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Abstract

The main objective of this study is to investigate the spatial-temporal variability and climate forcing influence during the
last 21,000 years of the South American Monsoon System (SAMS) and its components. TraCE-21k simulations, including
Full and Single Forcings experiments, were employed. The identification of spatial variability patterns associated with the
core of the monsoon region (SAMS) and the South Atlantic Convergence Zone (SACZ), the main components of SAMS
during the austral summer, is based on multivariate EOF analysis (precipitation, humidity, zonal and meridional wind). This
analysis produces two main modes: the first one is the South American Large Scale Monsoon Index (LISAM), representing
the primary oscillation mode for SAMS, and the second one is the SACZ mode, representing the SACZ oceanic portion
variability. The TraCE-21k EOF modes demonstrated the ability to represent the SAMS and SACZ patterns when compared
to the 20th Century reanalysis. LISAM time series proved to be an important tool for identifying monsoon precipitation vari-
ability, consistent with the regime changes recorded in climatic proxies. The freshwater pulses forcing in TraCE-21k are a
determining factor for the observed changes in the precipitation regime, mainly during the periods between Heinrich Stadial
1 and the Younger Dryas. The results indicate that the observed and modeled SACZ southward shift in the Late Holocene is
primarily modulated by insolation changes, with a stronger correlation observed since the Mid-Holocene period. Through
wavelet analysis, it was noted that energy was transferred from low frequencies to high frequencies during the Bglling—Allergd
period for the full forcing and freshwater pulse experiments in the Northern Hemisphere. The SAMS multidecadal variability
increased from the early Holocene with direct influences of orbital forcing and ice cover.
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1 Introduction indicate no significant anthropogenic influence before the

Holocene, providing a much-extended period compared to

Climate variability directly or indirectly impacts human
activities. There are various types of climate variability,
including those associated with natural and anthropogenic
sources. The former relates to changes intrinsic to the cli-
mate system, while the latter is attributed to changes caused
by human activities. South American (SA) paleoclimatic
records offer evidence of natural climate variability. Proxies
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the instrumental record. These records also exhibit reasona-
ble spatial data distribution, presenting an excellent opportu-
nity to evaluate the performance of climate models and offer
validation for IPCC-class models (Braconnot et al. 2012).
Most of the tropical region of South America is char-
acterized by a well-defined annual cycle of precipitation,
with significant contrasts between the austral summer (rainy
during December—January—February/DJF) and winter (dry
during June—July—August/JJA), except in Northeast Bra-
zil (NEB) and the extreme North Region of Brazil (NB)
which are not influenced by SAMS. Several studies have
demonstrated that the most significant component of South
America's summer precipitation regimes originates from the
South American Monsoon System (SAMS). This system
develops in low-latitude continental regions in response to
seasonal changes in thermal contrast between the continent
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and adjacent oceanic areas (Rao et al. 1996; Zhou and Lau
1998; Gan et al. 2004; Vera et al. 2006; Garcia and Kayano
2009, 2013).

The SA rainy season commences over the northwest of
the Amazon region (CAM) and extends to the Center-West
(CWB) and Southeast (SEB) regions of Brazil in late Sep-
tember and early October. The mature phase occurs during
the summer months (DJF), when the South Atlantic Conver-
gence Zone (SACZ) becomes Brazil's primary active con-
vective system (Kousky 1988; Rao et al. 1996; Gan et al.
2004; Vera et al. 2006; da Silva and de Carvalho 2007; Gar-
cia and Kayano 2009; Carvalho and Cavalcanti 2016).

The SAMS has active and inactive phases during its life
cycle. Gan et al. (2004) and Liebmann and Mechoso (2011)
emphasize that the displacement of frontal systems from
higher latitudes to the Southeast Brazil (SEB) region plays
a crucial role in organizing SACZ-related convection and
increasing precipitation in the monsoon region. Conversely,
the absence of these systems during the rainy season leads
to decreased rainfall, characterizing an inactive monsoon
period. During the active monsoon phase (DJF), atmospheric
circulation changes are associated with westerly wind anom-
alies from the northwest of the Amazon region (CAM) to the
Southeast Brazil (SEB).

This factor directly influences the position of the Low-
Level Jet (LLJ), enhancing the jet's intensity from the west-
ern Amazon towards Southeast Brazil (SEB). Additionally,
intra-seasonal variability, such as the Madden—Julian Oscil-
lation (MJO), affects the intensity of rainfall periods over
the monsoon region. The SACZ and its spatial-temporal
variability play a crucial role in defining the intensity of the
rainy season in SEB and the Center-West (CWB) (Rao et al.
1996; Jones and Carvalho 2002; Gan et al. 2004; Carvalho
et al. 2011, 2016).

The SACZ is characterized as a band of deep convec-
tion oriented in the Northwest-Southeast direction, extend-
ing from the Amazon region to the oceanic area adjacent
to Southeast Brazil (SEB) (Kodama 1992, 1993; Zhou and
Lau 1998; Liebmann et al. 2001; Carvalho et al. 2002, 2004;
Marengo et al. 2012). According to Carvalho et al. (2004),
the SACZ can be considered independent of its extension
over the ocean, and intense convective activity may occur
over the oceanic and Southeast Brazil (SEB) regions, regard-
less of what happens inland. Additionally, the convective
activity associated with the oceanic cloud band may be trig-
gered by the propagation of mid-latitude wave trains linked
to the intraseasonal tropical oscillation, primarily the Mad-
den—Julian Oscillation (MJO). Active SACZ-related rain
exhibits a "seesaw" pattern, in which events with intense
(weak) SACZ convective activity are associated with a defi-
cit (abundance) of precipitation over the subtropical plains
of South America. The precipitation response observed in
the southern region of Brazil is related to the asymmetry
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of the heat source associated with the SACZ, favoring the
appearance of the subsidence branch of the circulation over
the area (Casarin and Kousky 1986; Nogués-Paegle and Mo
1997; Gandu and Silva Dias 1998).

Significant changes in the SACZ positioning have been
observed recently. For instance, Zilli et al. (2019) demon-
strate that the difference in the mean state of the atmos-
phere between 2005 and 2014 led to a southward shift of the
SACZ. This displacement is associated with changes in the
spatial pattern of warming over the tropics in recent years,
which alter the sea-level pressure gradient and land—ocean
temperature contrasts. Concurrently, the South Atlantic Sub-
tropical High intensifies and expands, causing the reduc-
tion (increase) of the dynamic component of the equato-
rial (polar) circulation margin of the SACZ, resulting in
favorable conditions for the southward displacement of the
convective zone. Several studies have indicated that SACZ
variability may be related to changes in the South Atlan-
tic Dipole pattern and intra-seasonal variability (Robertson
and Mechoso 2000; Barros et al. 2000; Wainer and Venegas
2002; Carvalho et al. 2004; Chaves 2004; Talento and Bar-
reiro 2012, 2018; Jorgetti et al. 2014; Vera et al. 2018).

