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Abstract The representation of the South American Monsoon System (SAMS) by general circulation
models (GCMs) is of key relevance for a better understanding of the physical rationale behind the recent climate
changes over South Tropical South America (STSA) and their expected changes in a global warming scenario.
During the last four decades, STSA experienced a lengthening of the dry season associated with diverse
forcings. In this work, a set of 16 GCM:s historical Coupled Model Intercomparison Project Phase 6 coupled
simulations were evaluated during 1979-2014 in terms of how well they reproduced the atmospheric circulation
over STSA through a circulation-patterns (CPs) approach. Nine CPs were first identified based on low-level
winds from the ERAS5 reanalysis. Focus was put on the representation of CPs during the dry-to-wet transition
season (July-October). Model performance depended on the seasonal cycle and spatial structure of the CPs.
GCMs adequately reproduced the different CPs, with lower skills in the transition seasons. GCMs tended to go
from dry to wet conditions too quickly, evidencing deficiencies in the representation of the SAMS onset, related
to a poor representation of the southerly wind intrusions to STSA and the variability of the South American
low-level jet. Some GCMs were able to associate the occurrence of anomalous dry and wet years with specific
CPs, suggesting well-represented physical mechanisms controlling precipitation variability. This study could
identify a few GCMs that adequately simulated the CPs in STSA (among them, CESM2, CMCC-CM2-HR4 and
MPI-ESM1-2-HR), which is relevant for driving high-resolution models and the analysis of future projections.

1. Introduction

South Tropical South America (STSA), extended approximately between 10°N-30°S and 90°W-30°W, is a wide
region where diverse interactions among biomass, land surface processes and atmospheric convection take place.
These interactions modulate the local and regional climate and directly impact on the socio-environmental activ-
ities (Fu et al., 2013; Reis et al., 2018; Zhang et al., 2015). STSA hosts the Amazonia - the world's largest rain-
forest and one of the major sources of evapotranspiration - playing a critical role in the global balances of energy,
water, moisture and carbon (Gatti et al., 2021; Llopart et al., 2020). The region presents unique biodiversity and
geographical patterns, mainly due to the interaction of the Amazonia and the Andes mountain range, which
have deep implications in the atmospheric dynamics, moisture transport and river discharge not only throughout
STSA but also in remote regions of the continent (Arias, Garreaud, et al., 2021; Espinoza et al., 2020; Sierra
et al., 2021).

Precipitation (PP) over STSA presents a marked spatio-temporal variability, strongly controlled by the South
American Monsoon System (SAMS), with rainfall maxima during its active phase during the austral summer
(Marengo et al., 2012; Vera et al., 2006). The monsoonal circulation - which develops in response to seasonal
changes in thermal land-sea contrasts - is connected to different documented atmospheric features, including
a NW-SE band of convergence and convective activity over the southeast of South America and the adjacent
South Atlantic ocean known as the South Atlantic Convergence Zone (SACZ), an anticyclonic center located
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in the upper-troposphere over Bolivia (Bolivian high) and the presence of the low-level jet of South America
(SALLJ) east of the Andes (Carvalho et al., 2004; Carvalho & Silva-Dias, 2021; da Anunciagdo et al., 2014;
Gan et al., 2004; Garreaud, 2009; Grimm et al., 2020; Montini et al., 2019; Nogués-Paegle & Mo, 1997; Wang
& Fu, 2002).

During the recent decades, STSA has experienced an increase in dry conditions over southern Amazonia — around
5°-15°S and 70°-50°W — during the dry-to-wet transition season (approximately from July to October) and a
lengthening of the dry season associated 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; Girédldez et al., 2020; Pascale et al., 2019). The
most recent climate report of the Intergovernmental Panel on Climate Change (IPCC) indicates high confidence
on a delayed onset of the SAMS, which is influenced by anthropogenic forcings such as land-use and deforest-
ation changes, that induce modifications in the STSA hydrological cycle and atmospheric circulation (Alves
et al., 2017; Caballero et al., 2022; Costa & Pires, 2010; Marengo et al., 2018; Ruiz-Vasquez et al., 2020; Sierra
et al., 2021; Silva et al., 2020; Wongchuig et al., 2021; Zilli & Carvalho, 2021). All of these topics are currently
central issues within the scientific community since the modification of the surface-atmosphere feedbacks endan-
gers biodiversity and human activities (Bombardi et al., 2019; Gatti et al., 2021; Staal et al., 2018).

Classifications of atmospheric circulation patterns (CPs) are useful tools for spatio-temporal climate variability
studies and model evaluation. An extensive body of literature around the world has followed different weather-typ-
ing approaches for these purposes (Cahynova & Huth, 2016; Fleig et al., 2015; Moron et al., 2016; Schuenemann
& Cassano, 2009; among others) and could identify the links between large-scale and regional-to-local scale
processes, which can also help to improve the statistical modeling of surface variables such as temperature and
PP (D'onofrio et al., 2010; Moron et al., 2008; Olmo & Bettolli, 2021b; San Martin et al., 2017). Over different
portions of STSA, diverse studies considered observational data to characterize the synoptic environment and
its links with different surface processes and climate hazards such as droughts, heatwaves and heavy rainfall
events (da Anunciagdo et al., 2014; Espinoza et al., 2013, 2012; Figueroa et al., 2020; Loikith et al., 2019; Olmo
& Bettolli, 2021a; Olmo et al., 2020; Paccini et al., 2018). More recently, Espinoza et al. (2021) assessed the
evaluation of low-level CPs all year along over STSA during the recent period. The authors associated these CPs
with different PP patterns and connected the previously mentioned lengthening of the dry season and delay of the
SAMS onset with specific atmospheric configurations. In particular, they found an increasing frequency of a CP
characterized by enhanced SALLJ and atmospheric subsidence over STSA and a decreasing frequency of another
CP distinguished by southerly cold-air incursions and anomalous convective activity over STSA. This high-
lighted the convenience of describing the SAMS variability through this approach, given that wind circulation is
frequently better modeled than surface variables with more complex spatial features (e.g., PP, evapotranspiration).

