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ABSTRACT: We analyze the characteristics of atmospheric variations over tropical South America using the pattern

recognition framework of weather typing or atmospheric circulation patterns (CPs). During 1979–2020, nine CPs are de-

fined in the region, using a k-means algorithm based on daily unfiltered 850-hPa winds over 108N–308S, 908–308W. CPs are

primarily interpreted as stages of the annual cycle of the low-level circulation.We identified three ‘‘winter’’ CPs (CP7, CP8,

and CP9), three ‘‘summer’’ CPs (CP3, CP4, and CP5), and three ‘‘transitional’’ CPs (CP1, CP2, and CP6). Significant long-

term changes are detected during the dry-to-wet transition season (July–October) over southern tropical South America

(STSA). One of the wintertime patterns (CP9) increases from 20% in the 1980s to 35% in the last decade while the

‘‘transitional’’ CP2 decreases from 13% to 7%. CP9 is characterized by enhancement of the South American low-level jet and

increasing atmospheric subsidence over STSA. CP2 is characterized by southerly cold-air incursions and anomalous convective

activity over STSA.The years characterized by high frequency ofCP9 and low frequency ofCP2during the dry-to-wet transition

season are associated with a delayed SouthAmericanmonsoon onset and anomalous dry conditions over STSA. Consistently, a

higher frequency of CP9 intensifies the fire season over STSA (1999–2020). Over the Brazilian states of Maranhão, Tocantins,
Goiás, and São Paulo, the seasonal frequency of CP9 explains around 35%–44% of the interannual variations of fire counts.
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1. Introduction

The South American monsoon system (SAMS) is an im-

portant feature of the seasonal rainfall variations in southern

tropical South America (STSA; 58–258S, 408–808W). Over this

region, more than 50% of the total annual rainfall is reported

during the active phase of the SAMS, usually observed during

the austral summer (December–February) (Zhou and Lau

1998; Vera et al. 2006; Marengo et al. 2012). Consequently,

the SAMS plays a major role in the regulation of the water

cycle over STSA, contributing in the maintenance of eco-

systems and human activities (e.g., Fu et al. 2013; Brando

et al. 2014; Nobre et al. 2016; Arias et al. 2020). Precipitation

related to the monsoonal circulation of the SAMS mainly

affects areas of Bolivia, Peru, Brazil, and northern Argentina,

covering the southern part of the Amazon rain forest and the

Cerrado biome (e.g., Garreaud 2009; Espinoza et al. 2009, 2020;

Correa et al. 2021). Four dominant atmospheric features have

been involved in the SAMS: (i) warmer sea surface temperatures

(SSTs) over the tropical Atlantic Ocean and cooler surface

temperature in southern Amazonia preceding the wet-season

onset; (ii) a northwest–southeast band of convergence and

convective activity over the southeast of the continent [the South

Atlantic convergence zone (SACZ)]; (iii) an upper troposphere

anticyclone (at 200–300 hPa), located over Bolivia, known as the

Bolivian high; and (iv) the presence of a low-level jet to the east

of the tropical Andes, known as the South American low-level

jet (SALLJ). These ocean–atmospheric mechanisms have been

reviewed and analyzed in previous studies (e.g., Lenters and

Cook 1997; Fu et al. 1999; Gan et al. 2004; Vera et al. 2006; da

Silva and de Carvalho 2007; Garreaud et al. 2009; Marengo et al.

2012; Yin et al. 2014; Arias et al. 2015; Green et al. 2020).

In the past decades, significant efforts have been dedicated to

identifying processes that control the onset of the SAMS around

September–October. The reversal of the cross-equatorial low-level

flow, from a southerly to a northerly regime, is an important

mechanism for the atmospheric moisture transport from the

northern tropical Atlantic Ocean to STSA (Wang and Fu 2002; Li

and Fu 2004). For instance, the increase in the frequency of the

cross-equatorial northerlywinds during austral spring (September–

November) is associated with the onset of the wet season in

northwestern Amazonia (Wang and Fu 2002). In addition, differ-

ent studies also suggested that the increase of latent heat and

surface moisture fluxes, related to tree transpiration, contributes
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much of thewater for rainfall over this region (e.g., Fu andLi 2004;

Wright et al. 2017).

Considering different regions over tropical South America

and using different methods (mainly based on convective ac-

tivity and precipitation), several studies have characterized the

onset and demise dates of the SAMS [see Correa et al. (2021)

for a comparative analysis]. In relation to an increase of dry

conditions in southern Amazonia during the dry-to-wet transi-

tion season (e.g., Espinoza et al. 2019a,b; Funatsu et al. 2021),

studies have documented a significant delay in the SAMS onset

and lengthening of the dry season in STSA in recent decades

(e.g., Fu et al. 2013; Arias et al. 2015;Debortoli et al. 2015;Arvor

et al. 2017; Agudelo et al. 2019; Giráldez et al. 2020; Haghtalab

et al. 2020; Correa et al. 2021). For example, Fu et al. (2013)

estimated a lengthening of the dry season over the southern

Amazonia of about 6.5 6 2.5 days per decade for the period

1979–2011. The authors suggested that the delayed SAMS on-

sets are associated with a poleward shift of the subtropical jet

over South America and an increase in the convective inhibition

(CIN) during the austral winter (June–August). In addition,

Arias et al. (2015) showed that anomalously warm SST in the

tropical NorthAtlantic Ocean, the positive phase of theAtlantic

multidecadal oscillation (AMO), and the El Niño events are

associatedwith the delay of the SAMSonset reported during the

last four decades. For instance, during the 2015/16 El Niño–
related drought, the onset of the rainy season over the central

Amazonia in 2015 occurred 10–15 days later than the normal

onset date (Marengo et al. 2017). In accordance with these re-

sults, studies identified that variations of SSTs over the Pacific

(e.g., El Niño or La Niña events) and positive or negative SST

anomalies in the Atlantic Ocean are related to interannual

rainfall variability in the Amazonian region (e.g., Liebmann and

Marengo 2001; Arvor et al. 2017; Espinoza et al. 2019a; Jimenez

et al. 2021). In particular, the rainfall decrease observed

throughout the last four decades in southern Amazonia during

the dry-to-wet transition season has been associated with an

increased atmospheric subsidence over this region as part of

the intensification of the Hadley and Walker cells (e.g., Yoon

and Zeng 2010; Arias et al. 2015; Espinoza et al. 2016, 2019a;

Barichivich et al. 2018; Agudelo et al. 2019; Segura et al. 2020).

On the other hand, recent studies also show that delays of the

SAMS onset are influenced by anthropogenic forcing, such as

deforestation and related changes in the regional hydrological

cycle (Butt et al. 2011; Debortoli et al. 2015; Wright et al. 2017,

Ruiz-Vásquez et al. 2020).
In relation to the above-described lengthening of the dry sea-

son in the southern Amazon, several studies have documented a

decline ofAmazon biomass during the last decades (e.g., Brienen

et al. 2015). In particular, a higher frequency of extreme droughts

in the southernAmazon (Marengo andEspinoza 2016) promoted

an anomalously extensive and severe fire season over this region

(Brando et al. 2014; Alencar et al. 2015; Aragão et al. 2018;

Libonati et al. 2021). For instance, during the dry seasons of 2005,

2007, 2010, and 2015/16, high biomass burning in the southern

Amazon and Brazilian Cerrado were reported (Fernandes et al.

