven development,
slow progress towards sustainable development goals, environmental degradation, and
persistent income inequality, resulting in a forcing pathway of 4.5 Wm−2 by 2100 [63,64].
SSP5–8.5 considers a high greenhouse gas emission context, representing a period with
little effort to mitigate climate change effects, which leads to a forcing pathway of 8.5 Wm−2

in 2100. As in Ballarin et al. [42], we chose these two scenarios, moderate and extreme,
because they represent a wide range of expected changes, covering other intermediate
scenarios such as SSP3–7.0.

2.3. Statistical Downscaling

Our study aims to have projections with an intermediate horizontal resolution (0.5◦ × 0.5◦)
and which are bias-corrected. As dynamical downscaling has time-dependent boundaries,
a considerable quantity of data and computational power is necessary, becoming a working
difficulty for small research laboratories. The best alternative is to use statistical down-
scaling. Thus, in this study, we use the PP approach with the transfer function method
(quantile delta mapping, QDM). This method, also known as BCSD, was chosen for its
simplicity of implementation and for preserving time-series trends [65]. This last feature is
important because if the GCM shows, for instance, a dry trend in a given region, that trend
will be maintained after bias correction. In addition, several studies in different global areas
have used the method [42,66–69].

As the BCSD methodology is described in Ferreira et al. [48,49], here we provide only
a summary. For obtaining a dataset with an intermediate horizontal resolution, initially, the
daily precipitation from CMIP6-GCMs is spatially disaggregated, i.e., remapped to a grid
of 0.5◦ × 0.5◦, which is the same as that from the reference dataset (CPC), as mentioned
in the previous section. The next step is to apply the QDM in the reference dataset and
in each historical simulation to obtain the model representative of each grid point and to
bias-correct the CMIP6-GCMs of the reference period. The last step is to apply the transfer
functions in the future period. The Python-based package xclim [70] was used to perform
the calculations.

The performance of bias correction applied to precipitation over SA in the reference
period is presented in detail in Ferreira et al. [49]. Here, we only show a few comparisons
of the GCMs with and without BCSD.

2.4. Determination of SAMS Lifecycle

The SAMS lifecycle is defined by the onset and demise dates of the rainy season using
the Liebmann and Marengo [7] method adapted by Bombardi and Carvalho [10]. This
method has also been used by Silva and Reboita [71], Reboita et al. [72], and Ashfaq et al. [12],
for example. For the identification of the onset and demise dates, only precipitation in pen-
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tads is required, and the method begins with the calculation of accumulated anomalies (S):

Spentad = ∑pentatd
n=pentad1

(
Rn − R

)
where Rn is the precipitation of the n pentad (each year consists of 73 pentads, and when
the year is bissextile, 29 February is included in the 12th pentad; a table with the pentads
and corresponding dates is presented in Kousky [13]); R is the climatological average of
all the pentads under study. The first pentad in the summation (pentad1) is chosen as
the first pentad of the year (total precipitation from 1 January to 5 January), which, in
turn, falls within the rainy season of the study region. After summing up the precipitation
anomalies (Rn − R) at each iteration, the resulting time series S is smoothed with a 3-point
moving average applied 30 times. The next step involves calculating the first derivative of
S = dS/dt to identify the onset and demise of the rainy season for each year under study.
This procedure is applied in CPC and each model for historical and future climates and
each time slice.

The mentioned steps were implemented in a script in Python language by the au-
thors of the present study. The algorithm performance was verified by comparing the
monsoon’s onset, demise, and length obtained with the CPC (reference dataset) with the
literature and considering each region shown in Figure 1. For brevity, here we only show
R2 (Table 2), the most common area used to define the SAMS lifecycle, since it is the central
core of the SA rainy season [9,73,74]. The tables for the other regions are presented in
the Supplementary Materials. In general, the results obtained here reaffirm those of pre-
vious studies, particularly the works of Bombardi and Carvalho [10], Ashfaq et al. [12],
Gan et al. [73], and Reboita et al. [75], indicating the good performance of the algorithm.
Some slight variations between the results may be due to differences in the data, period,
and methodology used for analysis. Not all mentioned studies in the tables were performed
with the same methods applied in this work.

Table 2. Results of the computation of SAMS lifecycle parameters for R2 obtained here (shaded line)
compared to previous works.