The use of general circulation models (GCMs) can provide essential tools for a better understanding of the physi-
cal mechanisms behind the recent and future climate changes over STSA, which can arise from natural variability
or in response to changes in radiative forcing. In this line, the Coupled Model Intercomparison Project Phase 6
(CMIP6) experiment produces global coupled climate model outputs for the historical record (up to 2014) and
for different projected scenarios for the 21st century (Eyring et al., 2016). The evaluation of the historical simula-
tions allows us to assess model performance during the present climate, which is necessary to properly interpret
the GCMs future projections. In particular, GCMs from CMIP6 and previous Coupled Model Intercomparison
Project Phase (CMIP) experiments exhibited systematic errors in PP magnitudes over STSA, such as an underes-
timation over tropical South America and overestimation in the Andes and La Plata basin (Almazroui et al., 2021;
Arias, Ortega, et al., 2021; Diaz et al., 2021; Gulizia & Camilloni, 2015; Ortega et al., 2021; Pabon-Caicedo
et al., 2020; Sierra et al., 2015; Yin et al., 2013). In terms of long-term variability, GCMs depicted general drying
trends during the historical period, especially over most of Amazonia, which are expected to intensify in the future
(Almazroui et al., 2021; Boisier et al., 2015; Fu et al., 2013; Reboita et al., 2021; Sena & Magnusdottir, 2020;
Teodoro et al., 2021; Thaler et al., 2021; Wainwright et al., 2021). Even more, according to Parsons (2020), the
new generation of GCMs showed major agreement that most of the Amazonia will receive less PP in the future,
with particularly strong agreement in eastern and southern Amazonia.

The representation of atmospheric circulation types by GCMs has been subject of study in other regions of the
world (Bettolli & Penalba, 2014; Fernandez-Granja et al., 2021; Gibson et al., 2016; Pinto et al., 2018; Stryhal
& Huth, 2018), showing that although the GCMs are generally able to capture the key synoptic conditions of
the different regions, they still exhibit significant biases in the representation of the CPs. This topic arises as an
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interesting path to address model evaluation in light of the GCMs limitations in PP outputs as mentioned above.
Notwithstanding, the GCMs performance on the CPs variability over STSA has not been explored yet.

Besides, the analysis of the CPs considering GCMs outputs could potentially help in the design of high-resolution
modeling experiments over the region, which can provide a greater insight on the climate system response to the
different documented changes over STSA, such as land-use perturbations. These limited-area models are nested
with large-scale atmospheric variables as lateral boundary conditions — usually taken from GCMs — and provide
a sophisticated representation of the physical processes (Ambrizzi et al., 2018; Solman, 2013). However, the skill
of these regional simulations and their improvement compared to the driving GCM may be insufficient when
large errors are present in the driving data (Fernandez-Granja et al., 2021; Maraun et al., 2021). Consequently,
the understanding of the main errors of the GCMs is especially relevant for well-founded policy making and
adaptation decisions and impact on the projected signals.

All the described above remarks the complexity and importance of studying the diverse climate processes over
STSA to get a full picture of the past and future changes in a context of global warming. Thereby, the aim of
the present work is to perform a process-based assessment of a set of CMIP6 historical GCMs in simulating the
atmospheric circulation and its associated rainfall over STSA as a follow-on study from Espinoza et al. (2021)
using their weather-typing approach. Focus will be put on the spatio-temporal variability of CPs and, particu-
larly, on the representation of the dry-to-wet (July-October) transition season. 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 given in Section 4.

2. Data and Methodology

2.1. Reference Datasets
2.1.1. Atmospheric Data

The atmospheric circulation was described using daily zonal and meridional wind over STSA — between 10°N—
30°S and 90°W-30°W — during the 1979-2014 period, from the European Centre for Medium-Range Weather
Forecast (ECMWF) ERAS reanalysis (Hersbach et al., 2020). Additionally, vertical velocity at different pressure
levels between 1,000 and 100 hPa were also analyzed for each CP. The ERAS data set is the state-of-the-art
generation reanalysis from the ECMWF at ~0.25° spatial resolution and the analysis is produced with a 1 hr
time step. Data are available online (https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/eraS). In
this study, daily average data bilinearly interpolated into a 1.5° X 1.5° grid resolution were used to be compared
with GCMs outputs.

2.1.2. Precipitation Data

The Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) data set was considered for analyzing
rainfall variability and its relationship with the CPs over STSA (Funk et al., 2014). This PP product is generated
using satellite and rain gauge data and is available at ~0.05° grid resolution at a daily scale from 1981 to the
present. Previous studies evaluated and identified CHIRPS as a suitable data set over STSA as it adequately
reproduced PP variability (Arias et al., 2020; Cavalcante et al., 2020; Olmo & Bettolli, 2021a; Segura et al., 2019;
among others). In particular, Espinoza et al. (2019) studied wet and dry daily frequencies and related atmospheric
features over southern Amazonia using this data set and obtained good correlations between CHIRPS and an
independent data set of streamflow over the basin, indicating that CHIRPS is suitable for studying PP variabil-
ity in the region. For this work, CHIRPS rainfall estimates were considered during the 1981-2014 period and
re-gridded into a 1.5° X 1.5° spatial resolution to be compared with GCMs outputs. The CHIRPS V2.0 data are
available online (https://data.chc.ucsb.edu/products/CHIRPS-2.0/global_daily/).

2.2. General Circulation Models

Historical coupled (atmosphere-ocean) simulations for the 1979-2014 period from the CMIP6 experiment
(Eyring et al., 2016) were used in the evaluation of CPs over STSA. A set of 16 GCMs was used in this work
(listed in Figure 1b), which has full availability for the variables of interest, including daily zonal and meridional
winds, vertical velocity at six different levels — from 1,000 to 100 hPa — and accumulated PP. A more detailed
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Figure 1. (a) Precipitation annual cycles over a part of the southern Amazonia (between 15°-5°S and 50°-70°W), expressed in mm/day and smoothed using a
5-day moving window. The black lines indicate the Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) reference data set, and the colors indicate
the different general circulation models (GCMs). The South American Monsoon System (SAMS) onset and demise in each data set are highlighted with dots; (b)
Differences in the SAMS onset and demise between the CHIRPS reference data set and the GCMs quantified as the number of pentads.

description of the GCMs considered in this study is presented in Table S1 (see Supporting Information S1). Given
the variety of GCMs spatial resolutions, all model outputs were interpolated into a common grid of 1.5° X 1.5°
using bilinear interpolation, which was an intermediate grid resolution to intercompare them. Note that one
model realization — rlilp1f1 in all cases — was considered for the purpose of model evaluation and to limit the
number of runs analyzed for computational efficiency. CMIP6 model outputs are available online through the
Earth System Grid Federation (ESGF) CMIP data centres (https://esgf-node.lInl.gov/search/cmip6/).

2.3. Definition of Circulation Patterns

In order to evaluate whether the different GCMs are able to reproduce the observed atmospheric CPs or weather
types over STSA as identified by Espinoza et al. (2021), a similar methodology is proposed here. In their study,
Espinoza et al. (2021) identified and characterized nine intraseasonal CPs in tropical South America in agreement
with previous studies (da Anunciacdo et al., 2014; Espinoza et al., 2012; Paccini et al., 2018). Daily CPs were
constructed only based on zonal and meridional winds at 850 hPa. Standardized wind anomalies were calcu-
lated - using the long-term mean and standard deviation - and then clustered without any time filtering following
a two-step procedure. First, the low-level wind anomalies were synthesized using the Empirical Orthogonal
Function (EOF) technique conserving, at least, 75% of the total variance of the data. Second, a cluster analysis
based on the subspace defined by the leading EOFs was performed using the k-means algorithm (Wilks, 2019).
A more exhaustive description of this methodology is available in the Supporting Information S1. The clustering
procedure was replicated for each GCM, so the simulated CPs could be compared to the ones identified in the
ERAS reanalysis. Model CPs were matched to the reference ERAS CPs by comparing their respective centroids
based on a minimum Euclidean distance criterion.