In the paleoclimate context, several studies using prox-
ies explore the monsoon system's variability since the Last
Glacial Maximum (LGM) period. For example, Novello
et al. (2017), in their examination of speleothems in the
Jaragua cave (located in Mato Grosso do Sul, Central Bra-
zil), emphasize that the variability observed in the proxies
indicates a wetter condition during the last glacial period
(17,800-27,970 before the 1950’s present/BP) when com-
pared to the early and mid-Holocene (MH; 5,550-11,000
BP). Additionally, the authors demonstrate that the Early to
mid-Holocene period was drier, associated with the decrease
in summer insolation in the Southern Hemisphere (SH) dur-
ing these periods.

Gorenstein et al. (2022) made a reconstruction compiling
173 paleoclimatic data from different sources (speleothems;
marine, lacustrine, and terrestrial sediments; and soil sam-
ples) in SA during the mid-Holocene (MH; defined by the
authors as between 7000- and 5000-years BP). The authors
found that there was agreement between the different types
of climate proxies. It was observed that there was a reduced
rainfall in Amazonia, with the SA southern region becom-
ing warmer and drier during the MH. On the other hand,
the SAMS main core shows rainfall patterns below those
observed in the pre-industrial period, due to weakening and
a northward displacement of SACZ during the MH.

TraCE-21k simulations have been extensively studied,
and their results have been validated in several studies using
reconstructions of paleoclimatic records for the different
periods encompassed in the last 21,000 years (Liu et al.
2009, 2012; Mohtadi et al. 2016; Wen et al. 2016; He et al.
2021), including identifying rainfall variability over South
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America and SST variations in the South Atlantic Ocean
(Marson et al. 2014; Wainer et al. 2015, 2021; Venancio
et al. 2020; Aguiar et al. 2020; Santos et al. 2022).

The ocean freshwater flow is one of the main factors
explaining the observed changes since the LGM. Marson
et al. (2014) used the transient simulations of the TraCE-
21k model to study the related impacts of the freshwater
forcing on the changes in South Atlantic deep circulation
during the last 21 ka. The authors showed that the freshwa-
ter flow in the model is an important factor in controlling
the water column stratification, and consequently, the north-
ward heat transport by the Atlantic meridional circulation.
During the LGM, a density barrier prevented the NH dense
waters from sinking, due to the presence of saltier Antarc-
tic bottom waters than today. The current structure of the
Atlantic meridional circulation was only achieved during
the MH, due to deglaciation, after Heinrich Stadial 1 (H1;
19-14.64 ka BP), and the consequent decrease in salt con-
centrations in the deep waters.

Aguiar et al. (2020) studied how the early Holocene fresh-
water flow impacts on the SAMS using proxies and paleocli-
matic simulations. The authors found SAMS strengthening,
and sea surface temperatures (SST) changes due to the weak-
ening of the South Atlantic Subtropical Dipole (SASD). The
SAMS strengthening corresponds to 50% of the SA precipi-
tation variation during the Early Holocene, and the changes
of the SASD represent 31% of the SST variance in the South
Atlantic Ocean. Furthermore, the authors also suggest that
the more intense SAMS in the early Holocene is consistent
with the weakening of the observed southeast trade winds
due to freshwater flow.

The main objective of this study is to characterize the
South American Monsoon System/SAMS during the last
21,000 years, focusing on the changes in the precipitation
patterns and displacement of the South Atlantic Conver-
gence Zone/SACZ and the Intertropical Convergence Zone/
ITCZ. The data for the SAMS analysis is derived from a
transient climate model simulation since the last glacial
Maximum (LGM) provided by long integrations made by the
NCAR-TraCE-21k—Transient Climate Evolution over the
last 21,000 years (He 2011). The specific objectives of this
study are to evaluate the SAMS, aiming the identification

of the main variability patterns during the past 21 ka, as
well as the possible influences of climatic forcings, such as
freshwater flow, orbital, ice cover, and greenhouse gases.
The focus is on the following scientific questions:

1. How does the spatial and temporal variability of the
LISAM mode changes in each subperiod (using the
Walker et al. 2019 definition) of the 21,000 years?

2. What is the role of each individual climatic forcing in
driving SAMS?

3. How the multidecadal and millennial variability changes
over the last 21 ka?

2 Data and methodology

2.1 Data

TraCE-21k (He 2011) tropospheric decennial precipitation
and low levels data such as temperature, specific humid-
ity, zonal wind, meridional wind, and pressure at mean sea
level were used. TraCE-21k is based on the National Center
for Atmospheric Research's coupled earth system model,
the Community Climate System Model version 3 (NCAR-
CCSM3), with a spatial resolution of approximately 3.75°.
The primary simulation (TraCE-21k FULL) starts from the
Last Glacial Maximum (LGM) period to the pre-industrial
period (PI). The model is forced by freshwater inflow into
the ocean at specific periods and locations described in He
(2011) and LGM proxies reconstructions obtained by Otto-
Bliesner et al. (2006), changes in the orbital parameters of
the last 21 ka to calculate the total solar flux (Berger 1978).
In addition, Joos and Spahni (2008) described the concentra-
tions of greenhouse gases in the simulations.

Data produced by four other TraCE-21k experiments
called single forcing were also used, which separately
consider Northern Hemisphere freshwater flow forcings
(MWEF), ice sheet height (ICE), orbital parameters (ORB),
and greenhouse gases (GHG), as indicated in Table 1. Such
simulations were used to explore each forcing type's impacts
on past observed changes.

Table 1 TraCE-21k simulations were used; transient forcing; constant forcing; boundary conditions; and available period (HE 2011)

Models name Transient forcing Constant forcing and boundary conditions Available period
Full TraCE-21k All transients Forcings — 22,000 years BP
TraCE-21k -MWF Freshwater flow only in the Northern Used state in 19 ka TraCE-21k 19,000 years BP

Hemisphere
TraCE-21k -ICE
TraCE-21k -ORB
TraCE-21k -GHG

Ice sheet
Orbital Parameters
Greenhouse gases

Used state in 19 ka TraCE-21k
Used state in 22 ka TraCE-21k
Used state in 22 ka TraCE-21k

19,000 years BP
22,000 years BP
22,000 years BP
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The Twentieth Century Reanalysis (R20C), prepared
by the National Oceanic and Atmospheric Administration
Climate (NOAA-CIRES-DOE) and made available via the
NOAA Physical Sciences Laboratory (NOAA-PSL) (Compo
et al. 2011), with 1° of spatial resolution, was used to deter-
mine the SMAS variability patterns during the instrumental
period. All the meteorological variables used have a monthly
temporal resolution.

In addition, observed monthly precipitation climatol-
ogy data from the Global Precipitation Climatology Project
(GPCP), with 2.5 degree of spatial resolution, made avail-
able by NOAA-PSL, were also used to compare with TraCE-
21k precipitation (Adler et al. 2016).

As a comparison with the TraCE-21k patterns, data from
climatic proxies from stalagmites spread across the SAMS
regions in Brazil were selected as shown in Table 2.