2011; Chen et al. 2017; Libonati et al. 2021). In addition to climate

variability, deforestation has been recognized as a key driver

of vegetation burning in Amazonia, which is enhanced during

extremedroughts and periods ofweak forest governance (Barlow

et al. 2020; Staal et al. 2020). While most studies have docu-

mented the role of the large-scale climatic factors at interannual

time scale on the intensity of fire season (e.g., El Niño and

anomalously warm SSTs in the Atlantic Ocean), little is known

about intraseasonal atmospheric circulation regimes that could

promote fire activities in tropical South America. In addition, the

internal dynamics of the atmosphere exhibits a broad spectrumof

motions, primarily dominated by the annual cycle; however,

changes in characteristics atmospheric regimens during the dry-

to-wet transition season on STSA can provide additional infor-

mation about the role of large-scale climate variability on the

lengthening of the SAMS onset and its related impacts on fire

activity. Under this context, the improvement of our under-

standing about the atmospheric circulation patterns related to

changes in the SAMS onset and the consequent lengthening of

the dry season in STSA remains a high-priority issue from a

scientific and societal point of view. In this study, we inves-

tigate the daily atmospheric circulation regimes during the

dry-to-wet transition season in STSA using the pattern rec-

ognition framework of weather typing or atmospheric circu-

lation patterns (CPs).

Weather types or CPs are usually defined as recurrent and

potentially predictable atmospheric situations, which can be

related to dependent local variables such as rainfall or tem-

perature (Hewitson and Crane 2002; Solman and Menéndez
2003; Moron et al. 2008; Bettolli et al. 2010). In this study, CPs

will be related to atmospheric mechanisms associated with

changes in the SAMS onset and lengthening of the dry season

in STSA. Two complementary approaches are used to eval-

uate atmospheric variability, with or without explicit time

filtering. Applying a temporal filter in atmospheric data (e.g.,

removing the annual cycle or interannual variability) has the

advantage of focusing on a specific time scale, thus empha-

sizing the impact of some particular climatic phenomena.

However, this approach has the potential disadvantage that

could be detrimental due to potential aliasing between time

scales and removing the largest fraction of temporal variance

due to the annual cycle of solar radiation. In tropical South

America, this method has been used by Espinoza et al. (2012,

2013, 2015), da Anunciação et al. (2014), Paccini et al. (2018),

and Figueroa et al. (2020) to analyze the relationship between

intraseasonal atmospheric circulation and high-frequency

hydroclimatic events, such as extreme rainy days and im-

pacts on river water levels, dry spells, and cold surges.

Another approach is the CP definition based on atmospheric

variables without any time filtering. This approach considers

all bandwidths including the annual cycle together with intra-

and interannual variations. Thus, the partitioning in CPs is

used as a coarse-grained statistical approach for analyzing

atmospheric circulation covering, in theory, all time scales

from daily up to the number of years included in the analysis

(Ghil and Robertson 2002; Moron et al. 2010, 2016; Sáenz
and Durán-Quesada 2015). This comprehensive approach

is especially relevant for the characterization of transitional

periods, such as the dry-to-wet one, when the main shift

of the annual cycle is superimposed to other faster (intra-

seasonal and synoptic) and slower (interannual) time scales
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(Moron et al. 2015; Gouirand et al. 2020). Applying the CP

framework, without any time filtering, this study has three

main goals: (i) to identify the CPs throughout the year, par-

ticularly those that are characteristic of the dry-to-wet transi-

tion over STSA; (ii) to analyze the temporal evolution of the

CPs characteristics of the dry-to-wet transition season during

the 1979–2020 period, in relation to the delayed SAMS onsets;

and (iii) to analyze the impact of characteristic dry-to-wet

transition season CPs on fire activities in STSA. Section 2

presents the data and methods used in this study. The main

results are detailed and discussed in section 3, and the con-

clusions and final remarks are given in section 4.

2. Data and methods

a. Atmospheric data

Todefine theCPs,weuse both zonal andmeridional dailywinds

at 850 hPa in the region defined by 108N–308S, 908–308W for the

1979–2020 period, from the European Centre for Medium-Range

Weather Forecasts (ECMWF) reanalysis ERA5 (Hersbach et al.

2020) dataset. In addition, zonal and meridional wind and vertical

motion (vertical velocity) at pressure levels between 1000 and

100 hPa from the ERA5 reanalysis are also analyzed in relation to

each CP. Convective inhibition from ERA5 is also analyzed as an

indicator of the amount of energy preventing an air parcel to rise

from the surface to the level of free convection. This new gener-

ation reanalysis of the ECMWF is available at a horizontal reso-

lution of 0.288 3 0.288 (31km) at hourly time step. In this study,

daily data are used. These data are available online (https://

www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5).

b. Outgoing longwave radiation and deep convective

clouds datasets

To analyze deep convection, interpolated daily outgoing long-

wave radiation (OLR) from the NOAA dataset (hereinafter

OLR-NOAA; Liebmann and Smith 1996) is used for the same

space and time windows over South America. OLR-NOAA data

at 2.58 of horizontal resolution are available at https://psl.noaa.gov/
data/gridded/data.interp_OLR.html. OLR-NOAA data are used

to define the onset of the South American monsoon system (as

explained in section 2f). To complement this analysis, we also use

OLR and information of cloud properties data from two products

part of the Clouds and the Earth’s Radiant Energy System

(CERES) project. This project, launched in 2000, measures the

energy fluxes at the top-of-the-atmosphere (TOA) and allows the

study of global energy balance, cloud feedbacks and cloud prop-

erties (Wielicki et al. 1996). The CERES synoptic 18 (SYN1deg)

daily means, edition 4.1, product is used in this work for analyzing

TOA longwave radiation flux (hereinafter OLR-CERES). On the

other hand,we useCERESSingle Scanner Footprint (SSF)-level 3

product to identify the number of days with deep convective

clouds for the July–October season (Doelling et al. 2013). These

datasets present a horizontal resolution of 18 3 18, cover the pe-

riod 2000–20, and are available online (https://ceres.larc.nasa.gov/

data/). For both products, the edition 4.1 is used. This version

incorporates higher time resolution data and additional

infrared channels than previous versions, improving the

accuracy of high-temporal-resolution fluxes reducing longwave

flux biases (Doelling et al. 2016). Following the method devel-

oped by Xu et al. (2016), we distinguish deep convective clouds

based on a set of physically defined criteria. First, deep con-

vective clouds are characterized by a cloud-top pressure be-

tween 440 and 50 hPa. Additionally, the cloud visible optical

depth gives information about the level of transparency of dif-

ferent types of clouds. In this sense, higher values of the optical

depth in the visible spectrum imply more scattering due to ice

crystals and water droplets. For this reason, whereas optical

depth values that are greater or equal than 10 are characteristic

of thick deep convective clouds, smaller values are related to

thinner clouds such as cirrus or cirrocumulus. As a final condi-

tion, more than 99% of the pixel area needs to be covered by

clouds (cloud fraction . 0.99) (Xu et al. 2016). Grid cells for

which these three conditions are accomplished are labeled as

areas with deep convective clouds.

c. Precipitation datasets

In this study, we analyze the daily Climate Hazards Group

Infrared Precipitation with Stations (CHIRPS) dataset, which

combines satellite and rain gauge data (Funk et al. 2015). This

rainfall dataset uses the global cold cloud duration (CCD), as a

thermal infrared method to estimate the global precipitation.

Then, the product TRMM-3B42V7 is used to calibrate the

precipitation estimated by the global CCD. Last, meteorological

stations are utilized to calibrate the estimations of precipitation.