For the evaluation of model simulations in reproducing the CPs, different approaches are usually considered in
terms of the input data (using raw variables or anomalies), projecting model daily fields into a reference clas-
sification (Bettolli & Penalba, 2014; Gibson et al., 2016) or including them in the clustering procedure (Pinto
et al., 2018; Schuenemann & Cassano, 2009), as performed in this study. It is relevant to mention that a sensi-
tivity analysis on the clustering methodology was performed by projecting each daily GCM field into the ERAS
centroids. The accuracy of model projection was quantified through the quantization error, which is estimated as
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the average Euclidean distance between an input daily field and the reference centroids (Olmo & Bettolli, 2021a;
Quagraine et al., 2020). The GCMs ranking obtained from this metric (see Table S2 in Supporting Informa-
tion S1) agreed with the identification of the best GCMs as shown in the main results of the CPs discussed in the
following sections. Although this projection procedure is commonly followed in the literature, by performing the
clustering in each GCM independently one can give the GCMs the freedom to simulate their own dominant
atmospheric patterns and then compare them to the ERAS reference ones. Furthermore, because wind anomalies
are calculated without any time filtering — thus, considering the seasonal cycle — it is expected that the GCMs
should be able to simulate, at some point, these CPs without the need to be guided through a projection proce-
dure (by informing the actual circulation structures). For these reasons, in this work we decided to perform the
k-means clustering in each GCM, separately.

2.4. Evaluation Framework

The evaluation of the GCMs performance in reproducing the observed CPs as depicted by the ERAS reanalysis
was addressed on the basis of the seasonal cycle of the CPs, their spatial structure and associated rainfall. On
one hand, focus was put on the models' ability to reproduce the seasonal distribution of CPs, with focus on the
dry-to-wet transition season (July-October). This was quantified with an error metric that measures the absolute
difference between the observed and modeled CP climatological daily frequencies as described in Equation 1,
where D is the total number of days during the season (129 days) and fERAS is the number of days assigned to a
CP in the reanalysis-based classification, whereas fGCM is analogous but for each GCM. This metric was calcu-
lated for the nine CPs, individually.

32, IfERAScri — fGC Mcpil
Errorcp = 5 (€Y

As an example, if during the 1979-2014 period, 10 of the 36 July 1st days correspond to W2 (winter pattern 2)
in ERAS, and 15 of the 36 July 1st correspond to W2 in a specific GCM, then the absolute difference is 5 days.
This estimation is replicated for each day during the season and then all the 129 values are averaged, resulting in
the Error value for W2 in that specific GCM.

On the other hand, the spatial patterns of the CPs were studied by constructing composites (mean fields) for each
CP. Taylor diagrams were used for summarizing model performance, which quantify the degree of statistical
similarity between the ERAS reference data set and the different GCMs, reporting the Pearson correlation coef-
ficient, the standard deviation and the centered root mean squared error (Taylor, 2001).

In addition, the link between large-scale atmospheric features and rainfall over STSA focused on the dry-to-
wet transition season (July to October) at an interannual time-scale was explored. The relationship between
the frequency of CPs and two rainfall indices - mean seasonal PP and dry-day (no accumulated PP) frequency
(DDF) — was analyzed with the rank-based Kendall 7 coefficient (Wilks, 2019). This coefficient was estimated
for the detrended time-series (by removing, if any, the linear trend estimated from a linear regression analysis)
using a confidence level of 95%.

3. Results
3.1. Precipitation Annual Cycle Over STSA

Given that the focus of this study is on the GCMs evaluation of the dominant atmospheric states and their associ-
ated rainfall over STSA, the PP annual cycle over part of southern Amazonia (between 15°-5°S and 50°-70°W)
is presented in Figure 1a. Similar to previous works, the approximate onset and demise of the SAMS were iden-
tified when the PP values (expressed in pentads) reached the climatological annual mean rainfall (1979-2014),
which was highlighted with dots in the cycles. Note, however, that this implies a more relaxed definition of the
SAMS onset and demise than in previous studies considering observational datasets (Arias et al., 2015; Correa
et al., 2021; Espinoza et al., 2021) to explore the GCMs performance. Differences in the SAMS onset and demise
between the CHIRPS reference data set and the GCMs were quantified as the number of pentads in Figure 1b.
Most of the GCMs were able to reproduce the shape of the south tropical PP annual cycle (e.g., ACCESS-ESM1-5
and IPSL-CM6A-LR), although they exhibited deficiencies in capturing the maximum rainfall values during the
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Figure 2. (a) Spatial patterns of low-level wind and rainfall anomalies (in m/s and mm/day vs. the annual mean) for the nine circulation-patterns (CPs) as depicted

by the ERAS reanalysis. Adapted from Espinoza et al. (2021), who identified three “winter” CPs (W1, W2 and W3), three “summer” CPs (S1, S2 and S3) and three
“transitional” CPs (T1 and T2dw mostly for the dry-to-wet transition season and T3wd for the wet-to-dry transition season). Vectors indicate wind anomalies at 850 hPa
and shaded colors refer to Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) rainfall anomalies; (b) Seasonal cycle of the nine CPs as depicted by
the ERAS reanalysis and selected general circulation models (GCMs). The x-axis displays the 365 days of the year, while the y-axis indicates the relative mean daily
frequency of each CP.

austral summer. For instance, this was the case of the CanESMS5 and EC-Earth3 models, which presented relative
minimum and maximum values by the end of the summer and autumn austral seasons, respectively (Figure 1a).
Other models — such as MIROC6, MPI-ESM1-2-HR and NorESM2-MM - appropriately simulated the annual
cycle, although they overestimated (underestimated) rainfall during late spring (winter). In fact, GCMs tended
to underestimate PP throughout the year, more systematically during the austral winter. This general under-
estimation found in this set of CMIP6 is in agreement with previous studies analyzing GCM PP outputs over
several parts of South America (Almazroui et al., 2021; Gulizia & Camilloni, 2015; Sierra et al., 2015), even
though some improvements were made in CMIP6 simulations compared to the previous CMIP5 models (Meehl
et al., 2020; Ortega et al., 2021). This may be due to deficiencies in the modeled deep convection and low-level
tropospheric moisture (Sakaguchi et al., 2018).