2.2 Methodology

The Large Scale South American Monsoon Index (LISAM),
developed by Silva and Carvalho (2007), was used to iden-
tify the evolution of the patterns corresponding to the SAMS
and the SACZ. LISAM consists of a multivariate principal
component analysis (EOF), combining surface precipita-
tion (PREC) and low-level variables: temperature (TEMP),
specific humidity (SHUM), zonal (UWND), and meridional
(VWND) wind. To reproduce the same patterns that Silva
and Carvalho (2007) identified, the variables were normal-
ized by subtracting the mean and dividing by the standard
deviation. The annual climatological cycle was removed.
The first EOF mode represents the SAMS, and the second
mode is related to the SACZ. Spatial patterns were generated
based on the linear correlation between the time series of the
LISAM mode and the input analysis variables. The EOFs
and the correlation patterns are shown here with a positive
sign for the precipitation anomaly over the monsoon region.
The definition of the periods considered for the analysis
of the last 21,000 years was based on the work of Marson

Table 2 Paleoclimatic records

et al. (2014) and Walker et al. (2019), as described in
Table 3.

R20C and GPCP were also used to compare the rep-
resentativeness in TraCE-21k of the main meteorologi-
cal systems in South America during the austral summer
(December—January—February), as shown by the average
precipitation rate in Fig. 1. In general, the TraCE-21k model
(Fig. 1a) represents the monsoonal precipitation during the
summer reasonably well, despite the intensity of rainfall
being lower, with the band of the Intertropical Convergence
Zone (ITCZ) predominantly in the Northern Hemisphere
(NH), as presented for the instrumental period (Fig. 1b, c).
In addition, the precipitation band associated with the SACZ
is also reasonably reproduced, extending to the Atlantic
Ocean region adjacent to the Southeast region of Brazil.

3 Results and discussions
3.1 The TraCE-21k Full Forcing monsoon

Silva and Carvalho (2007) described that the first variabil-
ity mode (EOF1), shows positive precipitation anomalies
throughout the monsoon region, extending towards the
Atlantic Ocean adjacent to the SEB, with slightly negative

Table3 The separation of different periods within the last
21,000 years is based on Marson et al. (2014) and Walker et al.
(2019)

Periods Years (ka BP)
Heinrich Stadial 1 (H1) 19.00-14.64
Bglling—Allergd (BA) 14.67-13.00
Younger Dryas (YD) 12.90-11.70
Early Holocene (EH) 11.70-8.2
Middle Holocene (MH) 8.2-4.2
Late Holocene (LH) 4.2-0.0

The years are in the unit of a thousand years before the 1950s present
(ka BP)

Proxies Location Stalagmites References

Botuverd (BOT) 27.22°8,49.15° 0 BT2, BTV2la Bernal et al. (2016), Cruz et al. (2005,
2007) and Novello et al. (2021)

Jaragua (JAR) 21.08° S, 56.58° O JAR2, JAR7,JAR14 Novello et al. (2019)

Lapa Sem Fim (LSF) 16.15° S, 44.60° O

Lapa Grande (LG) 14.37° S, 44.28° O LG3,LGl11
Paixdo (PAI) 12.65° S, 41.05° O PX7
Rainha (RAI) 05.60° S, 37.73° O RN1

Paraiso (PAR) 04.07° S, 55.45° O

LSF19, LSF15, LSF3

PARI1, PAR3, PAR16, PAR7

Azevedo et al. (2021); Strikis et al. (2018)

Azevedo et al. (2021); Strikis et al. (2011);
Strikis et al., (2018)

Strikis et al. (2015, 2018)
Cruz et al. (2009) and Utida et al. (2020)
Novello et al. (2021) and Wang et al. (2017)
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GPCP Austral Summer Mean Precipit:

ESW BOW SSW SDW ASW DWW S5W G0 25W 20W 15W 10W

Presipitation

Fig. 1 Average precipitation rate during austral summer (December—
January—February) for: a the last 1000 years of TraCE-21k; b average
between 1836 and 2015 of the 20th-century Reanalysis; ¢ the long-

anomalies near the extreme south of Brazil coast. Simi-
larly, the second variability mode (EOF2), represents the
oceanic portion of the South Atlantic Convergence Zone
(SACZ). The oceanic SACZ is also influenced by the
incursions of frontal systems, which represent one of the
main catalysts for the organization of the SACZ convective
structure. Thus, depending on the time scale, EOF2 can be
interpreted as the pattern of the oceanic SACZ and frontal
system incursions. EOF1 represents the pattern associ-
ated with the South American Monsoon System (SAMS)
and the continental SACZ (Carvalho et al. 2002, 2004).
Both patterns are similar to those found using the R20C
(Fig. 2a, b, respectively).

3.1.1 Analysis of the entire 21 ka period

Figure 2 also shows the SAMS variability modes (LISAM/
EOF1 and SACZ/EOF2) over the last 21,000 years. The
pattern shown in EOF1 (Fig. 2¢), which represents 58.6%
of the total variance, is associated with the most intense
rainfall over the Amazon Basin (CAM) region and has a
northwest-southeast orientation towards the south and SEB.
EOF2 (15.3% of the total variance) is characterized by a
north/south dipole in the precipitation anomaly and shows
the southeastward extension of the convective band over the
South Atlantic (Fig. 2d). The 3rd EOF explains only 8.5% of
the total variance and it is not shown in Fig. 2.

Differently from what is observed in the R20C period, the
EOF1 pattern in TRACE21k reveals that the summer period
precipitation variability is shifted southward compared to
the R20C period (Fig. 2a), resulting in negative precipitation
anomalies over the NEB region, Minas Gerais, and Goias.
The EOF1 time series (Fig. 3) shows that during the recent
Holocene, the time series is positive, and the spatial pattern

term average of the GPCP between 1981 and 2010. The main location
for ITCZ, SACZ and SAMS are also shown

tends to have a greater weight in the current region of activ-
ity of the South Atlantic Convergence Zone.

The EOF time series was used to compare with climatic
proxies across Brazil (Fig. 3). In general, the climatic transi-
tions identified by the proxies between Hland YD are well-
defined, as shown in the records of “Lapa Sem Fim/LSF”
(Fig. 3b) and “Jaragua/JAR” caves (Fig. 3e). The TRACE21k
simulation was able to identify the main changes in SAMS
during the last 21,000 years, reasonably representing the
variations found by the proxies in the main paleoclimatic
periods studied, such as the anti-phase relationship of the
EOF1 (blue line in Fig. 3a) and EOF2 (red line in Fig. 3a)
time series with the proxies in the NEB region during the
H1 and YD period (Fig. 3b, d, f and h).

For the H1 subperiod, the EOF1 time series is correlated
in phase with the Paraiso/PAR (Fig. 3g) and Rainha/RAI
(Fig. 3h) records, while LSF, Botuvera/BOT, Paixao/PAl,
and JAR caves (Fig. 3b—f) are in anti-phase. In particular,
the BOT (Fig. 3¢c) records show an anti-phase pattern in H1
compared to the EOF1 time series, although the spatial pat-
tern of the mode indicates positive precipitation anomalies
in the cave region. This can be explained due to a possible
spatial pattern displacement in the TraCE-21k simulations
compared to the observations since the same anti-phase pat-
tern is also observed in JAR cave (Fig. 3e) for the H1 and
YD. On the other hand, this difference can also be explained
due to the degree of change recorded by the caves, with BOT
(around 2%o) showing a lower degree of change than JAR
(around 4%o).

