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Abstract The last few decades have shown evidence of a lengthening dry season in southern Amazonia,
which is associated with a delay in the onset of the South American Monsoon System (SAMS). Using a
pattern recognition framework of atmospheric circulation patterns (CPs), previous studies have identified
specific atmospheric situations related to the onset of the SAMS. Here, we analyze the future changes in

the CPs that largely define the main hydro-climatological states of Tropical South America. We evaluated
the CP changes that occurred between two periods: historical (1970-2000) and future (2040-2070), using

six General Circulation Models (GCMs) from the Coupled Model Intercomparison Project Phase 6. Future
GCM projections show significant spatio-temporal changes in the CPs associated with the dry season in
southern Amazonia during the mid-21st century. These changes are related to both a late onset of the SAMS
and an early demise of the SAMS. Particularly, the CP methodology allowed for a better understanding of the
behavior of the southern Amazon dry season under future conditions, showing an increase in the frequency
of the CPs typically observed during the dry season. The occurrence of dry days in the Amazon basin during
the austral winter of the mid-21st century increases by 19.4% on average, with respect to the historical period.
This methodology also identified a future increase in the frequency of dry CPs, both at the beginning of the
dry-to-wet transition period (8%) and at the end of the wet-to-dry transition season (11%).

Plain Language Summary The southern Amazon has experienced a lengthening of the dry season
over the past few decades. This trend has negative impacts on ecological services offered by the Amazon basin,
affecting not only the region itself but also the entire planet. This is due to the fact that the Amazon basin

plays a critical role in preserving the global hydrological and energy balance. We identify the future changes

in the main atmospheric states in South Tropical South America, called atmospheric circulation patterns

(CPs). These CPs can be interpreted as an average of each dominant meteorological situation over the region.
For this purpose, we evaluated the projected changes occurring in the CPs considering two periods: historical
(1970-2000) and future (2040-2070), using six global models. Our results show temporal and spatial variations
in the CPs associated with the dry season during the mid-21st century. These changes are related to both a late
dry season ending and an early dry season arrival. For the future period we detect an increase in the frequency
of the CPs typically observed during the dry season (19% higher than historical period). This is particularly
important in a region already threatened by land use and climate change.

1. Introduction

South Tropical South America (STSA) is defined as the region between 10°N-30°S and 90°'W-30"W, including
among other ecosystems, the tropical Andes and the Amazon Basin. This region hosts the largest water basin
in the world and a dynamic ecosystem that covers areas of Brazil, Peru, Bolivia, Colombia, Ecuador, Vene-
zuela, Guyana, and Suriname (Nobre et al., 2009). Thus, STSA is an important region for regional and global
hydroclimatology due to the multiple interactions between biomes, land surface and atmospheric processes (Cai
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et al., 2020; Marengo et al., 2018; Sousa et al., 2022). The South American Monsoon System (SAMS) is one of
the key components in determining the regional climate dynamics, and a key driver of the rainy season in the
region (Arias et al., 2015; Marengo et al., 2012; Orrison et al., 2022; Pascale et al., 2019; Vera et al., 2006; among
others). Precipitation related to the SAMS mainly affects the central and southern part of the Amazon rainforest
and the Cerrado biome, where the wet season is observed during the austral summer (e.g., Correa et al., 2021;
Espinoza et al., 2009, 2020; Garreaud, 2009).

During the last decades, STSA, mainly southern Amazonia (around 5°-15°S and 70°-50°W) has experienced
a lengthening of the dry season related with a delayed SAMS onset (Arias et al., 2015; Correa et al., 2021;
Debortoli et al., 2015; Espinoza et al., 2019; Fu et al., 2013; Giraldez et al., 2020; Pascale et al., 2019). On the
other hand, recent studies also show that delays of the SAMS onset are affected by anthropogenic forcing, includ-
ing the influence of the forest-to-cropland conversion and deforestation (Butt et al., 2011; Debortoli et al., 2015;
Ruiz-Vasquez et al., 2020; Sierra et al., 2023). These delays have been found to also be related to reduced cold
front incursions in the Amazon basin, changes in the latitudinal location of the subtropical jet stream in the south-
ern hemisphere (Fu et al., 2013), as well as inter-annual/decadal variability of the surface temperatures in the
Pacific and Atlantic Oceans (Arias et al., 2015; Marengo et al., 2017).

Increases in the dry-day frequency, particularly during the September-October-November (SON) season, and
the dry season length in the southern Amazon are related to alterations in the regional atmospheric circula-
tion (Espinoza et al., 2019). Specifically, these increases are associated with changes in the continental Hadley
cell, with enhanced subsidence over the central and southwestern Amazon during the long dry seasons (Arias
et al., 2015; Espinoza et al., 2019; Marengo et al., 2022; Rao et al., 2022). The most recent assessment report
of the Intergovernmental Panel on Climate Change (IPCC) indicates high confidence in a delayed onset of the
SAMS (Douville et al., 2021), with associated modifications in the STSA hydrological cycle and atmospheric
circulation, according to recent studies (Alves et al., 2017; Caballero et al., 2022; Costa & Pires, 2010; Marengo
etal., 2018; Sierra et al., 2021; Silva et al., 2020; Wongchuig et al., 2022; Zilli & Carvalho, 2021). Changes in the
main features of the atmospheric regimes during the dry and dry-to-wet transition season in STSA can provide
additional information about the role of large-scale climate variability. This could provide new insights of the
observed dry season lengthening over the region and its related impacts on variables such as atmospheric mois-
ture transport, evaporation and precipitation regimes (Agudelo et al., 2019).