In terms of the SAMS onset representation, GCMs tended to go from dry to wet conditions too quickly compared
to the observations and, as described above, often started from drier conditions than observed during winter.
Furthermore, models usually detected an earlier start of the wet season, of about three pentads of difference with
CHIRPS (Figure 1b). On the other hand, SAMS demise presented more spread dates among models. Some of
them — including CMCC-CM2-HR4 and EC-Earth3 — showed a late SAMS demise, thus resulting in an extended
rainy season, whereas in other GCMs like MPI-ESM1-2-LR an early SAMS demise was found. These differences
in the annual cycle evidence the GCMs limitations in simulating PP seasonality over southern Amazonia. In this
regard, the use of model PP outputs for the selection of GCMs and for the understanding of physical processes of
the SAMS is not advisable (Bettolli & Penalba, 2014; Ferndndez-Granja et al., 2021).

3.2. Identification of Circulation Patterns

As found by Espinoza et al. (2021) considering the 1979-2020 period, different seasonal CPs were identified
over STSA (Figure 2a): three “winter” CPs (W1, W2 and W3), three “summer” CPs (S1, S2 and S3) and three
“transitional” CPs (T1, T2dw for the dry-to-wet transition season and T3wd for the wet-to-dry transition season).
A brief description of the ERAS reanalysis-based CPs studied in that previous study is included below in Table 1
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Table 1

Summary Table of the Main Features of the Circulation Patterns Over South Tropical South America (STSA) Identified by Espinoza et al. (2021), Who Described
Three “Winter” Circulation-Patterns (CPs) (W1, W2 and W3), Three “Summer” CPs (S1, S2 and S3) and Three “Transitional” CPs (T1 and T2dw Mostly for the
Dry-To-Wet Transition Season and T3wd for the Wet-To-Dry Transition Season)

Intraseasonal variability

Seasonal Variability

Summer CPs

Winter CPs

Transitional CPs

S1

-Anomalous northerly cross-equatorial

winds.-Southerly wind intrusion
over La Plata basin and cyclonic
circulation over southern coastal
Atlantic. -Convergence of low-level
winds over the SACZ region.-SESA-
SACZ precipitation dipole, related
to the effect of extratropical Rossby
wave-trains over the low-level
circulation and differentiated
convective activity.-Negative rainfall
anomalies over northern South
America

Wi

-Anomalous southerly cross-equatorial

wind. -Anticyclonic circulation over
SESA related to SALLJ. -Low-level
divergence over southwestern
Amazon southern Amazonia-
Negative (positive) rainfall anomalies
over the entire STSA (northern South
America).

T1

-Intensified SALLJ from central
Amazonia to southern La Plata
basin, associated with an anomalous
anticyclonic circulation over SACZ.
-Southerly wind incursion over
the east of the Andes and La Plata
basin. -Convergence over the SESA
region related to the SESA-SACZ
dipole. -One of the main forcings
of mesoscale convective systems
responsible for heavy rainfall events
in southeastern South America
(SESA) during spring.

S2

-Anomalous northerly cross-
equatorial wind toward

southeastern South America

(SESA) related to SALLJ.
-Anticyclonic circulation over
the southern Atlantic Ocean.-

Negative rainfall anomalies
over northern South America.

w2

-Southerly wind anomalies
extended east of the Andes,
often related to cold-surge
intrusions. -Negative (positive)
rainfall anomalies over the
entire STSA (northern South
America and northwestern
Amazon).

T2dw

-Anomalous northerly cross-
equatorial winds. -Southerly
wind intrusion reaching
southern Amazon, related to
cyclonic circulation over the
south tropical Atlantic Ocean.
This feature is characteristic
of frontal perturbations
responsible for the positive
rainfall anomalies over
southern Amazon. -Wind
convergence over southern
Amazon and SACZ region.

S3

-Anomalous northerly cross-equatorial
winds. -Southerly wind intrusion
over southern Amazon and
cyclonic circulation over the
SACZ region. -Convergence of the
low-level flow over southern and
eastern Amazonia.-SESA-SACZ
precipitation dipole, related to the
effect of extratropical Rossby wave-
trains over the low-level circulation
and differentiated convective
activity.-Negative rainfall anomalies
over northern South America.

W3

-Anomalous southerly cross-equatorial
wind.Anticyclonic circulation over
the south tropical Atlantic, related

to an intensified SALLJ. -Low-level
divergence over southwestern
Amazon. -Negative (positive)
rainfall anomalies over the entire
STSA (northern South America).

T3wd

-Anomalous southerly cross-equatorial
winds. -Negative (positive)
rainfall anomalies over the

SACZ region and the southern
Amazonia (northeastern Amazonia
and northern South America).
-Southerly wind intrusion in the
Amazon basin.

for a better understanding of the process-based model evaluation performed here. A more detailed analysis of this
classification and the underlying physical processes can be found in Espinoza et al. (2021).

It is interesting that the present classification of atmospheric circulation was able to identify the main atmos-
pheric features that characterize the STSA climate and are associated with rainfall variability over the region,
including the temporal variability of the SALLJ. Moreover, the main intraseasonal summer CPs include the
SESA-SACZ PP dipole in S1, S2 and S3 and the variability of the SACZ itself (see Espinoza et al., 2021 and
references therein).

In a following analysis, the spatio-temporal variability of the CPs as reproduced by the GCMs was assessed. The mean
seasonal cycles of the relative frequency of CPs are illustrated for the ERAS reanalysis and selected GCMs — depict-
ing different performances — in Figure 2b (results for all GCMs analyzed in this study were included in Figure S1 as
Supporting Information S1). As most of the temporal variation of CPs is mainly guided by planetary-scale features
(e.g., solar radiation and the related meridional shift of the Intertropical Convergence Zone or ITCZ), we expect that
GCMs capture the main features of seasonal variability over STSA. The ability to reproduce the seasonal behavior of the
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ACCESS-ESM1-511.31 1 0.34 2.06 2.6 2.67 2.77