Ward et al. (2019) show that the differences between
the different climatic proxies over the monsoon region
are also related to the local humidity pattern during the
last 10,000 years. The authors emphasize that the main
variability mode during this period follows the austral
summer insolation variation due to the coupling with
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Fig.2 The spatial pattern was
obtained with the correlation Reanalysis | 20th | EOF1: Precipitation ) Variance: 35.4% narysismomqsom Precipitafion _Variance: 17.0%
between the EOF expansion =
coefficients' time series, and

the variables studied during the
R20C and last 21,000 years.
The first (second) column

refers to the spatial patterns
found with the first (second)
mode of EOF1 (EOF2) for the
variables: a, b R20C Precipita-
tion; and, for the last 21 ka:

¢, d precipitation; e, f Zonal
wind; g, h Meridional wind. It
is also shown the location of the
proxies of the caves of Botuvera
(BOT), Jaragua (JAR), Lapa )
Sem Fim (LSF), Lapa Grande [ == =] o
(LG), Paixao (PAI), Rainha i
(RAI) and Paraiso (PAR) in the
precipitation patterns (a—d)

-1 -08 06 -04 -02 0z 04 06 08 1

FULL TRACE | 21K | EOF1: Zonal Wind Variance: 58 6%

65W G0W S5W S0°W d5W 40W I5W G0W 25W 20°W 18W 10W W

- 08  -06 -04 02 0 02 04 06 08 1 - -08  -06  -04 02 o 0z 04 08 o8 1
Corelation Correlation

FULL TRAGE | 21K | EOF1: Meridional Wind Variance: 58.6% FULL TRACE | 21K | EOF2: Meridional Wind Variance: 15.3%

65W 60W SW S0OW 45W 40W ISW GOW 25W 20W ISW 10W 5W

-1 -08 06 -04 -0z 0 0z 04 o6 08 1 - 08 08 04 02 ° 02 04 08§ 08 1
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the variations of the orbital parameters. Despite this,
the proxies' highest correlation with this mode is in the
Andean region and Atlantic Coast, also observed with the
in-phase relationship between the EOF1 and EOF2 time
series (Fig. 3a) with the BOT record (Fig. 3c) during the
Holocene. On the other hand, some inland records, such
as the Amazon region and the JAR cave, have different
mechanisms intrinsically linked to the local humidity var-
iation and in-cave conditions and not only to the regional
variation of the South American monsoon. Thus, the vari-
ability presented by paleoclimatic records in the SAMS
region demonstrates greater spatial and temporal hetero-
geneity due to humidity conditions and variations in the
monsoon system itself (Bernal et al. 2016; Wortham et al.
2017; Ward et al. 2019; Gorenstein et al. 2022).

The regional role of the local moisture conditions is
also observed in the recent historical period. For example,
Garcia and Kayano (2015) and later Garcia et al. (2017)
demonstrated that during the 1958-2014 period, subareas
within the SAMS region showed differences in heat and
water balances during the year. In particular, the authors
studied the CAM and CWB regions, indicating that the
CAM region acts predominantly as a source of mois-
ture and heat during all months of the year, regardless

of the PDO phase. The CWB region, on the other hand,
presented a well-defined variation as a sink (source) of
moisture and a source (sink) of heat during the wet (dry)
season.

In conclusion, the differences between the climate vari-
ability derived from proxies and the time series of LISAM
and SACZ (main SAMS precipitation variability patterns)
are compatible with the potential role of local humidity
patterns and/or minor displacement of areas in the EOFs
where their respective signs change in a short distance.
The use of EOF analysis to detect the large-scale patterns
associated with the SAMS variability is shown to be a
useful analysis tool, the method has also been applied
to paleoclimatic data for the last two millennia period in
previous studies (Novello et al. 2021; Orrison et al. 2022).
Furthermore, the EOF expansion coefficients time series
can identify the main changes and temporal variability
associated with the SAMS (Silva and Carvalho 2007).
The LISAM mode identifies the patterns of larger total
variability explained in the complete 21 ka period (up to
58.6%).
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Fig.3 Comparison between the time series of the EOF1 (blue
line) and EOF2 (red line) expansion coefficients modes (a),
with the 6180 isotopic variation of the caves: b Lapa Sem Fim
(LSF19+LSF15+LSF3; Azevedo et al. 2021; Strikis et al. 2015,
2018); ¢ Botuvera (Cruz et al. 2009); d Lapa Grande (LG3+LGl11;
Azevedo et al. 2021; Strikis et al. 2011; Strikis et al. 2018); e Jaragua

(JAR2+JAR7+JAR14; Novello et al. 2019); f Paixdo (Strikis et al.
2015, 2018); g Paraiso (PARI1+PAR3+PAR16+PAR7; Novello
et al. 2021; Wang et al. 2017); h Rainha (Cruz et al. 2009; Utida et al.
2020). LH Late Holocene; MH Middle Holocene; EH Early Holo-
cene; YD Younger Dryas; BA Bglling—Allergd; HI Heinrich Stadial 1
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«Fig. 4 Spatial patterns and time series of the expansion coefficients of
the first variability mode of LISAM applied in TraCE-21k Full Forc-
ing in the precipitation variable, subdivided into the periods: a Late
Holocene (LH); b Middle Holocene (MH); ¢ Early Holocene (EH);
d Younger Dryas (YD); e Bglling—Allergd (BA); f Heinrich Sta-
dial 1 (H1). It also shows the location of the climatic proxies of the
caves of: BOT Botuverd, JAR Jaragua, LSF Lapa Sem Fim, LG Lapa
Grande, PAI Paixdo, RAI Rainha, PAR Paraiso

3.1.2 Monsoon patterns in the 21 ka subperiods

The EOF analysis was applied separately for each subpe-
riod of the last 21 k (Table 3) to explore SAMS changes.
Figures 4 and 5 compare the precipitation spatial patterns
obtained in each subperiod for EOF1 and EOF2. As shown
in Fig. 4, the SAMS precipitation varied considerably among
the subperiods, with explained variances ranging from
18.7% (LH) (Fig. 4a) to 53.9% (H1) (Fig. 4f).

Marson et al. (2014) show that the MWF predicted in
the model simulation is present mainly between 5 and 19 ka
BP, with the bulk of the freshwater flow in the NH. In the
SH, there is only one large pulse, which is the globally most
intense (60 m/ka), around 14 ka BP. The LH period (Fig. 4a)
is the only subperiod with no MWF forcing. The BA period
is the only one that it is influenced by the SH freshwater
pulse. The SH is influenced by just another pulse, with very
small magnitude (1 m/ka) between 12 and 5 ka (EH-MH).

Regarding the BA subperiod (Fig. 4e), it is noteworthy
that the precipitation pattern of EOF1 differs from the first
pattern observed in the other subperiods and the entire
period (Fig. 3). In fact, EOF1 and EOF2 exhibit inverted spa-
tial structures, meaning that the first mode, which explains
most of the variance, is not similar to LISAM, which appears
as the second mode (Fig. 5e). The BA is characterized by
a sudden warming due to abrupt climatic changes associ-
ated with variations in the Atlantic Meridional Circulation
(AMOC) intensity, consistent with findings in paleoclimatic
records (Liu et al. 2009).