R2—Midwest Brazil—10◦ S–20◦ S 50◦ W–60◦ W

Reference Onset (Pentads) Demise (Pentads) Length (Pentads)
This study 57–59 20–23 34–36

Gan et al. [9] 51–63 22–25 33–44

Bombardi and Carvalho [10] 58–61 18–21 36–38

Ashfaq et al. [12]—GPCP 59 18–20 32–34

Ashfaq et al. [12]—RegCM4 ensemble 57–61 17–19 31–35

Gan et al. [73] 56–59 20–23 34–40

Bombardi et al. [74] 58 20 35

Reboita et al. [75] 57–59 20–22 32–34

Silva and Carvalho [76] 58–64 20–27 31–41

Raia and Cavalcanti [77] 60 18 31

Rodrigues et al. [78] 58 27 42

2.5. Analysis

All the analyses are performed considering the ensemble of the raw and BCSD projec-
tions. Initially, the performance of the raw and BCSD ensemble is evaluated through com-
parisons with the CPC analysis. Future projections under the SSP2–4.5 and SSP5–8.5 scenar-
ios are described based on the spatial patterns during the different time slices (2020–2039,
2040–2059, 2060–2079, and 2080–2099). The average precipitation and onset, demise, and
monsoon’s length are presented, as well as the difference of the time slices minus the
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historical climate (1995–2014). Statistically significant differences at a 95% confidence level,
computed with a t-test, are indicated in the figures. For a more detailed analysis, under
the SSP2–4.5 and SSP5–8.5 scenarios, the changes projected for the monsoon’s lifecycle
by the BCSD ensemble are evaluated in each region as shown in Figure 1. The statistical
significance of the trends is calculated with the Mann–Kendall trend test [79,80], used to
analyze trends in hydrological series [81,82]. In addition, Sen’s slope estimation test was
also employed to detect the SAMS parameters’ linear trend in the selected subdomains.

3. Results and Discussion
3.1. BCSD Performance

Comparisons of the reference period evaluate the performance of the BCSD without
and with the technique application and CPC for precipitation and the main features of
the SAMS. In this section, we explore the spatial pattern of the variables without focusing
specifically on the regions R1 to R5 (Figure 1), which will be described in more detail in
Section 3.3. Figure 3 presents the historical simulations (1995–2014) of precipitation for the
period from October to March (rainy season) obtained by the ensemble of eight CMIP6-
GCMs without (middle column) and with (right column) applying the BCSD. The raw
ensemble (Figure 3b,e) overestimates precipitation in most parts of Brazil and the western
coast of SA, with great overestimations over the Andes. In contrast, underestimations occur
in the Brazilian Amazon, northwest SA, central-north Argentina, Uruguay, and extreme
southern Brazil. On average, the raw ensemble can represent the spatial distribution of the
highest rainfall volumes associated with the SACZ, but it exhibits an unreal amplification
and displacement of the system towards the southeast and northeast of Brazil.
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Figure 3. Seasonal climatology (from October to March) for the historical period (1995–2014) of
precipitation (mm day−1; a–c) and bias (mm day−1; d–f), obtained by CPC (a) and simulated by the
CMIP6 ensemble before (b,e) and after (c,f) the application of BCSD.

The underestimation of precipitation in northwest SA and northern Brazil corroborates
the results of other studies using CMIP5 and CMIP6 models [83–87]. These systematic errors
result from various factors, such as the models’ sensitivity to the sea surface temperature
(SST) and their deficiency in simulating the Intertropical Convergence Zone (ITCZ) and
surface wind convergence [83,87], limitations in cloud physics representation [88], and
processes such as biosphere–atmosphere interactions and soil moisture [89], as well as
uncertainties associated with the insufficient coverage of rain gauge networks for validating
climate simulations [84,90].
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The BCSD application notably reduces biases throughout the continent, especially on
the western coast of SA and northeastern Brazil (Figure 3c,f). There is also a significant
improvement in representing the intensity and location of precipitation maxima associated
with SACZ despite a persistent overestimation of rainfall in the core of the continental
SACZ. Figure 3d also indicates these features, showing the difference between the ensemble
with and without BCSD application. In summary, the BCSD technique efficiently reduces
systematic errors in the global models comprising the CMIP6-GCMs ensemble, thereby
ensuring more reliable projections of future climate conditions. Additionally, the biases
that persist after the application of correction are located in problematic sectors of global
climate modeling, such as the tropical region and the continental portion of SACZ.