The high spatial resolution (0.058 3 0.058) and the temporal

coverage from January 1981 toDecember 2020makeCHIRPS a

suitable satellite precipitation product to study the precipitation

variability over tropical South America, as shown in previous

studies (Paccini et al. 2018; Espinoza et al. 2019a; Arias et al.

2020; Calvalcante et al. 2020; Paca et al. 2020; Funatsu et al.

2021). The CHIRPS V2.0 dataset is available online (https://

data.chc.ucsb.edu/products/CHIRPS-2.0/global_daily/).

d. Active fire counts

The estimation of the active fire counts is based on the

Brazilian national program ‘‘Programa Queimadas’’ from

the National Institute for Space Research (INPE) of Brazil. The

active fire counts detection is done through automatic processing

of images obtained from nine satellites: Terra, Aqua, Suomi

NPP, NOAA-15, NOAA-18, NOAA-19, MetOp-B, GOES-16,

andMeteosat-10 (MSG-3) (INPE 2018). The dataset used in this

study is the last version, which includes the adoption of the al-

gorithm and active fire detection data fromMODISCollection 6

and the correction of MODIS-detected fire pixels, based on the

Aqua daily sensor at 1-km resolution. This dataset is produced

by the INPE and is available from 1998 to the present (INPE

2018). Therefore, this information is fully compatible and inte-

gratedwith theNASAMODISCollection-6 fire product (Giglio

et al. 2018; Libonati et al. 2021). In this study, monthly data

averaged over the Brazilian states of Maranhão, Tocantins,

Goiás, and São Paulo are analyzed. This dataset is available

online (http://queimadas.dgi.inpe.br/queimadas/portal).

e. Definition of large-scale circulation patterns

Rather than giving technical details for the k-means method,

which can be found in previous studies (e.g.,Diday and Simon 1976;
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Michelangeli et al. 1995; Straus and Molteni 2004; Sáenz and

Durán-Quesada 2015), we provide here a broad picture of the

overall method used for defining circulation patterns (CPs).

Daily CPs are extracted from horizontal 850-hPa daily winds

over the 108N–308S, 908–308W region and then clustered

using a k-means dynamical algorithm (Michelangeli et al. 1995;

Diday and Simon 1976) without any time filtering (e.g., Moron

et al. 2015, 2016). The 850-hPa daily winds are first standard-

ized at each ERA5 grid point using the long-term mean and

standard deviation. This approach provides a large-scale over-

view of the atmospheric variability by considering, a priori, all

time scales from daily to decadal. No significant changes in CPs

are identified using other boundaries into STSA (e.g., 58N–258S
or 58–258S).

The k-means clusters identify high concentrations of points

in the phase subspace spanned by the daily 850-hPa winds.

The k-means method iteratively partitions the ensemble of

15 341 days (from 1 January 1979 to 31 December 2020)

without any preprocessing into k-clusters to minimize the

sum of variances within clusters (Diday and Simon 1976).

Each day is identified by the horizontal 850-hPa winds over

the 108N–308S, 908–308W region. The first step of the k-means

method is the random selection of k days from the 15 341 days

(independent of the date of the year), which are initially

considered as the cluster center. Using Euclidean distances,

each daily 850-hPa wind map is assigned to the nearest center.

The centroid of each of the k clusters is then taken as the

cluster center in the second step, and the same procedure is

repeated until the sum of intracluster variance stops de-

creasing, within a given tolerance considering a maximum of

100 iterations.

The number of k-clusters is evaluated by applying the

Calinski–Harabasz index (Calinski and Harabasz 1974), which

is based on the ratio of the sum of between-clusters dispersion

and of intercluster dispersion for all clusters. This index varies

from 0 (worst classification) to 1‘ (best classification).

Once the CPs are defined, composite analysis of different

variables (e.g., rainfall and OLR) is carried out over the days

assigned to each CP. These composites allow us to investigate

the relationships between each CP and large-scale convection

or local-scale daily rainfall.

As documented in previous studies that analyze CPs in

tropical South America (Espinoza et al. 2012; da Anunciação
et al. 2014; Paccini et al. 2018), the 850-hPa winds are highly

relevant to describe the atmospheric circulation since they

allow a proper description of the variability of the trade winds,

the SALLJ, cold surges, SACZ variability, etc. (e.g., Vera et al.

2006; Espinoza et al. 2013; Carvalho et al. 2004; Mayta et al.

2018). Previous studies have shown that adding other variables

(such as temperature or geopotential height at other levels of

the atmosphere) in the clustering algorithm gives similar CPs

and does not change the overall quality of rainfall discrimi-

nation in the Amazon (Espinoza et al. 2012).

Last, we assess the significance of the probability for

the transitions between CPs by randomly reproducing

(1000 times) a vector that associates each day to a specific

CP, but preserving the number of days for each CP. After

this resampling process, we take the 99th percentile of the

randomly estimated transition probabilities. This method can

be understood as a bootstrap technique (see Wilks 2006).

f. The onset of the South American monsoon system

In this study, the South American monsoon system (SAMS)

onset is estimated using OLR (NOAA and CERES) and

rainfall based on pentad averages. Both indices are computed

on each grid point over the region extended from 58 to 258S in

STSA to provide regional specifications related to the SAMS

onset. For the precipitation-based index, the SAMS onset is

defined as the pentad before which the rainfall rate is less than

the climatological annual rainfall (1981–2020) during 6 of 8

preceding pentads and after which the rainfall rate was greater

than the climatological annual rainfall during 6 of 8 subsequent

pentads. As suggested in previous studies, in the years when

these thresholds did not allow identifying the SAMS onset, the

duration threshold was relaxed from 6 to 5 consecutive pentads

(e.g., Arias et al. 2015). For the OLR-based index, the SAMS

onset is determined from the pentad after whichOLRvalues are

less than 240Wm22 in 8 of 12 consecutive pentads and before

which this value is exceeded in the same number of pentads

(Kousky 1988; Correa et al. 2021). In this study, we prioritize the

OLR-based index to analyze an independent dataset from

rainfall and reanalysis-based methods (e.g., da Silva and de

Carvalho 2007; Fu et al. 2013; Correa et al. 2021).

g. Trend analysis and detrended correlation

We used the Kendall test with a significance level p , 0.05

to evaluate temporal trends in precipitation, annual fre-

quency of CPs, and the date of the SAMS onset. The slope of

the trend is calculated using a linear regression. For theCHIRPS

precipitation dataset, we analyze the 1981–2020 period; the

1979–2020 period is considered for the atmospheric variables.

The relationships between the frequency of CPs, climatic

variables, and active fire account are investigated using corre-

lation analysis on the previously detrended time series. For this

purpose, we use the rank-based Kendall coefficient t and the

parametric Pearson coefficient r using a confidence level of at

least 95% (significance levelp, 0.05). The Pearson coefficient is

applied as a metric of the total variance of climatic variables and

active fire account explained by the frequency of CPs.