The intensification of AMOC during the BA occurs
despite the strong freshwater pulse in the NH, which would
typically weaken the meridional oceanic circulation (Liu
et al. 2009, 2015; Obase and Abe-Ouchi 2019). However,
Obase and Abe-Ouchi (2019) suggest that this strong warm-
ing was also a response to the presence of meltwater from
the continental ice sheet. With more significant warming
in the NH during the BA, the ITCZ tends to shift further
north to balance atmospheric heat transport (McGee et al.
2014, 2018; Marshall et al. 2014; Schneider 2017; Lutsko
et al. 2019).

EOF]1 in the BA period (Fig. 4e¢) shows that most of the
explained precipitation variance is associated with changes
in the ITCZ position (Hughen et al. 1996; Liu et al. 2009;
Deplazes et al. 2013; Mulitza et al. 2017). In fact, Fig. 4e
shows positive precipitation anomalies concentrated in the

North Atlantic near Africa, while negative anomalies pre-
dominate in practically the entire Tropical Atlantic. EOF2
(Fig. Se) represents the SAMS pattern during the subperiod,
with positive precipitation anomalies over the ITCZ region,
extending to the CAM region and towards southern Brazil.

The H1 (Figs. 4f and 5f) and YD (Figs. 4d and 5d)
periods are colder, with the highest MWF in the NH.
These periods are also associated with AMOC weaken-
ing (McGee et al. 2014) and, consequently, a southward
shift of the ITCZ (McGee et al. 2014, 2018; Moreno-
Chamarro et al. 2020). In this way, the SAMS pattern for
both subperiods is similar to that found for the complete
21,000 years period (Fig. 3). Differences with respect to
the EOFs for the entire 21 k period are observed in the
southern region of Brazil during the H1, with the anoma-
lies shifting to southeast of Brazil due to the north wind
anomalies (Fig. 4g) over Uruguay and the southernmost
part of Brazil.

The ITCZ southern shift implies an increase in precipita-
tion over NEB as observed in the precipitation spatial pat-
terns (Figs. 4f and 4d) together with the EOF1 time series
sign change at around 17.25 ka (H1) going from positive to
negative in parts of the H1 and YD (12.50 ka). The LISAM
time series sign reversal from positive to negative is asso-
ciated with increased rainfall in the NEB. The TraCE-21k
response is consistent with the NEB paleoclimatic records,
with increased precipitation intensity appear in the proxies
of the Lapa Sem Fim (Fig. 3b) and Paixao (Fig. 3f) caves.

The TraCE-21k precipitation increase in the CAM region
is also related to the ITCZ southward shift. Furthermore,
the changes in the atmospheric circulation, with more
intense trade winds from the north towards NEB and north-
ern region of Brazil (McGee et al. 2018), causes the LLJ to
change direction and shift towards the south, corroborating
the pattern found in the HI and YD. Both H1 (Fig. S2f) and
YD (Fig. S2d) are characterized by easterly wind anoma-
lies over the NEB region and continuing towards the CWB.
Concomitantly, the EOF1 wind anomalies are westerly over
the northern region, SEB and southern Brazil, indicating a
southward wind pattern shift. Although both H1 and YD
subperiods show ITCZ southward displacement, the YD
(Fig. 4d) shows a stronger precipitation positive anomaly
pattern over southern Brazil, while in the H1 (Fig. 4f), the
highest precipitation loading is in SEB and CAM regions.

It is important to note, as seen in the EOF1 time series
(Fig. 4f), that the H1 analysis must be considered separately
for two subperiods, the first between 19 ka and 17.5 ka BP
and the second between 17.23 ka and 14.68 ka BP, here
called Hla and H1b, respectively, due to the reversal of the
LISAM time series signal. The prevailing positive anoma-
lies, shown in Fig. 4f, persists in Hla, mainly as a response
to the SAMS intensification due to deglaciation and AMOC
reduction (Mulitza et al. 2017).
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«Fig.5 Spatial patterns and time series of the expansion coefficients
of the second variability mode of LISAM applied in TraCE-21k Full
Forcing in the precipitation variable, subdivided into the periods: a
Late Holocene (LH); b Middle Holocene (MH); ¢ Early Holocene
(EH); d Younger Dryas (YD); e Bglling—Allergd (BA); f Heinrich
Stadial 1 (HI). It also shows the location of the climatic proxies of
the caves of: BOT Botuvera, JAR Jaragua, LSF Lapa Sem Fim, LG
Lapa Grande, PAI Paixao, RAI Rainha, PAR Paraiso

However, EOF1 amplitude decreases from 17.23 ka BP,
causing the precipitation anomalies over the NEB region to
increase and, consequently, a rainfall shifts from the SEB.
The precipitation changes during the H1 are consistent with
the Strikis et al. (2015) proxy-based analysis. The rainfall
regime in this period was called by the authors as the “mega-
SACZ”, due to the coincidence of the southward ITCZ shift
and the SACZ northward shift. The YD shows the same
behavior (Fig. 4d). In this case, the YD is characterized by
EOF1 time series sign inversion between 12 and 12.6 ka BP.
The NEB precipitation shift is related to the increase in the
intensity and northward displacement of the oceanic SACZ,

Despite the EOF1 spatial similarity between the cold
periods, H1 and YD, EOF2 pattern differs. The EOF2
(Fig. 5f) in H1 shows positive anomalies in the Tropical
Atlantic (between 5° S and 5° N), consistent with the ITCZ
southward shift, extending westward towards CAM and with
positive precipitation anomalies in southern Brazil. In addi-
tion, the H1 EOF2 indicates negative precipitation anoma-
lies over the central and NE Brazil.

Several studies show that under SST specific conditions,
changes in the pressure gradient at sea level and the tropi-
cal warming contribute to the strengthening latitudinal shift
of the SACZ and, consequently, the intensity of the SAMS
rainy season (Wainer and Venegas 2002; Talento and Bar-
reiro 2012, 2018; Jorgetti et al. 2014; Vera et al. 2018; Zilli
et al. 2019). Jorgetti et al. (2014) highlight that northward
shifted SACZ events are associated with negative SST
anomalies under the convective band, extending along the
SEB coast. The authors showed that the oceanic forcing into
the atmosphere favors the SACZ northward shift due to the
change in the atmospheric pressure pattern. In this same
context, Bombardi et al. (2014) demonstrated that the SASD
plays an essential role in the intensity and latitudinal shift
of the SACZ. There is a larger probability of establishment
of intense oceanic SACZ during the SASD negative phase,
characterized by negative SST anomalies in the southwest
pole and positive in the northeast.

Wainer et al. (2021) used the entire TraCE-21k period to
study changes in the SASD. The authors conclude that the
SASD pattern is in its positive phase (positive SST anoma-
lies in the northeast pole and negative in the southwest pole)
between 19 and 17 ka BP and negative between 17 ka and
14.5 ka BP. The precipitation anomalies increase in NEB
during H1b (discussed above), related to the stronger and

northward shifted oceanic SACZ, is consistent with the pat-
terns found by Wainer et al. (2021). In addition, the same
behavior is observed in the YD, when the SASD signal is
negative and most intense between 11.8 and 12.6 ka BP,
influencing the NEB rainfall increase.