BCC-CSM2-MR+ 0.86 0.86 0.82 2.62 2.6 2.92 265 2.8

2.61 3.16

BCC-ESM14 0.84 [4.11 0.76 2.65-2.41 2.73

CanESM5- 0.96 0.93 0.33 2.18 2.45 3.03 3.79 2.33 2.37

CESM2+ 1.07 0.87 0.35 1.93 2.13 3.5 3.68 2.77

CMCC-CM2-HR44 0.97 0.75 0.37 2.11 2.97 2.68 2.37 2.19
Error
8

CMCC-CM2-SR54 0.93 1.41 0.3 2.16 3.07 3.83 2.63 2.85

EC-Earth34 0.99 0.66 0.48-3.31 2.67 2.85 6

GCM

FGOALS-g31 1.07 1.12 2.9 1.7 3.84 2.5 48 2.29 3.01 =

GFDL-CM47 1 1.67 1.63 2.07 2.69 2.92 3.12

IPSL-CM6A-LR4 0.8 - 04 223 214 33 . 2.65

MIROC64 0.95 0.9 0.41 2.12 4 3.26

MPI-ESM1-2-HR4 1.25 0.96 1.29 2.27 2.23 2.69 3.65 4.54 2.67 2.4

MPI-ESM1-2-LR 4 1.29.0.48 1.88 2.8 3.31 44 2.56 3.27

NorESM2-LM+ 1.21 1.13 1.53 1.82 2.4 3.12 252 2.67

NorESM2-MM+ 0.81 0.69 0.71 1.57 2.19 2.65 3.39 3.32 2.58

S1 S22 S3 W1 W2 W3 T1 T2dw T3wd Mean
CP

Figure 3. Absolute error values (expressed as number of days) in the representation of the seasonal cycle of the nine
circulation-patterns (CPs) during the dry-to-wet transition season (July to October) in the different general circulation models
(GCMs) compared to the ERAS reanalysis. Last column corresponds to the mean value for each GCM.

CPs notably varied among GCMs. Models tended to have more difficulties in simulating the frequencies of transi-
tional CPs, especially T1 and T2dw, which are particularly important for the initiation of the wet season. This is partly
expected given that the seasonal cycle is considered in the definition of CPs. Hence, the transition between the winter
and summer seasons (close to zero in the EOF space) is more challenging to reproduce. GCMs usually underesti-
mated T1 during autumn, while they tended to overestimate T2dw during spring (see, for instance, ACCESS-ESM1-5
and CESM2). Other GCMs were not able to successfully reproduce the correct timing of these CPs, like GFDL-CM4,
MPI-ESM1-2-LR (both shown in Figure S1 of Supporting Information S1) and FGOALS-g3, which indicated the
occurrence of T1 with maximum frequency during summer.

GCMs performance was more precise in summer CPs compared to the transitional patterns as the GCMs were
generally able to identify three CPs during this season (but often showing differences in their seasonal evolution),
while most of them correctly identified three “winter” CPs, although differing in their maximum frequencies
during this season compared to ERAS (Figure 2). EC-Earth3 and MIROC6 misrepresented W3 as they strongly
overestimated this pattern during the beginning and ending of the winter, respectively, and underestimated it
during the rest of the season. In fact, the deficiencies of these GCMs were extended to the other CPs. EC-Earth
showed a reduced seasonal variability of the CPs frequencies, with specific patterns dominating during extended
periods as detected for T3wd. Note that this lack of temporal variability could also be found in other GCMs such
as CMCC-CM2-SRS5 (Figure S1 of Supporting Information S1).

In general terms, only a few GCMs - such as ACCESS-ESM1-5, CMCC-CM2-HR4, MPI-ESM1-2-HR (Figure 2b)
and CanESM5 (Figure S1 of Supporting Information S1) were able to adequately simulate the CPs frequencies
throughout the year, despite often presenting differences in the timing and/or maximum frequencies of specific
CPs. Additionally, in order to measure the models' performance in simulating the seasonal cycle of CPs, Figure 3
displays the error metric as described in Section 2.4. This metric was estimated for each CP, individually, and a
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mean value was calculated from them. Focus was put on the representation of the dry-to-wet transition season.
GCMs presented higher errors during the transition patterns T1 and T2dw — such as NorESM2-MM and CESM2
for T1 — while the smallest errors were found for the summer CPs. Note that this is somehow expected given that
those patterns were the least frequent during this season, thus contributing less to the error measure. However,
a few GCMs like BCC-ESM1 and MPI-ESM1-2-LR presented large errors for S2 — with error values from 4 to
7 days — indicating a poor representation of the CPs seasonal cycle. When evaluating the mean error (last column
in Figure 3), the best ranked GCMs were CMCC-CM2-HR4, CanESMS5, MPI-ESM1-2-HR - with error values of
about 2 and 3 days — in agreement with the visual inspection of the seasonal cycles of Figure 2b. This evaluation,
however, is not robust enough to state that these GCMs are the best ones but offers a general overview of CPs
frequency and is a valuable tool to consider in the next analyses.

The GCMs representation of the nine CPs spatial patterns of 850 hPa wind anomalies was summarized through
Taylor diagrams (Figure 4). Each GCM is represented by one numbered and colored point in the plot. The
closer the GCM point is located to the ERAS reference (black point), the better is the model performance. As
evidenced in the previous analysis, models exhibited a more accurate performance in winter and summer CPs
than in transitional CPs. During those seasons - but especially in winter - model agreement was larger as seen
by the small spread in the clouds of points. Models usually presented spatial correlation values of about 0.7 and
standard deviations around 1, although some GCMs tended to underestimate (overestimate) the spatial variability
of the CPs - standard deviation below (above) 1 - during winter (summer) CPs. For instance, the models with
better performance during winter included CanESMS5, CMCC-CM2-HR4, CESM2 and NorESM2-MM, whereas
BCC-ESM1, EcEarth-3 and IPSL-CM6A-LR and MPI-ESM1-2-HR showed lower skills, with reduced correla-
tion values and standard deviations of about 0.6 (Figure 4). For summer CPs, despite more varied performances
between models and the different summer patterns (especially in S2), good performances could be found for
the ACCESS-ESM1-5 and CMCC-CM2-HR4 models, while BCC-ESM1, BCC-CSM2-MR and MPI-ESM1-
2-LR exhibited some of the poorest scores. In the case of transitional patterns, models CMCC-CM2-HR4 and
CanESMS adequately reproduced the low-level wind spatial structures, followed by CESM2 and NorESM2-MM.
Recall that these models were formerly identified within the best performances in the representation of the CPs
seasonality (Figures 2a and 3), which, altogether, is a good indicator of their capabilities in reproducing the main
atmospheric states over STSA, especially during the transition seasons. On the other hand, MPI-ESM1-2-LR,
MIROC6, FGOALS-g3 and BCC-CSM2-MR typically showed the poorest spatial representations of these CPs,
in line with their limited performance in the temporal variability of CPs.