3. Results and discussion

a. Definition of the number of clusters

After applying the Calinski–Harabasz index for the 850-hPa

wind data over the 108N–308S, 908–308W region for the

15 341 days, the result shows no optimum number of clusters

because the index decreases while the number of clusters in-

creases. In this study, the number of clusters were tested from

2 to 12 clusters. However, diminution in the index becomes

very low after 9 clusters (not shown). In addition, according to

previous studies that have already defined nine intraseasonal

CPs in tropical South America (Espinoza et al. 2012; da

Anunciação et al. 2014; Paccini et al. 2018) and considering the

mean seasonal cycle of CPs (section 3b), we decided to retain

nine groups (Fig. 1a). Then, the mean 850-hPa wind patterns of

the days corresponding to each group represent our nine CPs.
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These CPs can be interpreted as an average of each dominant

meteorological state over tropical South America. As a re-

sult, each day within the period 1979–2020 was assigned to a

particular CP.

b. Mean seasonal cycle of CPs and main
atmospheric features

The mean seasonal cycle of the relative frequency of the

nine CPs is shown in Fig. 1a. This seasonal distribution of CPs

suggests that they can be interpreted primarily as snapshots of

the mean annual cycle of the low-level wind circulation. As

described in the introduction, previous studies have defined

the SAMS onset and demise using pentads of precipitation or

OLR over a part of southern Amazonia (508–708W, 158–58S).
Following this approach, Fig. 1b shows the mean date of the

SAMS onset and demise. The SAMS onset occurs around late

September (pentad 54 on average with 62.5 pentads of

standard deviation) and late October (pentad 58 6 2), ac-

cording to the OLR and precipitation indices, respectively.

This date also corresponds to the dry-season end (DSE) in

STSA. On the other hand, the SAMS demise is usually ob-

served between late April and early May, according to the

precipitation and OLR indices, respectively (e.g., Vera et al.

2006). In addition, both OLR-NOAA andOLR-CERES data

show similar dates for the SAMS onset (Fig. 1b). For inter-

annual variability for the common period (2000–20), the

SAMS onset dates estimated with both datasets are signifi-

cantly correlated (r 5 0.51; p , 0.05) and a higher standard

deviation is observed in OLR-NOAA values (Fig. S1 in the

online supplemental material).

The period corresponding to the SAMS onset is character-

ized by a high frequency of CP1 and CP2 (40%–70% of the

time). During the austral summer (December–February), CP3,

CP4, and CP5 are frequently observed (around 90% of the

time). CP3 is mainly observed in December–January, whereas

CP4 and CP5 are predominant in February and even in March

(Fig. 1a). An abrupt diminution of the CP4 and CP5 frequen-

cies is observed by late March and early April, while a high

frequency of CP6 (40%–50% of the time) is observed. Indeed,

during the SAMS demise (April–May), CP6 is observed

around 60% of the time. Finally, during the austral winter

(June–August corresponding to the dry season in STSA), CP7,

CP8, and particularly CP9 are the most frequent (60%–80% of

the time), whereas CP1 is observed during the whole dry sea-

son (10%–20% of the time) but with more frequency during

the beginning of the austral winter and during the dry-to-wet

transition season (Fig. 1a). In summary, the mean seasonal

cycle of the frequency of CPs describes three ‘‘summer’’ CPs

(CP3, CP4, and CP5), three ‘‘winter’’ CPs (CP7, CP8, and

CP9), and three ‘‘transitional’’ CPs (CP1, CP2, and CP6)

(Fig. 1a). According to Fig. 1b, CP1 and CP2 are mostly fre-

quent during the dry-to-wet transition period in STSA (cor-

responding to the SAMS onset) and CP6 is most frequent

during the wet-to-dry transition period (corresponding to the

SAMS demise).

Table 1 indicates significant transitions within the winter

CPs on one hand, and within the transitional CPs on the

other hand. However, no significant transitions are detected

within the summer CPs, which are the most self-persistent

CPs (around 70%) and the longest spell (Table 1). The self-

persistence of the winter and transitional CPs vary from 50%

(CP8) to 62% (CP9). For mean length of the CPs, high values

are observed for summer CPs (more than 3 days in average).

These CPs also show high spells lasting at least 5 and 7 con-

secutive days (23%–25% of days; Table 1).

The signal of the annual cycle of the atmospheric circulation

is also visible in the atmospheric composite CPs. So-called

winter CPs are characterized by cross-equatorial southerly

low-level winds regime and upward motion from 925 to

300 hPa in the Northern Hemisphere of South America

FIG. 1. (a) Relative mean daily frequency of the nine circulation

patterns (CPs) defined from the k-means clustering of zonal and

meridional daily 850-hPa winds (108N–308S; 308–908W). The x axis

displays 365 days from 1 Jan to 31 Dec in the 42 years from 1979 to

2020. (b) Mean annual cycle of precipitation (1981–2020; green

line), OLR-NOAA (1979–2020; blue line), and OLR-CERES

(2001–20; red line) within the region bounded by 58–158S, 708–
508W. Green, blue, and red dots show the climatological mean

dates of the SAMS onset and demise estimates from precipitation,

OLR-NOAA, and OLR-CERES indices, respectively. Standard

deviation of the SAMS onset is also indicated for each index. The

corresponding dry-season lengths are indicatedwith vertical dotted

lines in (a) and (b).
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(Figs. 2 and 3). In the extratropics (208–408S), an atmospheric

subsidence anomaly is observed, particularly during CP7 and

CP8. Atmospheric divergence at the surface predominates

over southern Amazonia in CP7 and CP9. During these two

CPs, southerly wind anomalies are observed from the Bolivian

Amazon toward southeastern South America (SESA), partic-

ularly during CP9, which is probably related to occurrence of

the SALLJ during the wintertime (e.g., Marengo et al. 2004).

On the contrary, CP8 is characterized by low-level southerly

wind anomalies over the entire tropical South America, to the

east of the Andes (Figs. 2 and 3), which is typically observed

during cold-surge intrusions in the tropical region, frequently

observed during this season (e.g., Garreaud 2000; Lupo et al.

2001; Li and Fu 2006; Espinoza et al. 2013). According to the

annual cycle of precipitation, the winter CPs are characterized

by negative rainfall anomalies relative to mean annual values

(Fig. 2), particularly over central and southern Amazon and

the continental SACZ region (hereinafter the SACZ region).

On the contrary, positive rainfall anomalies are observed in the

extreme north of the continent, including the northwestern

Amazonia in the CP8, which is related to ascending motion

observed over this region (Fig. 3). At the upper levels, winter

CPs are characterized by the presence of the subtropical upper-

level westerlies south of 108S (Fig. S2 in the online supple-

mental information).

During the dry-to-wet transitional CPs, CP1 is charac-

terized by northerly low-level wind anomalies from the

central Amazon to SESA, including SALLJ events. Negative

(positive) rainfall anomalies are observed over the eastern

Amazon and the SACZ regions (SESA region). Around

208–308S, ascending motion is observed from 850 to 200 hPa,

which is associated with positive rainfall anomalies over this

region (Figs. 2 and 3). On the contrary, CP2 is characterized

by a northerly cross-equatorial wind regime and an extra-

tropical southerly low-level wind intrusion toward southern

and central Amazon. Consequently, during CP2, low-level

winds convergence, ascending motion and positive rainfall

anomalies are observed in a northwest–southeast band

from central Amazonia to the northern coastal SACZ re-

gion. These atmospheric features are characteristics of the

cold-air incursions from the extratropics that may trigger

rainfall over central Amazon, which in combination with a

northerly cross-equatorial wind regime is an important con-

tributor of the SAMS onset (Wang and Fu 2002; Fu et al. 2013;

Yin et al. 2014). Accordingly, CP2 mostly occurs during the

September–November period (Fig. 1a), when the SAMS onset

is usually observed (Fig. 1b). In addition, following the dry-to-

wet transition period in themean seasonal cycles of CPs, CP2 is

the first CP characterized by a northerly cross-equatorial wind

regime, ascending motion and positive rainfall anomalies over

STSA (Figs. 2 and 3).