Figures 4–6 show the SAMS lifecycle: onset, demise, and length during the historical
period. Regarding the SAMS onset, the raw ensemble (Figure 4b,e) approximately estimates
the monsoon onset in the Brazilian Midwest from Pentads 60 (23–27 October) to 61 (28
October–1 November), indicating a delay of nearly two pentads compared to the onset
in CPC (approximately in Pentad 58, 13–17 October). Considering the BCSD ensemble
(Figure 4c,f), the onset of the rainy season in the Brazilian Midwest occurs around Pentad
61, indicating that the 2–3 pentad delay persists even after bias correction. For Southeast
Brazil, the raw ensemble (Figure 4b,e) simulates the SAMS onset during Pentads 57–58
(8–12 October to 13–17 October), in agreement with the start obtained by CPC (Pentad 58).
Similarly, the ensemble with BCSD (Figure 4c,f) indicates the onset of the rainy season
around Pentads 57–58, analogous to the result from CPC. Regarding the sector encom-
passing Paraguay and northern Argentina, both the raw and BCSD ensembles provide the
onset of the rainy season around Pentad 58, indicating an earlier start of the rainy season
than obtained by the CPC, which is approximately around Pentad 61. In summary, the
main gain with the BCSD ensemble is the enhancement of the onset results west of 60◦ W,
which includes southern Amazonia. It is a good result since this region corresponds to the
northern portion of the SACZ. In addition, BCSD also shows a slightly better performance
over north Argentina.
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Figure 6. Seasonal climatology (from October to March) for the historical period (1995–2014) of the
length (in pentads) of the rainy season in SA (a–c) and bias (in pentads) (d–f), obtained by CPC (a)
and simulated by the CMIP6 ensemble before (b,e) and after (c,f) the application of BCSD.

Considering the demise of the rainy season (Figure 5), both the raw and BCSD en-
sembles indicate a delay in this parameter in Brazil’s southern Amazonia, Midwest, and
north of Southeast Brazil. In contrast, the monsoon’s demise is anticipated in Paraguay
and northern Argentina. Both ensembles show the rainy season’s demise around Pentads
21–22 (from 11–15 April to 16–20 April) in southern Amazonia and the Midwest, while the
CPC indicates the demise during Pentad 20 (5–10 April). Similarly, a lag of approximately
two pentads also occurs in the north of Southeast Brazil, with the simulations indicating
the demise of the monsoon in Pentad 17 (22–26 March), while the CPC provides the end
in Pentad 20 (Figure 5a–c). The most prominent difference between the raw and BCSD
ensembles in these areas with a delay in the demise is that BCSD simulates a smaller area
with the maximal values of delay (Figure 5e,f). Considering the demise anticipation by
the ensembles over Paraguay and northern Argentina, the demise occurs in Pentad 19
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(1–5 April), up to three pentads earlier than that provided by the CPC (Pentad 22). Gener-
ally, the BCSD ensemble improves the rainy season demise over southern Amazonia and
Midwest Brazil. On the other hand, the BCSD ensemble does not decrease the bias over
northern Argentina and Paraguay simulated in the raw ensemble.

The BCSD ensemble better represents the SAMS onset, demise, and length west of
60◦ W (Figure 6). Despite this, no significant changes exist between the BCSD and raw
ensembles in the other continental regions. In the Brazilian Midwest, both ensembles indi-
cate a SAMS duration of 35–36 pentads, while the CPC indicates 36–37 pentads. Similarly,
in the southeastern region, both ensembles underestimate the duration of the monsoon,
with a duration of ~32–33 pentads, up to two pentads shorter than that provided by the
CPC (~34–35 pentads). Contrarily, in northern Argentina, the ensembles overestimate the
duration of the rainy season by up to two pentads, indicating a duration of 40–41 pentads,
while the CPC shows a duration of 38–39 pentads.

Overall, it is concluded that despite the modest changes brought about by BCSD
in identifying the parameters of the rainy season’s lifecycle, the technique improves the
representation of the monsoon onset west of 60◦ W, as well as the representation of the
demise and length in the southwestern Amazonia.