Using a pattern recognition framework of weather typing or atmospheric circulation patterns (CPs), Espinoza
etal. (2021) investigate the daily atmospheric circulation regimes over STSA. CPs are usually defined as recurrent
and potentially predictable atmospheric states, which can be related to dependent local variables such as rainfall
or temperature (Bettolli et al., 2010; Hewitson & Crane, 2002; Moron et al., 2008; Solman & Menéndez, 2003).
Applying this methodology, Espinoza et al. (2021) explain the occurrence of prolonged dry seasons in this region
due to the higher frequency of a specific CP associated with enhanced subsidence over the southeastern Amazon
basin. Likewise, a lower occurrence of a weather type characterized by wind intrusions from the south and
convective activity over STSA is found by these authors in the SON season during the period 1979-2020. In
contrast, CPs typically observed during the austral winter are more frequent during SON in the last decades.

General Circulation Models (GCMs) are important tools to better understand the physical mechanisms that
determine present and projected climate changes over STSA, as a consequence of natural variability and/or
anthropogenic radiative forcing (Almazroui et al., 2021; de Souza Costa et al., 2020; Ortega et al., 2021; Rivera
& Arnould, 2020). The most recent and improved versions of these GCMs are included in the sixth phase of
CMIP (CMIP6; Eyring et al., 2016). Some studies have shown that models such as CanESMS, IPSL-CM6A-LR,
CESM2, MPI-ESM1-2-HR, and ACCESS-ESM1-5 have a better representation of different atmospheric varia-
bles in South America. Particularly, these GCMs have a better performance simulating precipitation and surface
air temperature in regions like the Andes mountains, the Guianas, Mesoamerica, and the Cerrado region (Dias
& Reboita, 2021; Monteverde et al., 2022). The latest generation of GCMs assembled under CMIP6 was found
to represent the mean state of atmospheric variables better than previous versions introduced by CMIPS (Fan
et al., 2020; Li et al., 2021; Wainwright et al., 2021). In particular, Parsons (2020) used CMIP6 models to exam-
ine the shifting risk of eastern Amazonian droughts under high and low future greenhouse gas (GHG) emission
scenarios. CMIP6 models suggest that global warming may be increasing the likelihood of exceptionally hot
droughts in the region. With unabated global warming, anomalous warm and severe droughts will become more
common by the mid-21st century. In addition, CMIP6 models agree on the sign of future rainfall trends in the
Amazon better than the CMIP5 models (Parsons, 2020).
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Olmo et al. (2022) focused on a process-based assessment to evaluate the performance of a set of historical simu-
lations by 16 CMIP6 GCMs in reproducing the CPs and their associated rainfall over STSA, following Espinoza
et al. (2021) weather-typing methodology. These authors identified the models with the best representation of
CPs in this region. Particularly, these models are able to simulate the different atmospheric states represented by
the CPs that characterize the main surface circulation in STSA, as well as their spatial and temporal variability.
Thus, the authors selected some GCMs with the best representation of the main CP, including CPs related to the
SAMS onset, with respect to observational and reanalysis data.

These studies suggest that using the CP approach can be an attractive methodology to evaluate the simulations from
global and regional climate models, since atmospheric circulation is generally better represented by climate models
than precipitation (Ban et al., 2021; Flato et al., 2013; Fosser et al., 2015; Kendon et al., 2012; Pichelli et al., 2021).
In this regard, the main objective of the present study is to identify the projected changes in the regional low-level
circulation in STSA under a regional rivalry climate change scenario. Thus, in this study we used the models iden-
tified by Olmo et al. (2022) with the best simulation of the CP dynamics over STSA. In order to identify future
changes, we used model projections under the SSP3-7.0 scenario (Fujimori et al., 2017; Riahi et al., 2017). In
particular, we focused on analyzing the CP changes in the dry season and the dry-to-wet transition season for the
mid-21st century. For this purpose, we mainly focus on two types of analysis (a) changes in the frequency of CPs
and (b) changes in their spatial patterns. This study aims to investigate whether the observed lengthening of the
dry season in the STSA is also projected in future simulations of GCMs. Additionally, the study aims to explore
the physical mechanisms associated with this process, particularly focusing on the regional low-level circulation.

This paper is organized as follows: Section 2 presents the data and methodology used in this study, the main
results are detailed and analyzed in Section 3, and the summary and final remarks are provided in Section 4.

2. Data and Methodology
2.1. Reference Data Sets
2.1.1. Atmospheric Data

The European Center for Medium-Range Weather Forecast (ECMWF) ERAS reanalysis data set (Hersbach
et al., 2020) was used to analyze the low-level atmospheric circulation from daily zonal and meridional wind
over STSA (the region between 10°N and 30°S and 90°W-30°W) during the period 1970-2000. This period
was chosen in order to obtain significant differences concerning the mid-21st century. Since the analysis of
more recent periods was previously performed by Olmo et al. (2022) (1979-2014) and Espinoza et al. (2021)
(1979-2020), this study considered to extend the time frame of analysis of atmospheric CPs over the STSA
further into the past, assessing a historical period further away from the one analyzed in the previous studies.

In order to compare ERAS data with the outputs from different selected GCMs, daily average data were bilin-
early interpolated into a 1.0° X 1.0° grid resolution. ERAS data sets are available online (https://www.ecmwf.
int/en/forecasts/datasets/reanalysis-datasets/eraS). In particular, we considered daily data for horizontal winds at
850 hPa to define the low-level CPs.

2.1.2. Precipitation Data

The Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) data set (Funk et al., 2014) was used
as the precipitation reference to analyze rainfall variability and its relationship with the CPs over STSA. This
precipitation product is obtained from satellite and rain gauge data and is available with a grid resolution of
~0.05° on a daily scale from 1981 to the present. In previous studies, CHIRPS has been evaluated and identified
as a suitable dataset over STSA because it adequately represents precipitation variability in the region (e.g., Arias
et al., 2020; Olmo & Bettolli, 2021; Segura et al., 2019). For this work, CHIRPS rainfall estimates were consid-
ered during the 1981-2000 period. Using bilinear interpolation these data were re-gridded into a 1.0° x 1.0°
spatial resolution to be compared with the GCMs historical outputs. The CHIRPS v2.0 data set is available online
(https://data.chc.ucsb.edu/products/CHIRPS-2.0/global_daily/).