The positive and intense SASD phase during the BA also
explains the reversal of the observed precipitation patterns
between EOF1 and EOF2. Positive SASD phase implies
colder anomalies in the tropical South Atlantic, causing the
southward precipitation shift, associated to the second mode
(Fig. 5e), In contrast, the first mode (Fig. 4e) represents the
change in variability of tropical precipitation associated
with the ITCZ’s northward displacement, also related to the
tropical South Atlantic cooling (Liu et al. 2009; Obase and
Abe-Ouchi 2019).

Another similar precipitation pattern found with the
entire 21 ka period was identified in EH (Fig. 4c). EH is
characterized as a period of climate transition, with the NH
warming up again in response to the AMOC intensifica-
tion (McGee et al. 2014). The spatial patterns found in EH
are less intense than those found for the entire 21 k period.
However, the EH precipitation pattern represent a resump-
tion of the predominant precipitation pattern detected in the
complete 21 ka, as shown by the period of sign reversal of
the EOF1 time series. SASD phase continues to be negative
during the beginning of the EH (Wainer et al. 2021) and acts
as a stimulus for increased precipitation in NEB. However,
from 10.5 ka BP on, the precipitation tends to weaken in
NEB and increase over the monsoon region, related to the
atmospheric response to warming of the NH and increasing
AMOC intensity (McGee et al. 2014; Mulitza et al. 2017).

According to Wainer et al. (2021), the SASD pattern
tends to weaken after 8 ka BP, with the time series changes
to positive sign from 6 ka BP to the historical period. The
SASD weakening also influences the beginning of the north-
ward ITCZ migration, contributing to the reduced precipita-
tion over NEB. Thus, from the EH on, the EOF1 time series
indicates a stronger SAMS pattern (more positive) for the
MH (Fig. 4b) and LH (Fig. 4a).

According to Donohoe et al. (2013) and McGee et al.
(2014, 2018), the MH (Fig. 4b) is characterized by the
northward ITCZ shift due to the North Atlantic warming
and the increase in the AMOC northward heat transport, a
pattern very similar to that observed in the modern period.
Liu et al. (2017) highlight that the mechanism responsible
for the ITCZ shift is caused by the increase of the NH mon-
soon intensity, which, in turn, intensifies the wind stress in
the ocean, strengthening the oceanic gyre and the oceanic
northward heat transport at the equator. That is, the atmos-
phere compensates for the enhanced oceanic heat transport
by shifting the ITCZ to the NH, so that global heat transport
comes into equilibrium.
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Garcia and Kayano (2009, 2013) showed that in the recent
historical period, the intensification of the NH monsoon
might precede the intensification of the SAMS half a year
later. In fact, the precipitation patterns associated with the
LISAM mode (Fig. 4b) show that the prevailing precipita-
tion anomalies during the MH are found in the CAM region
with displacement towards SEB, with the ITCZ located
around 10°N and closer to the African coast. Therefore, the
TraCE-21k patterns agrees with the mechanisms described
above and are consistent with the proxy studies (McGee
et al. 2014, 2018).

As in the BA, the LH also shows inversion in spatial pat-
terns of larger variability. EOF1 (Fig. 4a) represents the
SACZ mode described by Silva and Carvalho (2009) and
explains about 18.7% of the total variance. EOF2 (Fig. 5a)
represents a pattern like the SAMS, with 16.8% explained
variance. As stated before, the LH is the only subperiod that
does not have any MWF in the TraCE-21k simulations. This
fact led to the similarity of the SAMS EOFs variance. The
EOF]1 time series during the LH (Fig. 4a) shows that the
associated spatial pattern has a strong tendency to intensify
towards the recent historical period due to the orbital forcing
as discussed in the next section.

3.2 Impacts of each single forcing on SAMS

To explore the impacts of individual forcings on SAMS vari-
ability modes, the TraCE-21k single forcing experiments are
analyzed (described in Table 3). The same EOF analysis is
now applied to each single forcing experiment.

Figure 6 shows the EOF1 and EOF2 spatial patterns for
each single forcing experiment. For EOF1, in general, the
single forcing experiment most similar to the FULL experi-
ment (Fig. 6a) is the MWF (Fig. 6b). The ORB (Fig. 6¢),
GHG (Fig. 6d), and ICE (Fig. 6e) experiments indicate a
southward shift of the monsoon precipitation when com-
pared to the FULL experiment.

The influence of the individual forcing on the precipi-
tation variability for the full 21 ka period is analyzed by
the EOF1 spatial patterns and their respective standardized
time series (Fig. 7a). The LISAM pattern is the 1st EOF
for all single forcing experiments (Fig. 6a—e). EOF2 of the
single forcing, on the other hand, shows more spatial and
time variability compared to the FULL cased (Fig. 6f—j). For
the entire 21 ka period, the correlations between the single
forcing experiments and the FULL, in descending order, are
GHG: 92.2%; ICE: 89.8%; MWEF: 75.9%; ORB: 71.4%.

Wainer et al. (2021) highlight that the MWF experiment
significantly impacts the SASD variability of the FULL
experiment, especially in H1 and YD. As with SASD, the
LISAM mode also shows a strong relationship between
MWEF and FULL experiments in H1 and YD, partially due
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to the influence of the negative phase of SASD on SAMS
intensity, during cold periods.

However, unlike SASD during the YD, the LISAM mode
also shows the greenhouse gas emissions influence and the
earth's orbital cycle change (with the sign reversal beginning
at the EH) (Kutzbach et al. 1998). That is, the NH insolation
decrease, together with the freshwater flow and the decline
in greenhouse gases, play an essential role in the displace-
ment of precipitation towards the NEB and as previously
shown, in the southward migration of the ITCZ.

During Hla, LISAM shows changes consistent with
those observed mainly in the ICE and GHG experiments.
In fact, the influence of the GHG emission and the reduc-
tion of the ICE forcing is related to the deglaciation,
causing the precipitation, at first, to respond directly to
a decrease of the ice sheets, as well as lower emission of
the greenhouse gases. However, the other individual forc-
ings also influence SAMS during H1b. Freshwater flow
from ice sheet melt, from 17 ka onward, as shown in Mar-
son et al. (2014), begin to affect precipitation in SAMS
because of the changing heat redistribution in the South
Atlantic and directly impact the oceanic variability modes,
such as SASD (Wainer et al. 2021). In general, although
the freshwater pulses do not have the largest correlation
over the entire period, the pulses are essential for the rep-
resentativeness of the abrupt changes observed in SAMS
during H1, YD, and BA and consistent with the proxy
analysis (Fig. 5).

Contrary to the EOF1 behavior, for EOF2 (Figs. 6f—j
and 7b) the orbital forcing controls the SAMS precipita-
tion (60.5% correlation), followed by the ICE experiment
(= 22.2% correlation), while the other experiments do not
show significant correlations with the EOF2 time series.
The EOF2 spatial patterns show that orbital parameters
significantly influence the SACZ. The southward migration
observed in the recent period (Fig. 2a) is mainly modulated
by insolation. This is a feature common to both SAMS
(EOF1) and the oceanic SACZ (EOF2) patterns, which cor-
relate strongly with the increase in insolation observed from
the MH.