3.2. Climate Projections
Spatial Patterns

Figures 7 and 8 present the climate projections of precipitation from October to March
for four time slices (2020–2039, 2040–2059, 2060–2079, and 2080–2099) and one historical
period (1995–2014) obtained by the raw and BCSD ensembles, under the SSP2–4.5 and
SSP5–8.5 scenarios, respectively. Under the SSP2–4.5 scenario (Figure 7), the raw ensemble
projections maintain their unrealistic representation of the spatial distribution of the rainy
season, extending its influence to the northern portion of Northeast Brazil. However, the
BCSD ensemble corrects this deficiency and satisfactorily reproduces the rainfall spatial
distribution. The projected changes in rainfall volumes in each time slice compared to
the historical period show statistically significant increases in precipitation in sectors of
the Midwest and the interior of the Northeast, particularly from 2040 onwards. From
2060 onwards, increases in rainfall are also projected in the South, Southeast, and a larger
area of Northeast Brazil, as well as in Peru and northern Argentina. Similar results were
obtained by studies using CMIP5 models under the RCP-4.5 scenario [91,92] and a large
ensemble of CMIP6 models under the SSP2–4.5 scenario [84]. Under the SSP5–8.5 scenario
(Figure 8), the changes projected by both ensembles are similar to those provided by the
SSP2–4.5 scenario, with the difference of having a more intense change signal and more
significant rainfall reductions in the Brazilian North. The raw CMIP6 projections maintain
their unrealistic representation of the rainy season, which is corrected by the statistically
downscaled projections. The downscaled projections generally provide a stronger change
signal than the raw projections. In both datasets, a more intense signal is observed towards
the end of the 21st century, particularly under the SSP5–8.5 scenario.

The projections of changes found here corroborate the results of previous studies
using models of different CMIP phases. The increase in rainfall in southeastern SA was
also observed in studies using CMIP3, CMIP5 [93–96], and CMIP6 models [84,87,97].
Similarly, the reduction in precipitation in the Amazonia region agrees with the litera-
ture [11,84,87,91,92,94–97]. However, none of these CMIP studies focused on the SAMS lifecycle.

Figures 9–14 present the projections of the rainy season’s onset, demise, and length
under the SSP2–4.5 and SSP5–8.5 scenarios. Raw and BCSD ensembles, in both scenarios
and in all time slices, project a delay in the onset of the rainy season, with a difference
of approximately three pentads compared to the onset in the historical period in most
of the study area (Figures 9 and 10), reaffirming the results obtained with the dynamical
downscaling of CMIP5 models [12]. Over northern Argentina, the monsoon is projected
to have an earlier onset. The difference between the ensembles is that the raw ensemble
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shows an earlier onset over Midwest Brazil and Bolivia in the first three time slices, which
BCSD does not project.
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scenario for different time slices 1995–2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n);
2080–2099, (o–r) and considering the raw and BCSD data (left side) and difference regarding the
historical period (right side). From left to right: mean of the raw ensemble, mean of the BCSD
ensemble, difference raw ensemble, and difference BCSD ensemble. The dots indicate statistical
significance at 95% confidence in the difference fields based on the t-test.
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Figure 8. Similar to Figure 7, except for the SSP5–8.5 scenario. October–March precipita-
tion (mm day−1) during the historical period and the SSP2–4.5 scenario for different time slices
1995–2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n); 2080–2099, (o–r) and consid-
ering the raw and BCSD data (left side) and difference regarding the historical period (right side).
From left to right: mean of the raw ensemble, mean of the BCSD ensemble, difference raw ensemble,
and difference BCSD ensemble. The dots indicate statistical significance at 95% confidence in the
difference fields based on the t-test.
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Figure 9. Similar to Figure 7, except for the monsoon onset (pentads) and SSP2–4.5 scenario.
October–March precipitation (mm day−1) during the historical period and the SSP2–4.5 scenario
for different time slices 1995–2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n);
2080–2099, (o–r) and considering the raw and BCSD data (left side) and difference regarding the
historical period (right side). From left to right: mean of the raw ensemble, mean of the BCSD
ensemble, difference raw ensemble, and difference BCSD ensemble. The dots indicate statistical
significance at 95% confidence in the difference fields based on the t-test.
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Figure 10. Similar to Figure 7, except for the monsoon onset (pentads) and SSP5–8.5 scenario.
October–March precipitation (mm day−1) during the historical period and the SSP2–4.5 scenario
for different time slices (1995-2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n);
2080–2099, (o–r) and considering the raw and BCSD data (left side) and difference regarding the
historical period (right side). From left to right: mean of the raw ensemble, mean of the BCSD
ensemble, difference raw ensemble, and difference BCSD ensemble. The dots indicate statistical
significance at 95% confidence in the difference fields based on the t-test.
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Figure 11. Similar to Figure 7, except for the monsoon demise (pentads) and SSP2–4.5 scenario.
October–March precipitation (mm day−1) during the historical period and the SSP2–4.5 scenario
for different time slices (1995-2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n);
2080–2099, (o–r) and considering the raw and BCSD data (left side) and difference regarding the
historical period (right side). From left to right: mean of the raw ensemble, mean of the BCSD
ensemble, difference raw ensemble, and difference BCSD ensemble. The dots indicate statistical
significance at 95% confidence in the difference fields based on the t-test.
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Figure 12. Similar to Figure 7, except for the monsoon demise (pentads) and SSP5–8.5 scenario.
October–March precipitation (mm day−1) during the historical period and the SSP2–4.5 scenario
for different time slices (1995-2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n);
2080–2099, (o–r) and considering the raw and BCSD data (left side) and difference regarding the
historical period (right side). From left to right: mean of the raw ensemble, mean of the BCSD
ensemble, difference raw ensemble, and difference BCSD ensemble. The dots indicate statistical
significance at 95% confidence in the difference fields based on the t-test.
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Figure 13. Similar to Figure 7, except for the monsoon length (pentads) and SSP2–4.5 scenario. 
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Figure 13. Similar to Figure 7, except for the monsoon length (pentads) and SSP2–4.5 scenario.
October–March precipitation (mm day−1) during the historical period and the SSP2–4.5 scenario
for different time slices (1995-2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n);
2080–2099, (o–r) and considering the raw and BCSD data (left side) and difference regarding the
historical period (right side). From left to right: mean of the raw ensemble, mean of the BCSD
ensemble, difference raw ensemble, and difference BCSD ensemble. The dots indicate statistical
significance at 95% confidence in the difference fields based on the t-test.
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Regarding the onset delay in the rainy season of SA, Ashfaq et al. [12] argue that this 
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Figure 14. Similar to Figure 7, except for the monsoon length (pentads) and SSP5–8.5 scenario.
October–March precipitation (mm day−1) during the historical period and the SSP2–4.5 scenario
for different time slices (1995-2014, (a,b); 2020–2039, (c–f); 2040–2059, (g–j); 2060–2079, (k–n);
2080–2099, (o–r) and considering the raw and BCSD data (left side) and difference regarding the
historical period (right side). From left to right: mean of the raw ensemble, mean of the BCSD
ensemble, difference raw ensemble, and difference BCSD ensemble. The dots indicate statistical
significance at 95% confidence in the difference fields based on the t-test.