For a deeper insight on the models' spatial reproduction of CPs, the spatial patterns of 850 hPa wind and rainfall
anomalies of W3, T2dw and S1 — representing the winter conditions that precede the SAMS onset, the SAMS
early initiation and its mature phase, respectively — are illustrated in Figure 5 for a few models exhibiting different
performances as described in the previous analyses. The complete set of GCMs and CPs can be found in Figure
S2 of the Supporting Information S1. As shown in the Taylor diagrams from Figure 4, the low-level circulation
in W3 was well-reproduced by the GCMs, particularly the southerly wind anomalies from the Bolivian Amazon
to southeastern South America (SESA), even though some of them - such as EC-Earth3 and MPI-ESM1-
2-HR - depicted the anomalous anticyclonic center over the south Atlantic Ocean strengthened and located further
to the northwest compared to ERAS. Furthermore, these GCMs simulated larger wind anomalies to the north
than ERAS. The PP pattern related to T2dw was adequately represented, indicating negative anomalies over most
of STSA apart from northern South America and SESA. When analyzing T2dw and S1, models presented more
difficulties in simulating T2dw — associated with the SAMS onset — than S1, in which the monsoon is close to
its mature phase. On one hand, the extratropical anomalous southerly winds of T2dw were correctly reproduced
by CESM2, followed by CMCC-CM2-HR4, which exhibited weaker anomalies than ERAS. This is a key mech-
anism for the SAMS onset as these southerly winds provide suitable large-scale thermodynamic conditions to
trigger PP (Li & Fu, 2006; Wang & Fu, 2004). On the other hand, the low-level flow to the east of Brazil — asso-
ciated with positive rainfall anomalies in this region — was well-represented by the different GCMs, although they
often differed in the magnitude of these anomalies, like CESM2, CMCC-CM2-HR4 and EC-Earth3 (Figure 5).
Other models such as NorESM2-LM and NorESM2-MM were able to simulate the low-level circulation observed
in T2dw, although NorESM2-LM exposed more differences, particularly over central Amazonia (Figure S2 in
Supporting Information S1). The SESA-SACZ dipole was well reproduced by models such as CESM2, CMCC-
CM2-HR4 and NorESM2-MM, in line with their ability to reproduce the associated atmospheric circulation. S1
anomalous northerly low-level winds were well-captured by most of the GCMs, whereas the simulation of the
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1.2 1.6

Standard deviation

1 ACCESS-ESM1-5
2 BCC-CSM2-MR

3 BCC-ESM1

4 CanESM5 ®
5 CESM2 ®
6 CMCC-CM2-HR4 ®

7 CMCC-CM2-SR5
8 EC-Earth3

9 FGOALS-g3

10 GFDL-CM4

11 IPSL-CM6A-LR
12 MIROCG6

13 MPI-ESM1-2-HR
14 MPI-ESM1-2-LR
15 NorESM2-LM

16 NorESM2-MM

Figure 4. Taylor diagrams of the spatial patterns of low-level wind anomalies at 850 hPa for the nine circulation-patterns (CPs). GCMs are indicated in numbered and
colored poins and the black point refers to the ERAS reference.

OLMO ET AL.

10 of 20



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Atmospheres

10.1029/2022JD036468

CESM2

EC-Earth3

ERAS + CHIRPS

CMCC-CM2-HR4

MPI-ESM1-2-HR

/ /

uls
N &Q{\«Q\

250
RN N7~ N\

Figure 5. Spatial patterns of 850 hPa wind and rainfall anomalies for W3, T2dw and S1 - representing the winter conditions
that precede the South American Monsoon System (SAMS) onset, the SAMS early initiation and its mature phase,
respectively - as depicted by the ERAS and Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) reference
datasets and a few selected general circulation models (GCMs). Vectors indicate wind anomalies at 850 hPa and shaded

colors refer to rainfall anomalies versus each GCM and ERAS long-term means.

southerly wind anomalies varied more among models, with some of them not being able to capture low-level
wind direction, like BCC-ESM1 and FGOALS-g3 (Figure S2 in Supporting Information S1). GCMs — such as
CESM2 and MPI-ESM1-2-HR - tended to intensify S1 wind anomalies and anomalous cyclonic circulation in

southeastern STSA compared to ERAS.

The results discussed above highlight the relevance of low-level circulation in understanding whether the GCMs

are able to simulate the SAMS onset as well as the spatio-temporal variability of PP. Moreover, the weather types

identified using low-level circulation span the main atmospheric configurations over STSA and can potentially
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organize structures at larger scales, helping to comprehensively understand the atmospheric processes on the
mid and high-level atmosphere. For this reason, wind composites at 250 hPa of each CP were constructed and
presented for ERAS and selected GCMs in Figure S3 (see Supporting Information S1). As found by Espinoza
et al. (2021), winter CPs were characterized by subtropical upper-level westerlies south of 10°S, which were
successfully captured by the set of GCMs, while for summer CPs the presence of the Bolivian high — particu-
larly in S3 — dominated together with easterly winds over the tropical Andes. These features were captured by
the GCMs, although some of them simulated the Bolivian high with less intensity than the ERAS reanalysis,
like ACCESS-ESM1-M and CESM2. During transitional CPs, the subtropical westerlies were identified in both
ERAS and GCMs with greater intensity in the dry-to-wet transition patterns T1 and T2dw. GCMs can realisti-
cally simulate the large-scale features of atmospheric circulation, evidencing stronger deficiencies in the lower
levels due to the models not being able to capture features such as topographic gradients and land-ocean contrasts
(Ambrizzi et al., 2018). In this way, GCMs performance in the upper atmosphere seemed better compared to the
low-level circulation, as analyzed here.

To finalize this assessment, pressure-latitude cross-section patterns of zonal wind anomalies (shaded colors) and
meridional-vertical wind anomalies averaged over 70°-40°W were explored in W3, T2dw and S1 (Figure 6 and
Figure S4 of the Supporting Information S1). According to the ERAS reference data set, W3 was identified with
upward motion and easterly wind anomalies in the lower and middle atmosphere in 0—-10°N, associated with posi-
tive rainfall anomalies found in that region (Figure 2a). In the extratropics (20°—40°S), subsidence predominated
from 500 hPa to the surface level related to negative PP anomalies there. As observed in Figure S3 of Supporting
Information S1, the subtropical jet was also detected in the upper atmosphere, according to the positive zonal
wind anomalies over this band of latitudes. The set of GCMs adequately reproduced these vertical structures in
terms of the wind magnitude and direction, with some differences near the surface, like MPI-ESM1-2-HR in the
extratropics and CESM2 over 0—10°N. T2dw and S1 exhibited ascending motion at the different pressure levels
evaluated over southern Amazonia (bounded by red dashed lines in Figure 6) and the continental SACZ region,
where rainfall anomalies were positive. This pattern was more intense for S1 than for T2dw, in accordance with
a more developed SAMS. On the contrary, downward motion was detected in the extratropics (20°—40°S) and the
Northern Hemisphere of South America - particularly during T2dw — where rainfall anomalies were negative,
leading to the SESA-SACZ dipole structure previously mentioned. Note that, although the Bolivian high can
be detected more clearly in summer patterns like S3 (Figure S3 in Supporting Information S1), the associated
anticyclonic circulation can also be observed — with less intensity — in T2dw and S1 and identified in the vertical
patterns of Figure 6, approximately where the zonal wind anomalies at the upper atmosphere change of sign. This
could be found near 15°S in T2dw and located more to the south in S1, as depicted by the ERAS reanalysis. In
the case of the selected GCMs, a good correspondence with the reference patterns was found, presenting more
discrepancies in the lowest atmospheric levels, especially in the extratropics for T2dw. This could be associated
with the models' limitations in simulating the low-level circulation and associated PP pattern typical of the SAMS
onset, as analyzed in Figures 4 and 5. In addition, most of the models tended to intensify the negative wind
anomalies in the middle and upper atmosphere over southern Amazonia in S1, although the overall structure was
satisfactorily captured.