3.3 Multidecadal and millennial variability

The continuous wavelet transform (with the Morlet wave
function), with 95% significance level (solid lines in fig-
ures), was applied to the time series of the expansion
coefficients of each mode in the complete 21 ka of each
experiment (Table 3), to explore potential coherence in
the multidecadal and millennial time scales of the LISAM
and SACZ mode. Wavelet analysis was also computed for
the FULL experiment described in Table 1. The results of
the single forcing experiments for the TraCE-21k FULL
variability are shown in Sect. 3.3.1. The variability results
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Fig.6 Precipitation EOF1 (first line) and EOF2 (second line) spatial
pattern applied in single forcings experiments of TraCE-21k, being:
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applied in each of the subperiods (Table 3) are shown in
Sect. 3.3.2.

3.3.1 Analysis for the single forcing experiments

The analysis shows a clear difference in the spectral energy
peaks of the FULL (Fig. 8a) and MWF (Fig. 8b) experi-
ments with the others at high frequencies, with the very little
energy present in the modes with period less than 640 years.
All experiments present most of the spectral power at lower
frequencies (period above 2500 years). The highest spectral
peak present in the FULL experiment (Fig. 8a) occurs mainly
between H1 and EH, with periodicity varying between 640
and 5 ka, in addition to presenting energy on the multidec-
adal scale, but with a lower and significant intensity only at
the 85% level. The same behavior is observed in the EOF2
wavelet analysis (Fig. 8f).

10000
Age (BP)

7500

The lowest frequency spectral energy (corresponding
to periods of the order of 640 to 5 ka) extends from 19 to
6 ka BP in the MWF case (Fig. 8b), coinciding with the end
of freshwater pulses in the TraCE-21k simulation. In both
experiments, the wavelet spectrum energy shifts to higher
frequencies (period below 640 years), starting at 15 ka BP,
coinciding with the BA freshwater flow events, revealing
abrupt changes (Wainer et al. 2021) and showing a funnel
shape in the wavelet spectrum. According to Addison (2018)
and as discussed by Wainer et al. (2021), the funnel shape
in the wavelet spectrum is a feature associated to significant
signal discontinuities, which contributes to the energy leak-
age from lower to higher frequencies.

The GHG (Fig. 8d) and ICE (Fig. 8¢) experiments also
present energy peaks at the lower and predominant frequen-
cies between the H1 and YD. This is another evidence of
the melting ice and greenhouse gas emissions impact on
the low-frequency variability of SAMS during cold events
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in NH. In particular, the thaw influence also contributes to
the high energy in the approximately 2 ka period during the
BA, indicating the relationship with the NH heating, which
caused accentuated ice sheet melting and, consequently, con-
tributes to the GHG emission as well as the increased impact
of GHG during the YD, as shown in Fig. 8d.

The GHG, ICE, MWF and ORB experiments show
the highest energy peaks confined to the periods below
640 years, with the peak occurring mainly in the multi-
decadal scale, from 30 to 80 years. This fact highlights the
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2002; Carvalho et al. 2002, 2004; Chiang and Vimont 2004;
Chiessi et al. 2009; Vuille et al. 2012; Novello et al. 2012,
2021; Apaéstegui et al. 2014; Carvalho and Cavalcanti 2016;
Zilli et al. 2019).
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Fig.8 Wavelet transforms applied to the EOF1 (first column) and EOF2 (second column) time series for the TraCE-21k experiments: a, f FULL;
b, g MWF,; ¢, h ORB; d, i GHG; e, j ICE. The black solid line in the spectrum shows the 95% significance level

@ Springer



Changes in the South American Monsoon System components since the Last Glacial Maximum: a... 4383

In addition to the variabilities highlighted above, the
period of variation of around 30 years in the FULL experi-
ment is consistent with the multidecadal variability of
the PDO and AMO, being influenced by orbital forcings
(Fig. 8c) and by ice melting (Fig. 8e). Both experiments also
show confined energy peaks with period under 160 years
(Chen et al. 2021).

For the temporal variability of EOF2 (Fig. 8f—j), the
FULL experiment presents the highest energy in low-
frequency modes (periods around 5 ka), with the energy
transfer to higher frequencies in the form of a funnel, as
in the EOF1 case. The single experiment that shows sig-
nificant energy in modes with period of the order of 5 ka
is the ORB (Fig. 8h), confirming the influence of orbital
forcings on the modulation of the position and intensity
of the SACZ.

3.3.2 Analysis for 21 ka subperiods

The wavelet transform was applied to the time series of the
expansion coefficients of the EOF1 and EOF2 (Fig. 9) pat-
terns, obtained for each subperiod described in Table 3, to
verify the changes in the variability modes of the FULL
experiment during the entire 21,000 years. It is worth not-
ing that, due to the smaller number of time samples, the YD
(Fig. 94, j) and the BA (Fig. 9e, k) present a smaller cone of
influence of the wavelet analysis, being necessary to limit
the analysis at the 1280 years period while the others go up
to 2560 years.

Through the analysis of Fig. 9, it is immediately noticed
that the multidecadal-centennial variability (below
320 years) has little energy in H1 (Fig. 9f, 1) and BA
(Fig. 9e, k), showing an increase in power as time advances
towards the LH (Fig. 9a, g), mainly after the MH, and
such periodicities are consistent with the main variability
modes of the Pacific and Atlantic Oceans. In fact, Wainer
et al. (2021) show that the SASD spatial pattern observed
in the recent period initiates during the MH when the forced
freshwater flow terminates in the simulations. In addition,
the authors emphasize that MWF tends to make the South
Atlantic warmer, contributing to the observed differences
in the SASD variability from H1 to EH. Therefore, the end
of freshwater discharges contributes to the formation of the
oceanic variability observed in the recent period and to the
increase in spectral energy present in the frequencies associ-
ated with multidecadal variability.

On the other hand, the opposite behavior in the energy
spectrum is observed in low-frequency modes, with period
above 1280 years, for both EOFs, showing a decrease toward
the LH (Fig. 9a, g). As suggested earlier, the very low-fre-
quency modes are intrinsically related to the orbital forcing,
ice sheets, and freshwater flow. With the end of the MWF,

around 6 ka onwards, the energy associated with the MWF
and ORB forcing tends to decrease in the more recent period.

Therefore, the SAMS and SACZ temporal variability are
intrinsically related to MWF in past periods, with the energy
of the decadal variability modes increasing from the MH,
due to the end of freshwater flows, and the stabilization of
oceanic patterns as observed in the recent period. In addi-
tion, orbital forcing also plays an essential role in modulat-
ing the SACZ multidecadal variability, contributing to the
increase in the energy contained in the multidecadal modes
of the TraCE-21k FULL experiment consistent with proxy-
based studies (Chiessi et al. 2009).

4 Summary and conclusions

The main objective of this paper was to study the spa-
tial and temporal variability of the South American
Monsoon System (SAMS) and its structure during the
last 21,000 years. We used the TraCE-21k experiments
and validated the results against proxy-based studies. In
addition, we aimed to analyze the precipitation variabil-
ity in the H1, BA, YD, EH, MH and LH subperiods, and
the influence of the individual climatic forcings (such
as ice sheet melting, greenhouse gases, meltwater flux
and orbital changes) on the spatial and temporal SAMS
variability. The EOF analysis of the SAMS is based on
Silva and Carvalho (2007) method which was applied to
the TraCE-21k simulation results at decadal time scale.
The EOF1 and EOF2 represents the main spatial patterns
associated to the SAMS (LISAM and SACZ, respectively).
Some highlights of the results follow.