In both scenarios and ensembles, the demise of the rainy season (Figures 11 and 12) is
projected to delay northward 20◦ S, with a difference of around two pentads compared to
the historical period, but only reaching statistical significance over Amazonia and western
SA. Over northern Argentina, while the trend to the end of the century is to delay the demise
under SSP2.4–5 (Figure 11), it is to anticipate it under SSP5.8–5 (Figure 12). An interesting
signal appears in Midwest Brazil in the BCSD ensemble: under SSP2.4–5, a significant
area with late demise spread over the region toward the end of the century, while under
SSP5–8.5, from 2020–2039 to 2040–2060 the area decreases with statistical significance and
returns to increasing towards the end of the century. Still, the SSP5–8.5 scenario indicates
a more intense change signal in the monsoon demise, with a delay of three pentads in
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Brazilian Amazonia from the second half of the 21st century. Compared to the onset, the
monsoon demise generally shows more uncertainties in scenarios and ensembles.

The projected trends of the SAMS onset and demise affect its length. For instance, over
southeastern Brazil, there is a delay in the onset and the demise, but as the late onset is
longer than the late demise, the monsoon’s length is projected to decrease (Figures 13 and 14).
On the other hand, over northern Argentina, the SAMS length is projected to increase. In
general, in both scenarios and ensembles, the projection of a shorter SAMS lifecycle spreads
in the area. This signal intensifies toward the end of the century, mainly under SSP5.8–5,
which projects a reduction of up to three pentads compared to the historical period in most
of Brazil and more significant reductions (approximately four pentads) in sectors of the
eastern coast of the country (Figure 14). In a nutshell, the projections of the SAMS lifecycle
indicate more intense changes in the BCSD ensemble toward the end of the century and
under the SSP5–8.5 scenario.

Regarding the onset delay in the rainy season of SA, Ashfaq et al. [12] argue that
this delay is directly related to the atmospheric dynamics of the pre-monsoon period.
According to the authors, the main mechanisms causing the delay in the monsoon onset
are the reduction in precipitation during the pre-monsoon period, the increase in the
depth of the atmospheric boundary layer, and the decrease in the relative humidity or
saturation level in the lower troposphere in regions where convective precipitation is
suppressed during the period preceding the rainy season, which is in agreement with
Fu and Li [14]. These factors are due to the progressive warming of the land surface in
response to increased radiative forcing, leading to a greater partitioning of the surface
energy flux toward sensible heating and an increase in the height of the atmospheric
boundary layer, thus requiring an additional buoyancy force for the ascent of air parcels
to their free convection level. Furthermore, future atmospheric warming increases the
moisture necessary for the atmospheric boundary layer to become convectively unstable.
These unfavorable changes in future atmospheric thermodynamics intensify atmospheric
stability and reduce convective precipitation during the period preceding the rainy season.