2.2. General Circulation Models

In this study, we considered the same six GCMs selected by Olmo et al. (2022) shown in Table 1. Also, we
followed the same approach based on a CP analysis (Espinoza et al., 2021). For this purpose, we considered
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Table 1

CMIP6 General Circulation Models (GCMs) Used in This Study for the Historical (1970-2000) and SSP3-7.0 (2040-2070) Simulations

GCM

Horizontal resolution Institute Reference

ACCESS-ESM1-5
CanESM5
CESM2
IPSL-CM6A-LR
MPI-ESM1-2-HR
NorESM2-MM

1.9° x 1.2° Commonwealth Scientific and Industrial Research Organization (CSIRO), Australia Ziehn et al. (2020)
2.8° % 2.8° Canadian Center for Climate Modeling and Analysis, Canada Swart et al. (2019)
1.2°x0.9° National Center for Atmospheric Research (NCAR), USA Danabasoglu et al. (2019)
2.5°%x 1.3° Institut Pierre-Simon Laplace, France Boucher et al. (2020)
0.9° x 0.9° Max Planck Institute for Meteorology, Germany Miiller et al. (2018)
0.9° x 1.2° Norwegian Climate Center, Norway Bentsen et al. (2013)

the daily zonal and meridional winds at 850 hPa over STSA (defined as the region between 10°N and 30°S and
90°W-30°W) during the period 1970-2000 for the historical experiment and the period 2040-2070 under the
SSP3-7.0 scenario. This scenario was chosen considering it implies high challenges on both mitigation and adap-
tation, as a result of the combination of high GHG emissions and low mitigative capacity (Fujimori et al., 2017,
Riahi et al., 2017). Only the rlilplfl simulations were considered for both historical and future experiments.
To compare historical simulations and future projections among the GCMs used, daily mean data were biline-
arly interpolated on a 1.0° x 1.0° grid resolution. This approach facilitates model comparison through the use
of a multimodel average. However, our primary focus was on individually analyzing the results for each model
to avoid overlooking crucial details in the projected changes associated with the different atmospheric mecha-
nisms. Furthermore, we estimated the annual cycle of the relative frequencies for the CPs, both using the original
model resolution and the interpolated data. Then, no significant biases were identified in the categorization and
frequency of CPs due to the resolution changes in each model (not shown). CMIP6 model outputs are available
online through the Earth System Grid Federation (ESGF) CMIP data center (https://esgf-node.llnl.gov/search/
cmip6/).

2.3. Dry Season Timing

This study focuses on the analysis of the dry season timing (arrival, ending and length) over the region between
5° and 15°S and 50°-70°W. To estimate the yearly dates of the dry season ending (DSE) and dry season arrival
(DSA), we used the methodology developed by Li and Fu (2004). In order to reduce the synoptic noise, pentad
rainfall time series are estimated by temporally averaging over a 5-day period, therefore, 1 year corresponds to 73
pentads. The DSE is established when six out of eight preceding pentads are below the climatological rain rate
annual mean and six out of eight subsequent pentads are above it. Similarly, the DSA is established when six out
of eight preceding pentads are above the climatological rain rate annual mean and six out of eight subsequent
pentads are below it. Finally, the dry season length (DSL) is set as the number of pentads occurring between DSA
and DSE dates (Fu et al., 2013). We evaluated the spatial homogeneity of the dry season arrival (DSA) and dry
season end (DSE) dates within the predefined region and observed a high degree of uniformity for both dates
across the study area (not shown).

2.4. Definition of Circulation Patterns

We used the methodology of the pattern recognition framework of weather typing or atmospheric circulation
patterns (CPs) described by Espinoza et al. (2021) for STSA. Espinoza et al. (2021) identified and characterized
nine CPs from the standardized anomalies of zonal and meridional winds at 850 hPa over the region 10°N-30°S,
90°W-30°W. Horizontal winds at 850 hPa have proven to be suitable for the description of the main low-level
atmospheric circulation features in tropical South America (Paccini et al., 2018). Standardized wind anomalies
were calculated using the long-term mean and standard deviation and then clustered without any time filter. This
approach provides a large-scale overview of the atmospheric variability by considering, a priori, all time scales
from daily to decadal, including long-term trends (Espinoza et al., 2021).

The low-level wind anomalies were synthesized using the Empirical Orthogonal Function (EOF) technique
preserving at least 75% of the total variance of the data (Olmo et al., 2022). This ensures that the analysis focuses
on the most dominant circulation phenomena, reducing the computational cost. This technique has been used in
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previous studies to filter out the smallest spatial scales of the regional-scale atmosphere's phase space (Moron
et al., 2008, 2015). Then, a cluster analysis was performed based on the subspace defined by the main EOFs
using the k-means algorithm (Wilks, 2019). Note that in this study, whenever CPs are mentioned, we are specif-
ically referring to atmospheric circulation patterns and not to Principal Component Analysis. A more exhaustive
description of the atmospheric circulation patterns and associated mechanisms in STSA is discussed by Espinoza
et al. (2021) and Olmo et al. (2022).

This methodology was applied to each GCM in order to obtain the simulated CPs for the historical period. The
model CPs resulting from the cluster analysis were compared to those found in the ERAS reanalysis. Following
the procedure performed by Olmo et al. (2022), applying the minimum Euclidean distance criterion, model CPs
during the historical period were matched to the reference ERAS5 CPs by comparing their respective centroids.
Finally, the same procedure was replicated for the future period. For the mid-21st century case, the simulated CPs
from each GCM were compared to the ones identified in the historical period. Thus, future CPs were matched to
the model CPs from the historical period, according to the criterion of minimum Euclidean distance between their
respective centroids. It is important to highlight that the minimum Euclidean distance criterion allows for the
consideration of not only the spatial distribution but also the magnitude of the studied variable. This criterion is
particularly relevant for the classification of CPs, as it takes into account the significance of wind magnitudes.