The so-called summer CPs (CP3, CP4, and CP5) are all

characterized by a northerly cross-equatorial wind regime

and intense ascending motion over the Southern Hemisphere

of tropical South America (Figs. 2 and 3), which are typical

characteristics of the mature phase of the SAMS (e.g., Wang

and Fu 2002; Vera et al. 2006; Arias et al. 2015). At upper

levels, these CPs are characterized by easterly winds at

200 hPa over the tropical Andes (Fig. S2 in the online sup-

plemental information), which are related to positive rainfall

anomalies over this region (Garreaud et al. 2003; Segura et al.

2019; Espinoza et al. 2020). Indeed, the formation of the

Bolivian high at 200 hPa, which is particularly intense during

CP5, characterizes the summer CPs (Fig. S2). CP4 is char-

acterized by northerly low-level wind anomalies from the

Amazon to SESA, and ascending motion is observed over the

central Amazon and SESA. Positive rainfall anomalies are

observed over these regions. On the contrary, during CP3 and

CP5, low-level southerly wind intrusions are observed in the

southernmost Amazonia (Fig. 2). Related to this feature,

low-level wind convergence, ascending motion and positive

rainfall anomalies are intense over the southeastern Amazon,

the tropical Andes, and the SACZ regions (Figs. 2 and 3). The

above-described summer CPs depict the main intraseasonal

patterns characterizing this season, such as the SESA–SACZ

dipole (CP4–CP3), the intraseasonal variability of the SACZ

(CP3–CP5), and the intensity of the Bolivian high (CP5) (e.g.,

Silva Diaz et al. 1983; Nogués-Paegle and Mo 1997; Carvalho

et al. 2004).

During the transitional wet-to-dry CP6, southerly winds

anomalies predominate at lower levels, including a south-

erly cross-equatorial wind regime (Fig. 2). Low-level wind

TABLE 1. Probability of transition (%) between the CP (rows) and another CP (column) (columns 2–10), the mean length of each CP

(days) (column 11), and the percentage of days included in spells lasting at least 3, 5, and 7 consecutive days (columns 12–14). Boldface

values indicate transition occurring more frequently than chance at the one-sided 99% level. To evaluate this significance, the vector that

associates each day to a particular CP has been reproduced randomly 1000 times (preserving the number of days for each CP).

CP1 CP2 CP3 CP4 CP5 CP6 CP7 CP8 CP9

Mean

length

Days

(in spell . 3 days)

Days

(in spell . 5 days)

Days

(in spell . 7 days)

CP1 56 7 1 4 0 11 9 4 20 2.3 40 21 9

CP2 14 52 10 4 4 4 1 3 0 2.1 35 20 8

CP3 3 8 68 9 10 0 0 0 0 3.1 41 31 25

CP4 3 6 11 69 10 10 1 0 1 3.2 39 29 23

CP5 0 6 10 6 71 5 0 0 0 3.4 40 34 24

CP6 2 13 0 5 5 57 5 14 1 2.3 35 24 17

CP7 3 2 0 1 0 4 56 18 7 2.3 43 19 10

CP8 15 6 0 1 0 3 3 50 10 2.0 38 14 4

CP9 4 0 0 1 0 6 26 10 62 2.6 41 24 18
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divergence is observed in STSA and ascending motion pre-

dominates over the equatorial region from 925 to 300 hPa

(Fig. 3). At upper levels, subtropical westerlies are observed

south of 158S (supplemental Fig. S2). In relation to these

features, negative (positive) rainfall anomalies are observed

over the SACZ region and southern Amazon (northeastern

Amazon). Note that the rainfall annual peak in the northeastern

Amazon is observed during April–May (Espinoza et al. 2009),

which is in accordance with a major frequency of CP6 during

these months (Fig. 1).

c. Changes in the frequency of CPs and the SAMS onset

In this section, we investigate potential changes in the fre-

quency of CPs during the 1979–2020 period. According to

Fig. 1b, precipitation in southern Amazonia begins to increase

from mid-July, and the July–October period corresponds to

the increasing portion of the seasonal cycle of precipitation

that precedes the wet season. In this study, we define the

July–October period as the extended dry-to-wet transition

season in STSA, which corresponds to a portion of the ex-

tended dry season defined by Zemp et al. (2017). Table 2

shows that this season is characterized by significant trends

in the frequency of two CPs in the period 1979–2020.While a

decreasing trend is observed in the frequency of CP2 during

September–October (corresponding to the mean date of

SAMS onset), the frequency of CP9 significantly increases

during July–September. No trends are detected in other CPs

during the July–October period (Table 2). During December–

January, a significant increase in the frequency of CP4 is also

observed; however, because the objective of this study is to

investigate changes in atmospheric circulation during the

dry-to-wet transition period in STSA, the following analysis

will concentrate on the variations of CP2 and CP9, which are

the only CPs showing significant trends during this season

(according to Table 2), and associated rainfall anomalies

during the July–October season.

FIG. 2. Mean 850-hPa winds (vectors) and precipitation (shadings) standardized anomalies for the nine CPs defined using k-means

clustering of the standardized anomalies of 850-hPa winds for the period 1979–2020. Only standardized precipitation anomalies higher

than 0.1 or lower than 20.1 are plotted. The black outline indicates the boundary of the Amazonian region.
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Considering the entire July–October season, Fig. 4a shows a

significant increase and decrease of the CP9 and CP2 fre-

quency, respectively, at p , 0.01. During the decade of the

1980s, CP9 was observed around 20% of the time and this

frequency increased to 35% for the 2010–20 period. Higher

frequencies of CP9 were observed in 2017, 2012, 2007, 2020,

and 2014. In contrast, the frequency of CP2 changed from 13%

of the time during the 1980s to 7% in the last decade. For ex-

ample, CP2 was rarely observed in 2017, 2015, and 2012. In

summary, during the dry-to-wet transition season in STSA, the

winter CP9 is most frequently observed during the last years, in

contrast to the transitional CP2, which become rarely ob-

served. Because CP2 is related to atmospheric mechanisms

associated with the SAMS onset (section 3b), these results

suggest that the delayed onsets of the SAMS documented in

the literature may be linked to a decrease and increase of CP2

and CP9, respectively, during the dry-to-wet transition season.

Figure 4b reveals that the higher occurrence of CP9 and

lower occurrence of CP2 during the July–October season are

associated with an anomalous intensification of the southerly

cross-equatorial wind regime, with easterly low-level winds in

southeastern Amazonia and the subtropical branch of the

SALLJ. In general, Fig. 4b also shows that the low-level winds

from the tropical North Atlantic toward the continent are

weakened. Consequently, wind divergence and negative rain-

fall anomalies are observed over most of STSA. Frequencies of

CP2 and CP9 are not significantly correlated considering a

detrended analysis for the 1979–2020 period. In accordance

with these atmospheric mechanisms, Fig. 4c shows that the

higher occurrence of CP9 and lower occurrence of CP2 during

the July–October season are associated with a diminution of

the deep convective clouds over southern Amazonia and

SACZ regions, while an increase of deep convective clouds is

observed over northern South America and the SESA region.

As described in the introduction, studies based on precipi-

tation and OLR indices have identified a trend of late onsets of

the SAMS since 1979 in association with a longer dry season in

the southern Amazon. Based on the OLR index and for the

1979–2020 period, Fig. 5a shows that a trend toward late wet-

season onsets is observed in southeastern Amazonia, southern

Amazonia (mainly Bolivian Amazon), and western Amazonia.