Despite the projections suggesting a contraction of the SAMS lifecycle, an increase
in precipitation volumes is also projected, indicating that more rainfall may be concen-
trated in shorter periods. Consequently, areas under the influence of the monsoon will
be more vulnerable to episodes of extreme weather and climate events [92] and, hence,
socio-environmental problems such as floods and land-slides in future scenarios. Moreover,
changes in the temporal and spatial patterns of the rainy season in SA have numerous
socio-economic impacts. For example, the effects on rainfed agriculture (non-irrigated,
solely dependent on rainfall, such as sugarcane and corn) are notable, affected by the
onset delay in the rainy season or drought conditions, resulting in reduced harvests and
increased prices [98]. Additionally, the onset delay of the rainy season or variations in
rainfall volumes interfere with the spread of vector-borne diseases (such as cholera, malaria,
and dengue) [99]. It is also worth noting that the contraction of the rainy season combined
with the increased rainfall volumes found here reinforces the future occurrence of extreme
precipitation events in SA, as obtained in other studies [82,91,92,100,101], impacting hy-
droelectric power generation and the safety of vulnerable populations. In this context, the
consequences of extreme rainfall events associated with SACZ are notable, responsible for
around 47% of natural disasters in Southeast Brazil [102,103].

3.3. Time Series Analysis

Figures 15–17 present the BCSD time series (for both the individual GCMs and mul-
timodel ensemble) of anomalies (in pentads) of the onset, demise, and length of SAMS
for five subdomains of SA (Figure 1) under the SSP2–4.5 and SSP5–8.5 scenarios. In ad-
dition, Figures S1–S3 (Supplementary Materials) complement the information, showing
the projections for the SAMS parameters. The time series shows the projected anomalies
of the SAMS lifecycle parameters for 2020–2099 in relation to 1995–2014. Moreover, the
results of the Mann–Kendall trend test for the BCSD ensemble projections (bold line) are
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shown, indicating whether the resulting trends are statistically significant (p-value < 0.05).
In addition, Sen’s slopes indicate whether the trends are positive (slope > 0) or negative
(slope < 0).
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Figure 15. Time series of the monsoon’s onset anomalies (in pentads) provided by the eight BCSD
models and its ensemble (solid black line) for five SA subdomains (R1, (a,b); R2, (c,d); R3, (e,f);
R4, (g,h); R5, (i,j) under the SSP2–4.5 (left column) and SSP5–8.5 (right column) scenarios. Anomalies
refer to 2020–2099 in relation to 1995–2014. The p-value indicates the Mann–Kendall test result for the
BCSD ensemble projections, and Sen’s slopes indicate whether the trends are positive (slope > 0) or
negative (slope < 0).
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Figure 16. Similar to Figure 15, except for the monsoon’s demise (pentads). Time series of the
monsoon’s onset anomalies (in pentads) provided by the eight BCSD models and its ensemble (solid
black line) for five SA subdomains (R1, (a,b); R2, (c,d); R3, (e,f); R4, (g,h); R5, (i,j) under the SSP2–4.5
(left column) and SSP5–8.5 (right column) scenarios. Anomalies refer to 2020–2099 in relation to
1995–2014. The p-value indicates the Mann–Kendall test result for the BCSD ensemble projections,
and Sen’s slopes indicate whether the trends are positive (slope > 0) or negative (slope < 0).
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Figure 17. Similar to Figure 15, except for the monsoon’s length (pentads). Time series of the
monsoon’s onset anomalies (in pentads) provided by the eight BCSD models and its ensemble (solid
black line) for five SA subdomains (R1, (a,b); R2, (c,d); R3, (e,f); R4, (g,h); R5, (i,j) under the SSP2–4.5
(left column) and SSP5–8.5 (right column) scenarios. Anomalies refer to 2020–2099 in relation to
1995–2014. The p-value indicates the Mann–Kendall test result for the BCSD ensemble projections,
and Sen’s slopes indicate whether the trends are positive (slope > 0) or negative (slope < 0).