3.3. Circulation Patterns and Associated Rainfall During the Dry-To Wet Transition Season

In order to further evaluate the link between large-scale atmospheric features and interannual rainfall variability
over STSA during the dry-to-wet transition season, a detrended correlation analysis was carried out between the
interannual time series of the frequency of W3 and T2dw and two rainfall indices — mean seasonal PP and dry-day
frequency (PP and DDF, respectively) — as described in Section 2.4. Note that focus was put specifically on these
two CPs since they were associated with the lengthening of the dry season over STSA as shown by Espinoza
et al. (2021).

According to the reference datasets (ERAS and CHIRPS), the years with an anomalous higher-than-usual
frequency of W3 were characterized by negative PP and positive DDF anomalies over southeastern Amazonia
and the SACZ region, as depicted by negative and positive correlation values, respectively, in Figure 7 (first
row). Conversely, the signals were reversed and less significant when analyzing T2dw, with positive (negative)
correlations over eastern Brazil and negative (positive) correlations over northern South America for PP (DDF).
Note that these associations between the variability of the frequency of the CPs and rainfall relate to the physical
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Figure 6. Pressure—latitude cross-section of zonal wind anomalies (shaded colors) and meridional-vertical wind anomalies (vectors) zonally averaged over the 70°W—
40°W region. Results are shown for W3, T2dw and S1 as depicted by the ERAS and Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) reference

datasets and a few selected general circulation models (GCMs). Vertical red dashed lines indicate the boundaries of the southern Amazon (5°S-20°S).
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Figure 7. Kendall-Tau correlation values between the interannual time series during the dry-to-wet transition season (July to October 1979-2014) of the frequency of
W3 and T2dw and: (a) the mean seasonal rainfall Precipitation (PP); (b) the dry-day frequency (DDF). Results are shown for the ERAS + CHIRPS reference and a few
selected general circulation models (GCMs). Grid cells with significant correlation values are marked with dots.

processes behind W3 and T2dw - the enhancement of the SALLJ and the southerly cold-air intrusions,
respectively - that lead to PP occurrence over STSA (Figures 2b and 6). This analysis was performed for all CPs
but the main signals during the dry-to-wet transition season were detected in W3 and T2dw (not shown).

The spatial pattern of correlation values related to PP and DDF were generally well-simulated by the GCMs,
particularly by CESM2 that, despite overestimating the spatial extent and significance of these relationships,
successfully captured the relationship between low-level winds and PP in W3 and T2dw (Figure 7). CMCC-
CM2-HR4 and MPI-ESM1-2-HR agreed with the differentiated signals of these patterns but presented more
differences in the location and/or significance of the maximum correlation values. The EC-Earth3 model managed
to represent the rainfall association with T2dw over eastern Brazil but was not able to reproduce the links detected
for W3, as this model exhibited positive (negative) correlations for PP (DDF) over most of Brazil, with statistical
significance in the northern part of the domain, contrary to the reference datasets. This was probably related to
the EC-Earth3 poor representation of the temporality of the CPs, especially the timing and predominance of W3
during winter (Figure 2b).

Finally, considering model capabilities in the different aspects studied in Section 3.1 and the correlation analysis
described above — including the representation of the timing and the main spatial features of CPs — we selected
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Figure 8. Kendall-Tau average correlation values between the interannual time series during the dry-to-wet transition season (July to October 1979-2014) of the
frequency of W3 and T2dw and: (a) the mean seasonal rainfall Precipitation (PP); (b) the dry-day frequency (DDF). Averages were estimated for the set of 16 general
circulation models (GCMs) and for the 3-best GCMs (CESM2, CMCC-CM2-HR4 and MPI-ESM1-2-HR), separately. Grid cells with model agreement in the sign of
the correlation values above 75% (considering the complete 16 GCMs set) are marked with dots.

three GCMs that performed best throughout this assessment: CESM2, CMCC-CM2-HR4 and MPI-ESM1-2-HR.
Thereby, based on the complete set of 16 GCMs employed here and the 3-best GCMs, a similar analysis was
performed considering the average correlation values of these model ensembles (Figure 8). Moreover, model
agreement in the sign of these correlations above 75% was highlighted with dots. This analysis evidenced that,
considering the complete set of 16 GCMs, the main relationships between W3 and T2dw frequencies and both
PP indices was well-captured in terms of the sign of the correlations and the location of the maximum values.
The negative (positive) signals over southern and central Brazil for PP (DDF) were correctly described by the
GCMs, presenting more difficulties in reproducing the spatial variability in these indices when linked to T2dw.
However, these average correlations were lower than the ones found in ERAS or in individual GCMs — with
maximum values around 0.3 in the model ensemble compared to correlations up to 0.6 in ERAS — due to the
use of a multi-model ensemble of 16 GCMs, which includes some models with poor or regular performances
throughout their evaluation. This was upgraded when considering only the 3-best GCMs: the average correlations
were increased — approximately from 0.3 to 0.5 — showing a strengthened relationship between CP frequencies
and rainfall over STSA (recall that the individual correlation patterns for each of the 3-best GCMs are displayed
in Figure 7). These analyses highlight that the variability of the frequency of W3 and T2dw modulates rainfall
variability during the dry-to-wet transition period over southeastern Amazonia and the SACZ region, and that the
different GCMs were generally able to reproduce this large-scale circulation related to the PP regime of STSA.

4. Summary and Final Remarks

Emerging recognition has been seen on the effects of climate change in STSA as ongoing changes in its hydro-cli-
matic regimes and weather patterns have been identified, including a lengthening of the dry season associated
with a delayed onset of the SAMS (e.g., Arias et al., 2015; Caballero et al., 2022; Correa et al., 2021; Debortoli
et al., 2015; Espinoza et al., 2021; Fu et al., 2013; Jones & Carvalho, 2002; Marengo et al., 2012; Pascale
et al., 2019; Wongchuig et al., 2021). Moreover, deforestation and climate change are altering the Amazon rain-
forest, promoting an ecosystem stress favoring biomass loss, tree mortality and fire activity (Gatti et al., 2021;
Reis et al., 2018; Silva et al., 2020). Thereby, studying the role of large-scale climate variability on the SAMS
onset can provide additional information to understand the related impacts documented over the recent years and
projected for the 21st century.