The low-level horizontal wind and rainfall anomalies for each CP, according to the reference data described in
Section 2.1 (ERAS5 and CHIRPS, respectively), are shown in Figure 1. The precipitation anomalies were calcu-
lated based on the annual mean. This approach enables straightforward comparisons of the main rainfall struc-
tures characterizing each season and their transitions throughout the year. This analysis allows the identification
of 9 CPs: 3 “winter” CPs (W1, W2, and W3), 3 “summer” CPs (S1, S2, and S3), and 3 “transitional” CPs (T1
and T2, mostly for the dry-to-wet transition season and T3, for the wet-to-dry transition season) (Espinoza
et al., 2021). In general, summer CPs are associated with enhanced precipitation over STSA, with northerly
low-level winds over the region. While S1 and S3 may exhibit similarities, these three CPs (S1, S2, and S3)
represent distinct stages of the dominant modes of intraseasonal precipitation variability for the South Atlantic
Convergence Zone (SACZ) and Southeastern South America (SESA) (Chug et al., 2022; Junquas et al., 2012).
Indeed, S1 is more characteristic of convergence over the southern Amazon while S2 is over the SESA region.
S3, however, is mostly associated with convergence over the continental SACZ and the Northeast of Brazil. In
contrast, winter CPs are related to enhanced precipitation over North Tropical South America in association with
stronger southerly winds. Although W1 and W3 may appear similar, these patterns are actually linked to different
stages in the evolution of the South American Low-Level Jet (SALLJ). W3 corresponds to the mature phase of
the winter SALLJ. It is characterized by stronger southward winds in the eastern Andes region (south of 1°S). In
contrast, W1 corresponds to the initial phase of the winter SALLJ development, where this characteristic is not
yet well established. More detail about the main features of the low-level atmospheric circulation associated with
each CP is given in Olmo et al. (2022).

Using ERAS reanalysis, previous studies defined CP using different periods 1979-2020 and 1979-2014
in Espinoza et al. (2021) and Olmo et al. (2022), respectively. These studies primarily focused on analyzing
present-time periods. In the current study, we extended the analysis period to 1970-2000 to capture the historical
behavior of the CPs, aiming to broaden the scope of CP study. However, no significant changes were found in the
annual frequencies of CPs when comparing these three time periods (no shown).

3. Results
3.1. Identification of Historical and Future Atmospheric CPs

The regional low-level atmospheric circulation variability is summarized through nine CPs that can be under-
stood as preferred atmospheric states throughout the year (Figure 1). Figure 2 shows the relative mean daily
frequency of the nine CPs in STSA as depicted by the ERAS reanalysis and the six GCMs for historical and future
simulations. As described by Espinoza et al. (2021) for observational datasets, the analyzed GCMs also show a
clear seasonal cycle in the relative CPs frequency during the historical period (Figure 2). The annual cycles of
the CPs simulated by each model for the mid-21st century show an increase in the frequencies of the winter CPs
(W1, W2, and W3; in red-orange colors) during the southern Amazon dry season (Figure 2). For five out of the
six GCMs studied (except CanESMS), the W1, W2, and W3 CPs appear earlier in the year (March, instead of
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Figure 1. Spatial patterns of low-level wind and rainfall anomalies (in m/s and mm/day, respectively) for the nine circulation-patterns (CPs) in South Tropical South
America, as depicted by the ERAS reanalysis. Taken from Olmo et al. (2022). This analysis allows the identification of nine CPs: 3 “winter” CPs (W1, W2, and W3),
3 “summer” CPs (S1, S2, and S3) and 3 “transitional” CPs (T1 and T2, mostly for the dry-to-wet transition season and T3, for the wet-to-dry transition season).
Vectors indicate wind anomalies at 850 hPa and shaded colors refer to CHIRPS rainfall anomalies.

April) and extend their occurrence until late November (instead of late October) in comparison to the historical
simulations.

In the case of the CESM2 and MPI-ESM1-2-HR models, the applied methodology does not detect the atmos-
pheric state represented by the S3 CP during the future period (Figure 2). Statistically, this is explained by a
decrease in the atmospheric variability during summertime in these simulations. According to Figure S1 in
Supporting Information S1, over STSA, the variance for the U-wind component decreases from 4.1 m/s to 3.6 m/s
during summertime (DJF), when moving from the historical to the future period for the CESM2 model (reduc-
tion of 0.5 m/s). In the MPI-ESM1-2-HR model, this projected reduction averages 0.6 m/s (estimated values of
3.5 m/s and 2.9 m/s for the historical and future periods, respectively). These values were obtained by spatially
averaging the U-wind variance fields considering the entire STSA region (10°N-30°S and 90° W-30°W) for both
periods (historical and future). The k-means method is based on the minimization of within-cluster (within-CPs)
850 hPa wind variances. Therefore, the methodology does not capture the three summer CPs identified in the
historical simulation of these models, and an optimal clustering is found with two summer CPs. In contrast, a
fourth winter CP is detected in these GCMs in the future simulations (Figure 2. See the spatial pattern in Figure
S2 in Supporting Information S1). Based on the predetermined condition, the method is designed to identify nine
CPs. However, in the case of the CESM2 and MPI-ESM1-2-HR models, an additional CP is identified during
winter, while one CP is missing during summer. This discrepancy arises from the variance of the winds, which
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Figure 2. Relative mean daily frequency of the nine CPs in STSA as depicted by the ERAS reanalysis and six GCMs for historical and future simulations. The x-axis
displays the 365 days of the year, while the y-axis indicates the relative mean daily frequency of each CP. The annual frequency cycle for ERAS has been calculated for
the representative years of the historical period (1970-2000).

increases in winter and decreases in summer, as depicted in Figure S1 in Supporting Information S1. Notably,
the newly identified CP, W4, emerges at the onset of winter in the CESM2 model and at a later time in the MPI
model (Figure 2). This variation in timing explains the differences observed in the W4 patterns obtained for these
two models.