Atmosphere 2023, 14, 1380 24 of 30

For R1 (Amazonia), the ensemble projects an increase in the onset of the SAMS with
statistical significance under both scenarios, which means a regional delay in the monsoon
beginning. The ensemble generally shows changes from the SAMS onset ranging from
−1 to 5 pentads. On the other hand, the individual models indicate considerable spread
in the projections, with the CMCC-ESM2, GFDL-ESM4, and MIROC6 models providing
monsoon onset shifts ranging from −5 to 11 pentads. Under the SSP2–4.5 scenario, the
ensemble indicates the monsoon onset ranging from Pentads 58–62 (13–17 October to 2–6
November), which is partially similar to the ranges found in the reference periods of other
studies [10,12,92]. Under the SSP5–8.5 scenario, the ensemble indicates a larger delay
in the SAMS onset, which varies in Pentads 59–64 (18–22 October to 12–16 November),
corroborating the results of previous studies [12,92].

Considering the projected changes in the SAMS demise in R1, only the SSP5–8.5
scenario results in a statistically significant increasing trend projected by the BCSD ensemble.
While the ensemble projects the monsoon’s demise changes ranging from −1 to 2 pentads,
models such as EC-Earth3, GFDL-ESM4, and MPI-ESM1-2-LR provide anomalies ranging
from −7 to 6 pentads. Despite this result suggesting an increase in the rainy season in R1,
the analysis of the SAMS length shows that, under the SSP5–8.5 scenario, the ensemble
projects a statistically significant decrease, with anomalies ranging from −3 to 1 pentad in
relation to the historical period.

Moreover, the results found here agree with projections obtained by dynamical down-
scaling, which yielded a delay of one pentad at the monsoon’s beginning and a reduction
of up to two pentads in the duration for the period 2010–2040 [11]. Additionally, a study
of the impacts of land use on the monsoon lifecycle in southern Amazonia indicated that
deforestation has contributed to a delay of approximately 1 pentad at the beginning, an
advance of 2 to 6 pentads at the demise, and a reduction of 2 to 8 pentads in the duration of
the rainy season for the period 1998–2012 [104].

In R2 (Midwest Brazil), under both scenarios, the BCSD ensemble projects a statisti-
cally significant increase in the monsoon onset, which means a delay in the rainy season
beginning over the region. In this sector, the ensemble presents onset anomalies ranging
from −1 to 4 pentads, while other models, such as EC-Earth3 and GFDL-ESM4, project
variations from −4 to 9 pentads. The BCSD ensemble projections of the rainy season demise
in R2 do not result in statistically significant trends in both scenarios. On the other hand,
the ensemble provides a statistically significant decreasing trend in the SAMS length in
both scenarios, indicating a retraction in the rainy season over R2 during the 21st century.
In this region, the ensemble projects anomalies of the monsoon’s length ranging from −4 to
1 pentad, while models like CMCC-ESM2, EC-Earth3, and GFDL-ESM4 project anomalies
from −10 to 6 pentads.

For R3 (Southeast Brazil), the ensemble projections result in statistically significant
increasing trends in the monsoon onset for both scenarios, indicating that the rainy season’s
beginning tends to be delayed over the region during the 21st century. While the ensemble
projects anomalies of SAMS onset ranging from −1 to 4 pentads, models such as EC-
Earth3, MPI-ESM1-2-LR, and MRI-ESM2-0 estimate changes going from −7 to 11 pentads.
Regarding the monsoon demise, the ensemble projects a statistically significant increasing
trend only under the SSP5–8.5 scenario, with anomalies ranging from −2 to 3 pentads.
For the monsoon’s length projections, neither of the two scenarios results in a statistically
significant trend, with the BCSD ensemble providing anomalies of −6 to 2 pentads about
the reference period.

In R4 (northern sector of Southeast Brazil), the ensemble projects a statistically sig-
nificant increase in the monsoon onset under both scenarios, reiterating the delay in the
SAMS onset also found in other regions. In this sector, the ensemble shows onset anomalies
ranging from 0 to 4 pentads, while models like GFDL-ESM4 and MPI-ESM1-2-LR provide
changes from −4 to 10 pentads. The ensemble projections do not result in a statistically
significant trend in either scenario regarding the monsoon demise. On the other hand,



Atmosphere 2023, 14, 1380 25 of 30

under the two scenarios, the ensemble projects a statistically significant reduction in the
rainy season’s length, with anomalies ranging from −5 to 1 pentad.