Consistently, these regions are characterized by a significant

decrease of rainfall and increase of dry-day frequency (DDF),

defined as days with precipitation ,1mm day21) during the

dry-to-wet transition season (Figs. 5b,c). However, some dis-

crepancies between the trend of the wet-season onset date and

rainfall are observed in western Amazonia, where positive and

negative trends are observed; due to the differences in the

FIG. 3. Meridional and vertical wind anomalies (vectors) zonally averaged over the 708–408W region for the nine CPs defined in Fig. 1a.

Vertical red lines indicate the boundaries of the southern Amazon (from 58 to 208S).
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spatial resolution of the datasets, as well as the complex sea-

sonal cycles of precipitation over this region (Espinoza et al.

2009), comparison becomes difficult. Nonetheless, according to

previous studies, Fig. 5 confirms that drier conditions during

the dry-to-wet transition season and a more frequent occur-

rence of delayed SAMS onsets have characterized the south-

eastern Amazonia during the last four decades.

To analyze the relationship between the frequency of CPs and

rainfall during the dry-to-wet transition period in STSA, a

detrended correlation analysis is carried out between the fre-

quency of CPs and rainfall (for the 1981–2020 period) and the

SAMS onset index (for the 1979–2020 period). During the years

characterized by anomalously more CP9 than usual, negative

rainfall anomalies andpositiveDDFanomalies predominate over

the southeastern Amazonia and the SACZ region (Figs. 6a,c).

The opposite rainfall signal is observed during the years charac-

terized by anomalously more CP2 than usual, with rainfall

anomalies centered over the extreme eastern Amazonia and

eastern Brazil (Figs. 6b,d). The same analysis considering the

other seven CPs shows no significant correlations with rainfall or

OLR-based SAMS onset for the July–October period (not

shown). In accordance with these results, Fig. 6e shows that late

TABLE 2. The t coefficient resulting from the Kendall trend test on the frequency of CPs during the period 1979–2020. Boldface

numbers indicate statistical significance at p , 0.05.

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

1 — — — — — — — — — — — —

2 — — — — — — — — 20.25 20.24 — —

3 — — — — — — — — — — — —

4 0.24 — — — — — — — — — — 0.28
5 — — — — — — — — — — — —

6 — — — — — — — — — — — —

7 — — — — — — — — — — — —

8 — — — — — — — — — — — —

9 — — — — — — 0.26 0.26 0.26 — — —

FIG. 4. (a) The 1979–2020 evolution of the frequency of days with CP9 (red line) and CP2 (blue line) for the July–

October (JASO) season. The frequency of CPs (number of days by season) is indicated in percentage of the total

number of JASO days. The t coefficients and trends according to Kendall test are given. (b) Difference of 850-hPa

winds (vectors) and precipitation (shading) standardized anomalies between CP9 minus CP2 during JASO. Only

standardized differences of precipitation and winds anomalies higher than 0.2 or lower than20.2 are plotted. The

black outline indicates the boundary of the Amazonian region. (c) Difference of the number of days with deep

convective clouds between CP9minus CP2 expressed as a percentage of the total JASO days characterized by deep

convective clouds (2000–20). Only percentage differences higher than 20% or lower than 220% are plotted.
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wet-season onset over eastern Amazonia is significantly associ-

ated with a higher frequency of CP9. In contrast, the variability of

the frequency of CP2 shows a limited influence in the date of the

SAMS onset (Fig. 6f). Based on running 31-day window corre-

lation analysis, Fig. 7 shows that the frequency of CP9 and CP2 is

positively and negatively correlated, respectively, with the date of

the wet-season onset computed over the 58–158S, 47.58–608W
region (black box in Fig. 6e). These correlations are particularly

significant (even after removal of the long-term trend) consider-

ing CP9 and when the running correlation is centered from mid-

August to mid-September, thus around one month before the

occurrence of the regional-scale onset. However, correlations

suddenly decay around two weeks before the wet-season onset

(Fig. 7). This figure suggests, for example, that an anomalously

high frequency of CP9 around mid-to-late August (i.e., when the

running correlations between SAMS onset date and CP9 fre-

quency peak) is linearly related to a delayed SAMS onset (and

vice versa for an anomalously low frequency of CP9 associated

with an earlier SAMS onset than usual). These results indicate

that the frequency of CP9 and CP2 during the dry-to-wet tran-

sition period modulates the rainfall variability over southeastern

Amazonia and the SACZ region, including the SAMS onset

(Figs. 6 and 7). The latter is particularly associated with the fre-

quency of CP9.

According to previous studies, a delayed SAMS onset is

associated with a blocking of cold-air incursions from the

extratropics during the dry-to-wet transition period that would

trigger rainfall over STSA (Li and Fu 2006). Our results are in

accordance with these mechanisms, considering that the fre-

quency of CP2 (characterized by cold-air incursions in STSA;

Fig. 2) is lower during the last years in opposition to the fre-

quency of CP9, which is characterized by southerly wind

anomalies from the Amazon basin to the SESA region

(Fig. 2). In addition, the frequency of CP9 (CP2) is posi-

tively (negatively) correlated with CIN anomalies over

southeastern Amazonia and the SACZ region during the July–

October season (Figs. S3a,b in the online supplemental infor-

mation), indicating that CP9 is related to a larger convective

inhibition. Considering a shorter period (2000–20), our analysis

also shows that the lower frequency of CP2 and higher frequency

of CP9 are associatedwith a diminution of deep convective clouds

over the SACZ region and parts of the southern Amazonia

(Fig. 4c; see also supplemental Figs. S3c,d). Previous studies

also indicate that a poleward displacement of the subtropical

jet over South America is a relevant mechanism contributing

to a delayed SAMS onset (Li and Fu 2004; Yin et al. 2014).

However, for differences between CP9 and CP2, no significant

changes were observed in the position and intensity of the

subtropical jet during the July–October season (not shown).

Therefore, further analyses are necessary to describe intra-

seasonal changes of the subtropical jet over South America.

More recent studies also suggest that drier conditions in

southern Amazonia are related to a reduction of deep convec-

tion and increasing atmospheric subsidence over this region

during the dry-to-wet transition season (e.g., Arias et al. 2015;

Agudelo et al. 2019; Espinoza et al. 2019a). Enhanced Walker

and Hadley circulations (modulated by warm conditions in the

Atlantic and the variability of Pacific SSTs) have intensified this

atmospheric subsidence over the southern Amazon during the

last decades (Yoon and Zeng 2010; Arias et al. 2015; Espinoza

et al. 2016;Haghtalab et al. 2020).Nevertheless, the frequency of

CPs during the July–October season is not significantly corre-

lated with SST considering a detrended analysis of the time se-

ries (not shown). In agreement with previous studies, CP2,

characterized by intense ascending motion and deep convective

clouds over the southern Amazon and the SACZ region, has

become less frequent during recent years in contrast to CP9,

characterized by atmospheric subsidence over STSA (Figs. 3 and

4c). Therefore, these results suggest that the frequency of CP9

(which is typically a winter CP) during the dry-to-wet transition

period is a good indicator of the duration of the dry season in

southeastern Amazonia and the SACZ region.

d. Atmospheric circulation patterns and the intensity of the
fire season (1999–2020)

Thedry-seasonperiod (especially its end) in STSA is frequently

associated with the fire season intensity (see the introduction and

Fig. 8) as observed inmany other tropical areas (e.g., van derWerf

et al. 2008). According to Fig. 6, the delay of the SAMS onset is

particularly significant over a region that includes the Brazilian

FIG. 5. Spatial distribution of Kendall coefficient values t (p, 0.05) indicating the trend for (a) 1979–2020 date of the wet-season onset

[or dry-season end (DSE)], (b) 1981–2020 July–October rainfall, and (c) 1981–2020 July–October dry-day frequency (DDF). Only values

with p , 0.05 are displayed.
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states of Maranhão, Tocantins, and Goiás (Fig. 8a). Figure 9a

shows the scatterplot between the date of SAMS onset (or the

DSEcomputed fromOLR-NOAA)over the 58–158S, 47.58–608W
region (black box in Fig. 6e) and active fire counts anomalies

averaged over these Brazilian states for the July–October season.