In addition, the ACCESS-ESM1-5, NorESM2-MM, and CanESMS5 models no longer exhibit T3, as the CP that
marks the wet-to-dry transition, according to their future simulations. In the future period, this CP has a wider
range of occurrence during the dry season, being a drier CP compared to its main features during the historical
period (see Figure S3 in Supporting Information S1).

3.2. Changes in Circulation Patterns and Associated Rainfall

For a deeper insight on the models' ability to adequately simulate the CPs and its projections according to the
selected future scenario, this section shows the spatial patterns of the 850 hPa wind and rainfall anomalies for
some representative CPs during the transition, summer, and winter time. Figure 3 shows the spatial pattern of
T2,,. This CP represents the onset of the SAMS (i.e., the DSE), characterized by wind convergence over the
southern Amazon and the SACZ region and southerly wind intrusion reaching the southern Amazon, related to
a cyclonic circulation over the south tropical Atlantic Ocean. The third column of Figure 3 shows the significant
projected changes for this CP.

The projected changes for the multimodel average (Figure 3c) show an intensification of the anomalous north-
erly cross-equatorial wind, stronger wind convergence over the southern Amazon and SACZ, and increased
humidity in central Amazonia and the Andes. Besides, it also leads to negative precipitation changes over
the northern region of South America and positive anomalies over the southeastern Amazon. However, these
multimodel projected changes are strongly dominated by features of wind circulation and convergence from the
CESM2 model. For the rest of the models, we can see a projected drier transition from the dry-to-wet season
over the southeastern Amazon region. A weakening of the northerly cross-equatorial winds is also projected,
which may block the atmospheric moisture transport from the Caribbean to the SACZ region, contributing
to a drier southeastern Amazon. Particularly, models such as MPI-ESM1-2-HR, ACCESS-ESM1-5, and
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Figure 3. Spatial patterns of 850 hPa wind and rainfall anomalies for the T2, CP, which represents the onset of the SAMS, for (a) the historical period (1970-2000),
(b) the future period (2040-2070) and (c) the changes between both periods (future-historical). Vectors indicate wind anomalies at 850 hPa and shaded colors refer to
rainfall anomalies in mm/day. The third column displays the significant changes in precipitation (shades) and wind (vectors) according to a ¢-test (p < 0.05).

NorESM2-MM clearly show a reduction in low-level convergence for the future scenario, displaying negative
precipitation anomalies over the same region. In particular, a further decrease in low-level winds convergence
is projected over the southeastern Amazon, probably contributing to the delay of the wet season onset in this
region.
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The MPI-ESM1-2-HR, NorESM2-MM, and CanESM5 models show a reduction of precipitation over southeast-
ern South America (SESA) region due to the decrease of southerly winds coming from the La Plata Basin, which
are part of the cyclonic circulation over the south tropical Atlantic Ocean.

In general, it is evident that the models face challenges in adequately representing CP T2wd, resulting in significant
biases when compared to the T2wd shown in Figure 1. As explained in Olmo et al. (2022), models tended to have
more difficulties in simulating the frequencies of transitional CPs, especially T1 and T2,,. Specifically, for the
MPI-ESM1-2-HR model, T2wd proves to be the most difficult to accurately represent (Figure 3 in Olmo et al., 2022).

Figures 4 and 5 illustrate the spatial patterns of S1 and W2, respectively. S1 represents the mature phase of the
SAMS characterized by wet conditions, while W2 represents the winter conditions preceding the onset of SAMS,
characterized by dry conditions. Figures 4 and 5 display the spatial patterns for the six CMIP6 models along with
their multimodel average.

In the changes projected in Figure 4 for the multimodel mean, a weakening of the cyclonic circulation over the
west Atlantic subtropical coast is detected, which is a prominent characteristic of this CP. Consequently, there is a
decrease in the convergence of low-level winds over the SACZ region. It is important to highlight that this result
is heavily influenced by the projected changes in the CESM2 model (Figure 4c). Additionally, the future period
shows a less pronounced intrusion of southerly winds over the La Plata basin. In terms of precipitation changes, a
reduction is projected for the southeastern Amazon, while an increase is anticipated in northern South America.

The mid-21st century projections of S1 show that the southerly wind intrusion from La Plata basin to the
Amazon is projected to be more intense (weaker) in the MPI-ESM1-2-HR and ACCESS-ESM1-5 (CESM2 and
NorESM2-MM) models. For the CESM2 model, the cyclonic circulation over the Atlantic coast is projected to
weaken by the mid-21st century. The wind anomalies corresponding to the differences between the two periods
show an anticyclonic circulation over the southeastern Amazon. Consequently, precipitation anomalies show a
decrease (increase) in rainfall over the eastern Amazon basin (SESA region).

For the S1 pattern, the ACCESS-ESM1-5 and NorESM2-MM models show a STSA region with less precipita-
tion than the rest of the models for both periods (columns a and b in Figure 4). When focused on the estimated
significant changes between the future and historical periods for the NorESM2-MM model, a significant decrease
in precipitation is noted over a large area of the Amazon basin, particularly in the central and eastern regions. In
contrast, the CESM2, MPI-ESM1-2-HR, ACCES-ESM1-5 and CanESM5 models show positive precipitation
anomalies over the Andes Mountains range under the SSP3-7.0 scenario by the mid-21st century.

Figure 5 shows the spatial patterns of precipitation and 850 hPa wind anomalies for the W2 pattern, which
presents its major frequency during the core of the dry season (JJA). This particular CP presents a strong merid-
ional component of the wind characterized by cold-surge intrusions into STSA coming from the La Plata basin,
being the most sensitive CP to the representation of the meridional wind. The low-level circulation associated to
this pattern is well-reproduced by the 6 selected GCMs, particularly the southerly cross-equatorial wind anoma-
lies extended from the Bolivian Amazon to SESA and to the east of the Andes. Also, negative rainfall anomalies
over the entire STSA are well simulated by all models as well as positive rainfall anomalies in the northern South
American region.