Finally, in R5 (northern Argentina), the ensemble only projects a statistically significant
increasing trend in the monsoon onset under the SSP5–8.5 scenario. In this region, the
ensemble provides anomalies ranging from −1 to 3 pentads, while models such as GFDL-
ESM4 and MPI-ESM1-2-LR project anomalies ranging from −8 to 8 pentads. Similarly, for
the monsoon demise, the ensemble projects a statistically significant increasing trend only
under the SSP5–8.5 scenario, with anomalies ranging from −2 to 4 pentads. On the other
hand, neither scenario indicates a statistically significant trend in the monsoon’s length,
with the ensemble providing anomalies ranging from −4 to 3 pentads.

In general, the trend analysis shows that the BCSD ensemble projects a delay in the
monsoon onset in practically all regions analyzed under the two scenarios employed (except
in R5, where only the SSP5–8.5 scenario results in an increasing trend). Contrastingly, the
ensemble projections for the SAMS demise provide statistically significant increasing trends
only under the SSP5–8.5 scenario and for sectors R1, R3, and R5. Furthermore, the ensemble
projections show a statistically significant decreasing trend in monsoon length in the regions
R2 and R4 under both scenarios and in R1 only under the SSP5–8.5 scenario. Similarly, a
study of deforestation effects in southern Amazonia showed that almost 90% of rainfall
gauges in the transition zone between Amazonia and Midwest Brazil showed a decreasing
monsoon length from 1971 to 2010, with a later onset and early demise [105].

Regarding the individual projections of the GCMs, there is considerable variability
of estimates in all regions. In this context, the GFDL-ESM4 and EC-Earth3 models show
significant variability in the SAMS lifecycle parameters in practically all sectors evaluated.
In summary, these results suggest that, under both scenarios, the monsoon onset tends to
be delayed, but its demise is almost unchanged. Additionally, most evaluated sectors tend
to decrease the rainy season’s length during the 21st century.

4. Conclusions

This study applied statistical downscaling to CMIP6 precipitation projections using
the CPC data as a reference to evaluate future changes in the monsoon lifecycle and pre-
cipitation in SA. To this end, we used the QDM technique developed by Cannon et al. [65],
and the method improved the representation of the monsoon onset west of 60◦W, as well as
the demise and length in southwestern Amazonia. Projections of precipitation showed an
increase in rainfall in SESA and a reduction in the Amazonia region during the 21st century,
in agreement with previous studies.

Raw and BCSD ensembles, in both scenarios and in all time slices, project a delay
in the monsoon onset, with a difference of approximately three pentads compared to the
onset in the historical period in most of the study area. Similarly, in both scenarios, the
monsoon demise is projected to delay northward 20◦ S, with a difference of around two
pentads compared to the historical period, although this exhibits statistical significance
only over Amazonia and western SA. Furthermore, the SSP5–8.5 scenario indicates a more
intense change signal in the monsoon demise, with a delay of three pentads in the Brazilian
Amazon from the second half of the 21st century.

Additionally, the trend analysis shows that the BCSD ensemble projects a delay in
the monsoon onset in practically all regions analyzed under the two scenarios assessed.
Moreover, the ensemble projections show a statistically significant decreasing trend in the
monsoon’s length in most SACZ regions.

For future studies, we recommend using more forcing scenarios to minimize the un-
certainties associated with the projections. Moreover, despite the statistical downscaling
technique refining the grid of projections (yielding estimates with an intermediate spatial
resolution of 50 km), further research should employ finer climate projections to ensure
a greater accuracy. But, for this end, observed data in high resolution are needed. This
remains a gap and the subject of much discussion by the scientific community (few moni-
toring stations, data quality, data availability etc.). Nonetheless, despite the uncertainties
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associated with projections, our findings can provide helpful information to decision-
makers and energy planners for the better management of water resources on the South
American continent over the coming decades.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/atmos14091380/s1, Table S1: Results of the computation of SAMS lifecycle
parameters for R1 obtained here (shaded line) compared to previous works; Table S2: Results of the
computation of SAMS lifecycle parameters for R3 obtained here (shaded line) compared to previous
works; Table S3: Results of the computation of SAMS lifecycle parameters for R4 obtained here
(shaded line) compared to previous works; Table S4: Results of the computation of SAMS lifecycle
parameters for R5 obtained here (shaded line) compared to previous works; Figure S1: Time series of
the monsoon onset (in pentads) provided by eight CMIP6-GCMs and the BCSD ensemble for five SA
subdomains under the SSP2–4.5 and SSP5–8.5 scenarios; Figure S2: Similar to Figure S1, except for
the monsoon demise (in pentads); Figure S3: Similar to Figure S1, except for the monsoon’s length
(in pentads).
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