Both variables are significantly correlated (r5 0.51 and t 5 0.39,

with p , 0.05), confirming that years with a delayed SAMS

onset are frequently characterized by an intense active fire

season, for instance in 2007, 2010, and 2012. However, in

some years (e.g., 2020), the late SAMS onset is not associated

with high active fire anomalies. This correlation suggests that

the date of the SAMS onset explains around 25% of the total

variance of active fire counts in July–October. No signifi-

cant correlations are found when fire activities are analyzed

in other Brazilian states. In the next part of this section, we

investigate if the frequency of CPs can be related to the in-

tensity of the fire season in STSA.

Considering the July–October season, correlation between

active fire counts and the frequency of CPs are not significant at

p , 0.01, with the exception of CP9. For this reason, in this

section we analyze the relationship between the CP9 frequency

(which is particularly relevant for determining the dry-season

length in this region and its more or less delayed transition to the

next wet season) with the fire activity during July–October sea-

son. As shown in Figs. 6a and 6c, the frequency of both CP9 and

dry days during the July–October season are significantly cor-

related over the southeastern Amazon, the Cerrado region, and

the SACZ region, involving the Brazilian states of Maranhão,
Tocantins,Goiás, São Paulo, and parts ofMatoGrosso and Pará.
Given the active fire counts data availability (see section 2), we

FIG. 6. Spatial distribution of t values (p, 0.05) between July–October rainfall and the frequency of (a) CP9 and

(b) CP2 for the period 1981–2020, July–October DDF and the frequency of (c) CP9 and (d) CP2 for the period 1981–

2020, and 1979–2020 date of thewet-seasononset (orDSE) and the frequency of (e)CP9 and (f)CP2. Time series were

linearly detrended before applying the Kendall correlation. Only values with p, 0.05 are displayed. In (e), the region

bounded by 58–158S, 608–47.58W is indicated with a dotted black rectangle. Over this region, the running correlations

between the wet-season onset and frequencies of CP9 and CP2 are computed in Fig. 7, below.
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investigate the relationship between the frequency of CP9 and

fire counts on the states where the influence of CP9 is more

relevant for dry conditions: Maranhão, Tocantins, and Goiás in
the southeastern Amazon and Cerrado region, and São Paulo in

the SACZ region (Fig. 8). Note that fires in São Paulo occur

mostly in farming areas and particular characteristics have been

identified in protected areas and their buffer zones (e.g.,

Conciani et al. 2021). No significant relationships were ob-

tained considering fire counts in Mato Grosso and Pará
states (not shown), probably because these extensive states

also cover regions where the influence of CP9 on dry con-

ditions is not significant.

In Maranhão, Tocantins, and Goiás, a higher frequency of

CP9 is significantly associated with an intense fire season dur-

ing July–October (Fig. 9b). Over these states, the frequency of

CP9 explains around 35% of the total variance of the fire

counts variability during the 1999–2020 period (r 5 0.59, t 5
0.46, and p , 0.01). For fire counts in the state of São Paulo,

higher correlation is obtained considering a shorter period

from September to October, corresponding to the end of the

fire seasons and the split between dry and wet seasons, where

the frequency of CP9 explains 44% of the active fire counts

(r 5 0.66, t 5 0.60, and p , 0.01) (Fig. 9c). Note that no sig-

nificant trend is detected for CP9 during the shorter 1999–2020

period and correlation between frequency of CP9 and active

fire counts for this common period provides similar results if a

detrended analysis is applied (both correlation coefficients are

indicated in Fig. 9). These results indicate that a higher fre-

quency of CP9 during the dry-to-wet period would intensify the

fire season, leading to an increase of fire counts during

September–October in the state of São Paulo and during July–

October for Maranhão, Tocantins, and Goiás. More interest-

ing, our findings show that the CPs, which are based only on

low-level wind circulation, provide relevant information about

the atmospheric situations that can enhance the risk of stronger

fire activity. For instance, in 2007, 2012, 2014, and 2017, the

higher fire counts are associated with high frequency of CP9 in

both regions (Figs. 9b,c). However, some discrepancies can be

observed. For example, in 2007 the highest fire season was

observed over the states of Maranhão, Tocantins, and Goiás

FIG. 7. Pearson (solid line with dots) and Kendall (dashed line with circles) running cor-

relations between frequency of CP2 (in blue) and CP9 (in red) and SAMS onset date (defined

over 58–158S, 608–47.58W, the area shown as a black box in Fig. 6e). The correlations between

the frequency of either CP9 or CP2 on one hand and SAMS onset date on the other hand are

computed on running 31-daywindows centered on days indicated on the x axis. Dots and open

circles respectively indicate significant Pearson and Kendall correlations at p , 0.05 ac-

cording to a random-phase test using 1000 simulations. Shown are (a) the raw correlations and

(b) the correlations after a linear trend is removed from all time series. The vertical thick and

thin black lines are the mean and 61 std dev onset SAMS dates, respectively.
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and in 2020 it was observed over the state of São Paulo; how-

ever, these events are not necessarily explained by the highest

frequency of CP9. On the other hand, high active fire accounts

were reported during July–October 2010, but the frequency of

CP9 was between the mean observed values. Indeed, fires ac-

tivity during 2010 has been associated with historical drought

conditions in tropical South America throughout the year,

which is translated into a delayed SAMS onset (Fig. 9a). This

event was mainly related to El Niño, during the austral sum-

mer, and to anomalously warm conditions in the north tropical

Atlantic during the austral autumn and winter (Espinoza et al.

2011; Marengo et al. 2011). Previous studies have demon-

strated that biomass burning is primarily related to human

factors, such as deforestation and land management activities;

however, climate factors, such as seasonal droughts (related to

El Niño or warm conditions in north tropical Atlantic), also

modulate fire activities (Fernandes et al. 2011; Alencar et al.

2015; Aragão et al. 2018; Cunha et al. 2019; Libonati et al. 2021;
da Silva et al. 2020).

4. Conclusions and final remarks

The dry season in southern tropical South America has

lengthened in recent decades, mainly associated with a delayed

onset of the SouthAmericanmonsoon system. In this study, we

FIG. 8. Mean 1999–2020 seasonal cycle of active fire counts av-

eraged over (a) the states of Maranhão, Tocantins, and Goiás and
(b) the state of São Paulo. The inset panels show the same area as in

Fig. 6c, but indicating the boundaries of the states of Maranhão,
Tocantins, and Goiás (with blue lines) in (a) and São Paulo (with a

green line) in (b).