The foregoing context motivates this study, which aimed to evaluate the performance of a set of 16 CMIP6
GCMs in terms of how well they reproduced the main atmospheric states and their related rainfall patterns during
1979-2014 over STSA, based on the weather-typing approach proposed by Espinoza et al. (2021). Focus was put
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on the representation of the CPs during the dry-to-wet transition season (July—October). Nine CPs were defined
based on a k-means clustering of low-level wind anomalies, considering the daily ERAS atmospheric circulation
and CHIRPS rainfall data as reference.

In the first place, an analysis of the PP annual cycle over southern Amazonia showed that GCMs tended to
underestimate PP throughout the year — and more systematically during the austral winter — and evidenced their
limitations in simulating rainfall variability, in agreement with previous studies (Almazroui et al., 2021; Ortega
et al., 2021; Sierra et al., 2015). GCMs tended to go from dry to wet conditions too quickly, evidencing deficien-
cies in the representation of the SAMS onset. Note, however, that a simplified interpretation of the SAMS onset
and demise was considered here for the purpose of model evaluation, whereas more comprehensive definitions
are presented in the literature (Arias et al., 2015; Bombardi et al., 2020). On the other hand, the rationale behind
the misrepresentation of rainfall features could be some limitations in model parameterizations and representa-
tion of atmospheric moisture transport and deep convection (Sakaguchi et al., 2018). In this regard, the use of PP
model outputs without taking into consideration their representation of the associated physical mechanisms may
introduce important errors as the GCMs have clear limitations in reproducing even the PP annual cycle.

When evaluating the spatio-temporal variability of CPs, only a few GCMs correctly represented the different CPs
and their seasonal variability. Model performance depended on the seasonal cycle and spatial structure of the
CPs. Some of the GCMs adequately reproduced the frequencies of CPs, with lower skills in the transition seasons.
GCMs typically depicted reduced seasonal variability, like the case of EC-Earth3. Only a few GCMs were able to
adequately simulate the CPs frequencies throughout the year — such as ACCESS-ESM1-5, MPI-ESM1-2-HR and
CMCC-CM2-HR4 — despite presenting differences in specific CPs, such as in the timing and/or the maximum
frequency values of winter CPs — especially W3 — in the two first models and in the low frequency of the transi-
tional CPs (T1 and T2dw) during autumn in the last one. In terms of the spatial patterns, models tended to better
reproduce winter structures, while the transitional CPs exhibited more differences due to a poor representation
of the southerly wind intrusions to STSA and the seasonal variability of the South American low-level jet, which
are characteristic of the dry-to-wet transition period. The CESM2 and CMCC-CM2-HR4 models exhibited the
best performances, adequately reproducing not only the low-level winds and rainfall patterns but also the atmos-
pheric circulations at different levels. Other models like CanESM5 and NorESM2-MM also well-reproduced
these features, in agreement with their performances on the temporal variability of the CPs. On the contrary, some
GCMs like MPI-ESM1-2-LR and MIROC6 exhibited the poorest spatial representations of these transitional
CPs, in line with their limited performance on the seasonal behavior of the CPs. Moreover, the variability of the
frequency of specific patterns during this transitional period (W3 and T2dw) modulated rainfall variability over
southeastern Amazonia and the SACZ region. This was generally captured by the different GCMs, being the
representation by CESM2 and MPI-ESM1-2-HR the most accurate ones.

The results discussed above highlight the relevance of low-level circulation in understanding whether the GCMs
are able to simulate the SAMS onset as well as the spatio-temporal variability of PP. This study allowed us to
identify the best GCMs in terms of their representation of the atmospheric CPs associated with the development
of the wet season in STSA, which has profound impacts on the changes in the hydrological cycle detected over
the Amazonia. Furthermore, the interannual variability of the wet season over monsoonal regions is dependent
of different climatic features such as local thermodynamic conditions, ocean-land atmospheric fluxes and the El
Nifio teleconnection, which remarks the complexity of assessing the SAMS features and their representation by
GCMs (Bombardi et al., 2020; Londofio-Arteaga & Lima, 2021).

Additionally, it is interesting to mention the role of models' native resolution on their performance as evaluated
here. In general terms, models with the finest native resolutions did not always depict the best performances,
like the case of EC-Earth3. However, some of the GCMs recognized as the least skillful in simulating the CPs
over STSA - such as FGOALS-g3 and GFDL-CM4 - presented the lowest spatial resolutions. When comparing
GCMs from the same modeling institutes, the higher-resolution GCM usually exhibited a better performance
than the lower-resolution GCM, like the MPI-ESM1-2-HR and MPI-ESM1-2-LR models and the NorESM2-LM
and NorESM2-MM models. This improved performance may be probably due to more complex parametrizations
and representations of the different interactions involved in the climatic system (Eyring et al., 2016), although
exploring the rationale behind the different GCMs representation of these mechanisms is beyond the scope of this
study. The GCMs that were found to adequately simulate the main atmospheric circulation features in STSA were
CESM2, CMCC-CM2-HR4 and MPI-ESM1-2-HR, which are recommended to consider in follow-up studies on
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the spatio-temporal variability of rainfall, its associated atmospheric environment, and its related impacts under
a climate change scenario.

Note that there are several documented procedures and ranking metrics used by different authors — which can
be useful to assess model skills — based on the reproduction of surface variables and/or physical mechanisms
(Coelho et al., 2021; Londofo-Arteaga & Lima, 2021; Wang et al., 2018). In this sense, the evaluation frame-
work employed in this work focuses on the capability of the GCMs to represent the main atmospheric features in
STSA through a weather-typing approach. This sort of process-based model evaluation offers a valuable source
of information for designing high-resolution modeling experiments which, by relying on course-resolution infor-
mation — typically from GCMs — for nesting the regional models with large-scale boundary conditions, may be
affected by the GCM atmospheric circulation biases (Fernandez-Granja et al., 2021; Maraun et al., 2021). In
this sense, GCMs representation of sea surface temperature (SST) should be also considered in future studies as
specific SST patterns over the Atlantic Ocean preceding the wet-season onset can influence the SAMS develop-
ment (Yin et al., 2014). Likewise, given the projections of drying conditions over STSA (Almazroui et al., 2021;
Parsons, 2020; Sena & Magnusdottir, 2020; Thaler et al., 2021; Wainwright et al., 2021), these findings motivate
the study of the CPs changes during the 21st century in terms of their frequency, intensity, and associated rainfall,
which will be addressed in future research.

Data Availability Statement

The different datasets used in this study are available online. ERAS reanalysis [Data set] (Hersbach et al., 2020):
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5. CHIRPS V2.0 [Data set] (Funk
et al., 2014): https://data.chc.ucsb.edu/products/CHIRPS-2.0/global_daily/.
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