The multimodel mean for CP W2 shows a decrease in the intensity of the southerly wind anomalies, particularly
in the eastern region of the Andes (Figure 5c). This weakening of the cold-surge intrusions associated with this CP
restricts their penetration further into the tropics. Consequently, this leads to drier conditions in northern South
America while promoting wetter conditions in the western Amazon. The estimated significant changes between
the future and historical periods for this CP show a decrease in the southerly winds over the SESA region for the
MPI-ESM1-2-HR, IPSL-CM6A-LR, NorESM2-MM, and CanESM5 models, showing negative (positive) rain-
fall anomalies over the southern tropical Atlantic coast (SESA). Also, Figure Sc shows a decrease in the southerly
cross-equatorial wind anomalies for CESM2, MPI-ESM1-2-HR, ACCES-ESM1-5, and NorESM2-MM model
for the future period. Consequently, a wetter western Amazon is projected as well as a clear and significant reduc-
tion of precipitation in northern South America.

It is important to highlight that all the models (except NorESM2-MM) show positive precipitation anomalies
over the northern part of the Andes Mountains range under the SSP3-7.0 scenario by the mid-21st century, which
agrees with previous studies (Ortega et al., 2021; Parsons, 2020).
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Figure 4. Spatial patterns of 850 hPa wind and rainfall anomalies for the S1 CP, which represents the SAMS mature phase during the austral summer, for (a) historical
period (1970-2000), (b) future period (2040-2070) and (c) the difference between both periods (future-historical). Vectors indicate wind anomalies at 850 hPa and
shaded colors refer to rainfall anomalies in mm/day. The third column displays the significant changes in precipitation (shades) and wind (vectors) according to a #-test

(p < 0.05).

3.3. The Future Dry Season Lengthening From CPs

To understand how CPs may change under the SSP3-7.0 scenario, Figure 6 shows the relative mean frequency
of the CPs with significant changes during the mid-21st century, corresponding to two winter (W2 and W3) and
two transition (T1 and T2,,) CPs, for both historical and future simulations. These particular CPs were selected
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Figure 5. Spatial patterns of 850 hPa wind and rainfall anomalies for CP W2, which represents the winter conditions that precede the South American Monsoon

System (SAMS) onset (i.e., DSE), for (a) historical period (1970-2000), (b) future period (2040-2070), and (c) the difference between both periods (future-historical).
Vectors indicate wind anomalies at 850 hPa and shaded colors refer to rainfall anomalies in mm/day. The third column displays the significant changes in precipitation
(shades) and wind (vectors) according to a z-test (p < 0.05).

due to their relevance during the occurrence of dry season (Espinoza et al., 2021). W2 and W3 as indicators of

the dry period, can offer valuable information about the length of the dry season. Conversely, T1 and T2 are asso-

ciated with the onset of the monsoon, signifying the beginning of the rainy season (i.e., the DSE).
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Figure 6. Relative mean daily frequency of winter (W2, W3) and transitional (T1 and T2,,) circulation patterns (CPs) defined from the k-means clustering analysis
for the 6 GCMs selected during historical and future periods (blue and red lines, respectively). The reference line given by ERAS for the same years of the historical
period (1970-2000) is presented in black. The x-axis displays the 365 days of the year, while the y-axis indicates the relative mean daily frequency of each CP. Days
with significant differences between historical and future periods are highlighted with red dots (p-value <0.05). Days with significant differences between observations
and historical period are highlighted with blue dots (p-value <0.05). CP's annual cycles were smoothed using a temporal lowpass Butterworth filter, retaining only
frequencies lower than 1/30 cycles per day.

The projected W2 CP shows increased frequencies during April, May, and June in comparison to the historical
simulation for the CESM2, MPI-ESM1-2-HR, NorESM2-MM and CanESMS5 models (left column in Figure 6).
This suggests a higher frequency of days with drier conditions at the beginning of the dry season (between 10%
and 20%), which may favor a more abrupt wet-to-dry transition in this region. The projected W3 CP exhibits
increased frequencies by the end of the year for all the GCMs considered, excluding the IPSL-CM6A-LR model
(Figure 6). Specifically, this CP, associated with dry conditions, occurs not only during the winter but also during
October and November season (dry-to-wet transition), which could favor a late onset of the SAMS, and therefore
a delayed DSE.

As discussed by Espinoza et al. (2021), the dry-to-wet transition period is largely dominated by the occurrence
of the T1 and T2, CPs. When comparing the mean annual cycle of the CP relative frequencies, it is noted that
both T1 and T2, CPs exhibit a slight delay in the time of their appearance during the months of September
and October for the future period compared to the historical simulation (blue line in Figure 6) for CESM2,
MPI-ESM1-2-HR, NorESM2-MM, and CanESMS5 models. This is consistent with a later-than-usual DSE, which
favors a delayed onset of the SAMS and consequently a delay in the onset of the rainy season in the southern
Amazon region.

It should be noted that significant biases exist, particularly for CP T2, , during the historical period. As explained

dw?
by Olmo et al. (2022), the models encountered challenges in accurately simulating the frequencies of transition
CPs, specifically T1 and T2,,,. This outcome is partly expected considering that the definition of CPs is primarily

driven by the seasonal cycle.
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Finally, the ACCESS-ESM1-5 and IPSL-CM6A-LR models show no major changes in the relative mean daily
frequencies of the PCs analyzed here.

When considering the results obtained for the multimodel average (last row of Figure 6), it is evident that the
information aligns with the general behavior described by the six models considered, albeit at the cost of losing
the individual details provided by each model. The multimodel average reveals an earlier occurrence of W2 in the
future period. Moreover, a slight increase is detected for W3 during October—November. However, it is important
to note that the results of the IPSL-CM6A-LR model disrupt the trend that is strongly observed in the remaining
five models. Finally, in the multimodel average, CPs T1 and T2, exhibit a slight delay in their timing during the
future period. Differences of relative mean daily frequency between the historical and future periods can be seen
in Figure S4 in Supporting Information S1.