FIG. 9. (a) A 1999–2020 scatterplot between the date of DSE (in

pentads computed from OLR-NOAA data) over the 58–158S,
47.58–608W region (black box in Fig. 6e) and July–October av-

eraged active fire counts anomalies in the states of Maranhão,
Tocantins, and Goiás. (b) A 1999–2020 scatterplot between the

July–October frequency of CP9 and averaged active fire counts

anomalies in the states of Maranhão, Tocantins, and Goiás. (c) A
1999–2020 scatterplot between the September–October fre-

quency of CP9 and averaged active fire counts anomalies in the

states of São Paulo. Active fire counts anomalies are computed

using the climatological period of 1999–2000. The r and t values

resulting from Pearson and Kendall correlation, respectively,

between DSE, CP9, and active fire counts anomalies are indi-

cated. Values between parentheses correspond to correlations

from detrended time series. Years with high frequency of CP9 are

indicated.
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have analyzed the characteristics of atmospheric variations

over tropical South America using the pattern recognition

framework of weather typing, defined here as atmospheric

circulation patterns. This study aimed to (i) identify the CPs all

year around, in particular during the dry-to-wet transition

season over STSA, (ii) analyze the temporal evolution of the

CPs observed during the dry-to-wet transition season [July–

October (JASO)] during the 1979–2020 period, in relation to

rainfall variability and the occurrence of delayed SAMS on-

sets, and (iii) analyze the impact of a lengthened dry season in

STSA, defined by the CPs, on the fire activity in the region.

The definition of the CPs is based on unfiltered daily low-

level wind anomalies from 1979 to 2020 within the region

bounded by 108N–308S, 908W 308W. Following a k-means

method, daily low-level winds were gathered into nine re-

current atmospheric states or CPs: three ‘‘winter’’ CPs (CP7,

CP8, and CP9), three ‘‘summer’’ CPs (CP3, CP4 and CP5),

and three ‘‘transitional’’ CPs (CP1, CP2, and CP6). While

CP6 is particularly frequent during the wet-to-dry season in

STSA, CP1 and CP2 are characteristics of the dry-to-wet

transition season. After a description of the main atmo-

spheric characteristics of each CP, we analyzed the trends in

the frequency of CPs for the 1979–2020 period. Significant

changes are observed during the dry-to-wet transition season

over STSA (JASO). During JASO, the winter CP9 is most

frequently observed (from 20% of the time in the 1980s to

35% of time in the last decade) in contrast to the transi-

tional CP2, which become rarely observed (from 13% to

7%). The main atmospheric features related to changes in

CPs’ frequency during the dry-to-wet transition season in

STSA are schematically summarized in Fig. 10. Considering

the 1981–2020 period, our results show that drier conditions

over the southeastern Amazonia and the continental part of

the SACZ during the dry-to-wet transition season in STSA

are related to a high frequency of CP9 and low frequency of

CP2. Therefore, the above described ‘‘replacement’’ of CP2

by CP9 can be associated with atmospheric changes con-

tributing to a delayed SAMS onset during the 1979–2020

period (Fig. 10).

Previous studies have described a blocking of cold-air in-

cursions from the extratropics as mechanisms associated

with a delayed SAMS onset (Garreaud 2000; Li and Fu 2004;

Fu et al. 2013). Our results, based on a CPs partitioning, agree

with these mechanisms considering that the frequency of CP2

(characterized by active cold-air incursions and deep con-

vective clouds over STSA) decreases during the last years.

In contrast, CP9 is characterized by southerly wind anoma-

lies from the Amazon basin to the SESA region and lack of

convective clouds cover (Fig. 10). In relation to a higher

frequency of CP9, a reduction of deep convection, and

increasing atmospheric subsidence are observed in STSA,

where drier conditions are reported during the dry-to-wet

transition season for the 1979–2020 period (Fig. 10). These

changes in atmospheric circulation have been associated with

an enhanced Hadley circulation, which intensifies atmospheric

subsidence (ascendance) over STSA (northern South America)

(e.g., Arias et al. 2015; Agudelo et al. 2019; Espinoza et al.

2019a). On the other hand, studies suggest that a delayed

FIG. 10. Schematic representation of the main changes in atmospheric circulation related to the increasing trend

of the CP9 frequency and decreasing trend of the CP2 frequency during the dry-to-wet transition season over south

tropical South America (1979–2020) and associated impacts on dry conditions and fire activity. The boundaries of

the states of Maranhão-Tocantins-Goiás and of São Paulo are indicated by blue and green lines, respectively.
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onset of the rainy season in the southern Amazon can be

influenced by anthropogenic forcing, such as deforestation

(Debortoli et al. 2015; Alves et al. 2017; Leite-Filho et al.

2019; Ruiz-Vásquez et al. 2020). Thus, studies about changes
in the coupling between large-scale atmospheric circulation and

local land surface processes are necessary in order to reduce

uncertainties in the future projections of the water cycle in

tropical South America.

According to our results, a delayed SAMS onset, and a higher

frequency of CP9 during the dry-to-wet period in STSA, would

intensify the fire season in this region. Over the Brazilian states

of Maranhão, Tocantins, and Goiás the date of the SAMS

onset explains around 25% of the interannual variability of fire

counts activity during the period of 1999–2020. However,

considering the states of Maranhão, Tocantins, Goiás, and São
Paulo the frequency of CP9 explains around 35%–44% of the

fire counts activity. In 2007, 2012, 2014, and 2017, higher fire

counts are associated with a higher frequency of CP9 in these

regions (Fig. 10). In accordance with previous works, our re-

sults show that fire activity can bemodulated by climate factors

identified by mean of CPs. Nonetheless biomass burning is

primarily triggered by human factors, such as deforestation

and land management activities, which are highly heteroge-

neous into the Brazilian states analyzed in this study (Aragão
et al. 2018; Conciani et al. 2021; Cunha et al. 2019; Libonati

et al. 2021; da Silva et al. 2020). These results encourage fur-

ther analysis to identify natural conditions preconditioning

fire activities in STSA, taken under consideration meteoro-

logical (based on CPs) and hydrological conditions (e.g., soil

moisture) during the dry-to-wet transition period that can

modulate vegetation stress (e.g., Arias et al. 2020; Gutierrez-

Cori et al. 2021).

Based on the CP approach, these results provide further in-

sights in the identification of atmospheric states particularly

relevant for understanding the dry-to-wet transition season over

STSA and the SAMS onset. In addition, these CPs, which are

based only on low-level wind circulation, provide new perspec-

tives for seasonal forecasting systems of the dry-season length

and related impacts on the intensity of the fire season over this

region. Indeed, wind circulation is frequently better simulated

by global, regional, and forecasting models in comparison with

precipitation, temperature, or soil moisture, which are relevant

variables for the vegetation activity. Therefore, based on at-

mospheric models or reanalysis data, the method described in

this study can be applied as a practical operational tool to

identify CPs, in near real time, and anticipate the SAMS onset

based on winds circulation.

Our results highlight the need to improve our understanding

about interactions among land surface processes, atmospheric

convection, and biomass burning, which may modulate the

SAMS onset, including changes in oceanic/continental mois-

ture sources and recycling moisture (e.g., Wright et al. 2017;

Ruiz-Vásquez et al. 2020). Further studies about this topic are
particularly relevant considering the projected increase of

drought conditions in STSA (Boisier et al. 2015; Cook et al. 2020;

Moon and Ha 2020; Parsons 2020; Sena andMagnusdottir 2020)

and the impact of deforestation in the regional water and carbon

cycles (Staal et al. 2018).
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