3.4. Future Changes in Precipitation Annual Cycle and Dry Season Length

Figure 7 illustrates the climatological annual cycle of precipitation over the Southern Amazon region simulated
by each GCM considered during the historical and future periods. The ACCESS-ESM1-5 and MPI-ESM1-2-HR
models have the best representation of the precipitation annual cycle during the historical period (blue line) in
comparison to CHIRPS (gray line). Models such as CanESMS5, CESM2, and NorESM2-MM underestimate rain-
fall during the dry season (i.e., austral winter: June—July—August: JJA) and the transition to the wet season (SON)
for the historical period, in agreement with Olmo et al. (2022). The IPSL-CM6A-LR model (Figure 7d) manages
to adequately simulate precipitation during the dry season. Particularly, this model significantly underestimates
precipitation during the austral summer (December—January—February: DJF). This model also shows the small-
est change in the precipitation annual cycle between the historical and future periods. With the exception of the
IPSL-CM6A-LR model, the remaining GCMs show a reduction of precipitation during the dry-to-wet transition
season (SON) for future projections (red line), which is in agreement with the multimodel mean (Figure 7g).

The climatological pentad of occurrence of the DSA and DSE are shown in Table 2 (column 1 and 2, respec-
tively), as well as in Figure 7 as dot markers. In addition, the climatological length of the dry season is presented
in the third column of Table 2 for both historical and future periods. For reference, in the case of CHIRPS data,
the DSA and DSE dates occur during pentads 19 and 60, respectively. This suggests that, on average, the dry
season spans from April 5th to October 27th for this reference data set.

All the models show a projected increase of the DSL and a delayed DSE by the mid-21st century, but no agree-
ment is found concerning the projected change of the DSA. This DSL increase is due to a delayed DSE (between 1
and three pentads, i.e., 5 and 15 days, all-model agreement) and a slightly earlier DSA (between 1 and two pentads
earlier, i.e., 5 and 10 days, four of six models). For the DSA, the CESM2 model shows no change in the mean date
of the dry season onset, while the IPSL-CM6A-LR model projects a late dry season onset. On the contrary, future
projections show an early DSA, between 1 and two pentads, for the remaining models. The projected earlier DSA
is statistically significant for the ACCESS-ESM1-5 and IPSL-CM6A-LR models (Table 2). In the case of the
ACCESS-ESM1-5 model, the dry season is lengthened by four pentads, that is, 20 days, for the mid-21st century
under the SSP3-7.0 scenario. This model presents the greatest changes in both DSA (10-day early onset) and DSE
dates (10-day delayed end). For the CESM2, MPI-ESM1-2-HR, IPSL-CM6A-LR, and NorESM2-MM models,
the DSL is projected to increase between 1 and two pentads, that is, 5 and 10 days.

Figure S5 in Supporting Information S1 shows that the six GCMs considered in this study exhibit an increasing
trend in both DSL and DSE, becoming much stronger during the future period. The models show a unanimous
positive trend for both DSL and DSE (about 0.96 pentad/decade and 0.8 pentad/decade on average, respectively).
Table S1 in Supporting Information S1 shows linear trends, confidence intervals, and significance of the DSL and
DSE dates for the periods 1970-2000 and 2040-2070.

The projected changes of dry season length documented in this section can be associated with changes in the
mechanisms that govern the wet and dry seasons explained by changes in CPs (Sections 3.2 and 3.3). Specifically,
this study projects a decrease in the convergence of low-level winds over the SACZ region and a weakening of the
northerly cross-equatorial flow (Figure 4c). This results in reduced moisture transport from the tropical Atlantic
Ocean to the continent, leading to drier conditions in the southeastern Amazon region (Figure 4¢). In CP T2,

there is no unanimous agreement among the models regarding the strengthening or weakening of the northerly
cross-equatorial winds (Figure 3c). However, the majority of models (five out of six) suggest a decrease in rainfall

AGUDELO ET AL.

13 of 18

5U8011 SUOWILLOD) BARERID 3|gedl dde au) Aq pauseAob a1 SBILE WO 88N J0 S3INI 04 AIRIGIT BUIIUO ABIA UO (SUOIPUIOD-PL-SWLBIWI0D" B In ARG [euJU0//Sa1L) SUORIPUOD pUe Swie 1 8y} 885 *[1202/70/52] Uo ARl auliuo A1 ‘Y1 Ad 8598E0ACEZ0Z/620T OT/I0PALI0Y" A3 1M ARe.qu|uo'sgndnBe//Sdiy Woiy papeojumoq ‘zz ‘€202 ‘96686912



A ,
A\ Journal of Geophysical Research: Atmospheres 10.1029/2023JD038658

ADVANCING EARTH
AND SPACE SCIENCES

a) ACCESS-ESM1-5 b) CanESM5

J F M

Precipitation (mm/day)

-e— CHIRPS

-e— HISTORICAL
—e— FUTURE

J FM AMJJ A S OND

J FM AMJJ A S OND

e) MPI-ESM1

-2-HR f) NorESM2-MM 9) MULTIMODEL

12

10

J FM AMJJ A S OND

Month

Figure 7. Precipitation annual cycles over southern Amazonia (domain between 5°—15°S and 50°-70°W), expressed in mm/day and smoothed using a 5-day
moving window (pentad). The gray line indicates the CHIRPS reference data set during 1981-2000, and the blue (red) line indicates the climatological annual cycle
simulated for the historical (future) period by the different GCMs: (a) ACCESS-ESM1-5, (b) CanESMS, (c) CESM2, (d) IPSL-CM6A-LR, (e) MPI-ESM1-HR, (f)
NorESM2-MM, and (g) multimodel mean. The shadows show the envelope of uncertainty using bootstrapping. The confidence interval is constructed by taking a
percentile interval of the bootstrap distribution. In this case, we draw a 95% confidence interval. The climatological dates of the dry season arrival (DSA) and dry
season ending (DSE) are highlighted with circles.

for the western and southern Amazon basin during the future period (Figure 3c). Furthermore, a weakening of
cold-surge intrusions associated with W2 is observed, concentrating the moisture transported by the southerly
winds mostly in the eastern region of the Andes (Figure 5c). As a consequence, the southeastern Amazon expe-
riences drier conditions during the future period (Figure 5c). These results suggest an anticipated delay in the
occurrence of CP T2, , which subsequently postpones the onset of the SAMS and prolongs the duration of the
dry season (DSL) for the 2040-2070 period.

4. Summary and Final Remarks

The occurrence of a longer dry season in the southern Amazon has been identified in multiple studies using
different reference datasets (Agudelo et al., 2019; Arias et al., 2015; Correa et al., 2021; Debortoli et al., 2015; Fu
et al., 2013). Moreover, future projections of an extended dry season in Amazonia have been addressed in previ-
ous studies (Boisier et al., 2015; Fu et al., 2013; Parsons, 2020). However, few of these studies discuss the atmos-
pheric mechanisms associated with this fundamental change in the hydroclimate of this region. Therefore, this
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Table 2
Changes in DSA, DSE, and DSL Between the Future and Historical Periods (Number of Pentads) and Their Standard
Deviation

DSA DSE DSL

1970-2000 2040-2070 1970-2000 2040-2070 1970-2000 2040-2070

ACCESS-ESM1-5 20+ 1.7 -2+16 61 +2.1 +2+1.7 41 +3.2 +4+2.8
CanESM5 20+ 1.1 -1+14 62 +0.7 +1+1.7 42+09 +2+2.1
CESM2 19+1.9 0+2.1 62 +0.8 +1+14 43 + 1.1 +1+25
IPSL-CM6A-LR 22 + 1.7 +1+1.1 57+2.0 +3+2.1 35+24 +1+£2.6
MPI-ESM1-2-HR 21 +1.8 -1+20 62+ 1.8 +1+1.6 4123 2 25
NorESM2-MM 21+ 1.7 =il =27 62+ 1.8 +1+19 41 +£2.8 S OEEPAR
MULTIMODEL 21l 22 1.2 -1+18 62 + 0.9 +1+1.6 41 +24 +2+2.1
CHIRPS (1981-2000) 19 (April 5) = 1.7 60 (October 27) + 1.2

Note. The gray color indicates statistically significant changes according to a t-test (p < 0.05). The dry season length (DSL)
corresponds to the difference between DSE and DSA.

study focused on determining the possible future changes in the main low-level atmospheric circulation patterns
related to the onset of the South American Monsoon System (SAMS) and therefore the dry season ending over
the Amazon during the 2040-2070 period.

To do so, this study described and analyzed the main large-scale low-level atmospheric circulation patterns (CPs)
in South Tropical South America (STSA) for two periods: 1970-2000 and 2040-2070, representing a historical
and a future period, respectively. Nine CPs were defined based on a k-means clustering of low-level wind anom-
alies, considering the daily ERAS atmospheric circulation and CHIRPS rainfall data as reference and using the
weather-typing approach proposed by Espinoza et al. (2021). We built on the work by Olmo et al. (2022), who
identified the models with the best representation of the regional low-level atmospheric circulation during the
historical period. The six models with the best simulation of the CPs in STSA were considered in this study to
estimate the projected changes under the SSP3-7.0 scenario by the mid-21st century (2040-2070).

This study primarily focuses on two types of analyses: (a) changes in the frequency of CPs, and (b) changes in
their spatial patterns. Our results indicate a projected increase in the frequency of the CPS typically observed
during the Amazon dry season by the mid-21st century. In addition, we identified a future increase in the
frequency of dry CPs, both at the beginning of the dry-to-wet transition period and at the end of the wet-to-dry
transition season. The changes in these CPs are associated with a reduction of convergence over the South Atlan-
tic Convergence Zone (SACZ), which seems to be an important component in the future delay of the wet season
in the southeastern Amazon.

This could help to explain the atmospheric mechanisms associated to the occurrence of drier conditions during
the dry and transition seasons in the southern Amazon, contributing to a longer dry season in this region
(Parsons, 2020). Our results show that the projected drier conditions over southeastern Amazonia and the conti-
nental part of the SACZ during the dry-to-wet transition season in STSA are related to a higher frequency of two
winter CPs (W2 and W3), associated with dry conditions. Also, a lower frequency of one dry-to-wet transition CP
(T2,,), at the end of the dry season was projected by the mid-21st century. This could be associated with atmos-
pheric changes contributing to a delayed DSE during the future period. These changes in the low-level atmos-
pheric circulation have been associated with an enhanced Hadley circulation, which intensifies the atmospheric
subsidence (rising motion) over STSA (northern South America) (e.g., Agudelo et al., 2019; Arias et al., 2015;
Espinoza et al., 2019, 2021; Rao et al., 2022).

The results discussed here suggest that the low-level circulation is important for understanding whether GCMs
can simulate the spatial and temporal climate variability over the STSA region. In addition, the CPs obtained
from the low-level circulation include the major atmospheric patterns over STSA and can help organize larger
scale structures for a global understanding of atmospheric processes, even in the middle and upper troposphere
(Espinoza et al., 2021; Olmo et al., 2022).
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onset and demise in the southern Amazon because: (a) we only used models that have a good representation of
the mechanisms associated with the onset of the dry season, and (b) we explored the mechanisms associated
with the lengthening of the dry season following a CP approach, based on the analyses of the low-level circu-
lation in the region, which is generally better simulated by GCMs in comparison to precipitation. Considering
the anticipated increase in drier conditions in STSA (Boisier et al., 2015; Cook et al., 2020; Moon & Ha, 2020;
Parsons, 2020; Sena & Magnusdottir, 2020) and the potential impacts of deforestation on the regional precip-
itation cycle (Eiras-Barca et al., 2020; Ruiz-Vasquez et al., 2020; Sierra et al., 2021, 2023; Staal et al., 2018),
further studies on this topic are highly relevant. It is crucial to comprehend the potential influence of a delayed
wet season onset in the southern Amazon on rainfall patterns in nearby regions.
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