The TraCE-21k EOF analysis compared to R20C and
proxies:

For the entire 21,000-year period the SAMS and SACZ
spatial pattern (Fig. 2c, d) are similar to the R20C’s (Fig. 2a,
b). For EOF1, the TraCE-21k differs from the R20C show-
ing more concentrated precipitation in the Amazon Basin
and a northwest-southeast orientation of the rainfall pattern
towards the South and Southeast regions of Brazil. TraCE-
21k EOF1 also presents negative precipitation anomalies,
mainly over the NEB. There is a seesaw in the precipita-
tion anomalies pattern between the Amazon Basin and the
NEB that can be explained as a response associated with the
Walker circulation induced by the Amazonian heat source.
This pattern is related to the ITCZ shift that is associated
with changes in Hadley cell intensity.

The time series of the TraCE-21k EOFs expansion coef-
ficients (Fig. 3a) reveal the main changes in the SAMS
precipitation inferred from the observed paleo-records
(Fig. 3b-h), with differences that are consistent with the
influences of local humidity in the region of each proxy
or due to small changes in the spatial pattern in are with
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sharp gradients. Furthermore, as discussed by Gorenstein
et al. (2022), the paleo-records do not always reflect the
large-scale patterns. On the other hand, previous paleo-
record studies have demonstrated that the d180O speleo-
thems can capture the monsoon general pattern (Azevedo
et al. 2021; Novello et al. 2018). Therefore, the SAMS
numerical modeling in TraCE-21k reasonably detects the
general variability patterns of the monsoon.

How does the spatial and temporal variability of
the LISAM mode changes in each subperiod of the
21,000 years?

To answer this question, the EOF analysis was repeated
for each individual subperiod (Figs. 4 and 5). The EOF1
and EOF2 spatial patterns were shown to have a strong
relationship with freshwater pulses. In general, during
the NH cold periods (H1 and YD), LISAM precipitation
regime changes due to the southward ITCZ displacement,
and, consequently, an increase in the NEB and CAM pre-
cipitation (Fig. 3), in agreement with the paleo-records.
In addition, the mean tropospheric circulation in the mon-
soon region, with more intense northerly trade winds,
causes changes in the Low-Level Jet from a N/S orien-
tation to NW/SE direction (as shown in Fig. S5). Thus,
the H1 and YD LISAM pattern is very similar to LISAM
observed for the entire 21,000-year period. A similar pat-
tern was observed for the EH, but with lower intensity
due to the climatic transition which is characteristic of
this subperiod.

BA is the only period that simultaneously features MWF
in the Southern and Northern Hemispheres. Thus, the sig-
nificant disturbance due to the NH heating, associated with
the AMOC strength increase, shifting the ITCZ to the north.
These significant changes modify the order in the EOF first
two leading modes. Thus, the LISAM mode appears now
represented by the EOF2, with 17.9% of the explained vari-
ance. Therefore, the EOF1 shows that 38.5% of the explained
variance for the period is associated with latitudinal changes
in the ITCZ position.

The MH, on the other hand, is also connected to the ITCZ
northward shift due to the stronger AMOC intensity. Thus,
the MH precipitation is characterized by an anomaly pattern
concentrated in the CAM region with an extension to SEB,
in addition to having an ITCZ close to 10°N, similar to the
historical period position.

LH also shows an inversion in the order of the two leading
variability modes, with 18.7% (16.8%) explained variance
for EOF1 (EOF2). This period is the only one that does not
have any MWF forcing in the simulation, which contributes
to the fact that the leading modes are not clearly separated.

In all subperiods, the EOF1 and EOF2 patterns also show
strong correlation with SASD, as found by Wainer et al.

(2021). During the cold (hot) periods, the SASD is nega-
tive (positive), favoring the precipitation displacement to
the NEB (South/ SEB).

What is the role of each individual climatic forcing in
driving SAMS?

By identifying the SAMS and SACZ spatial variability
patterns during the 21 ka subperiods, we also aimed under-
standing the role of each individual climatic forcing in driv-
ing SAMS by applying LISAM for the 21,000 years for the
single forcing and FULL experiments (Figs. 8 and 9). In gen-
eral, the time series, normalized by their respective standard
deviation of the EOF1 expansion coefficients, showed cor-
relations between the single forcing experiments with the
FULL experiment: GHG: 92.2%, ICE: 89.8%, MWEF: 75.9%,
ORB: 71.4%.

The EOF1 of the H1 and YD subperiods, is strongly
coupled to the MWF experiment. In addition, YD is also
related to the GHG and ORB variation. The observed
changes in the NEB precipitation and southward migra-
tion of the ITCZ in the H1 and YD are connected to the
insolation decrease in the NH, the freshwater pulses, and
the reduction of greenhouse gases. For EOF2, orbital forc-
ing is the leading forcing (60.5% correlation) in the pre-
cipitation modulation and ICE corresponds to — 22.2%
correlation.

Therefore, although the freshwater forcing does not have
the largest correlation in the analysis of the entire 21 ka
period, they are linked to the changes observed in the SAMS
during H1, YD, and BA. The SACZ pattern, on the other
hand, has a strong influence from changes in the orbital
parameters, so that the SACZ southward migration observed
throughout Holocene is mainly modulated by insolation,
being verified in both modes (SAMS and oceanic SACZ).

How the multidecadal and millennial variability changes
over the last 21 ka?

The multidecadal and millennial variability of the EOFs
time series were investigated using wavelets (Figs. 8 and 9)
for each subperiod and single forcing experiment.

In general, results indicate clear differences in the fre-
quencies and spectral energy for the FULL and MWF
experiments compared to the others, with very little power
in the variability modes with period below 640 years. All
experiments have most of the spectral energy at the lowest
frequencies, i.e., with periods above 2560 years. The FULL
and MWF experiments show a funnel-shaped energy trans-
fer to higher frequencies at about 15 ka BP, consistent with
the abrupt changes in the BA freshwater pulses and indicat-
ing that the series has a significant discontinuity due to this
freshwater factor. Furthermore, the GHG and ICE experi-
ments also illustrate the greenhouse gases and polar ice
cover influence on SAMS during H1 and YD. Particularly,
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the ICE experiment also shows an energy transfer to the
higher frequencies (Period of the order of 2 ka) during the
BA, representing the influence of the thaw due to the NH
heating. The analysis also shows a significant periodicity in
the FULL experiment (around 30 years period), consistent
with a multidecadal variability mainly coupled with orbital
and ice forcing.

As for the EOF2 case (SACZ), most experiments show
energy confined in high-frequency modes (period below
640 years), with a peak at approximately 30-80 years,
showing the importance of multidecadal patterns, such as
the PDO and the AMO, in the precipitation of the oceanic
SACZ (Chen et al. 2021).

The wavelet analysis for the FULL experiment consider-
ing each of the subperiods defined in Table 3, show that the
multidecadal to centennial variability (period shorter than
320 years) have little spectral energy during HI and BA. An
increase in high-frequency variability begins to be noticed
from the EH, which is intensified in the MH and LH.

Therefore, SAMS and the precipitation associated with the
oceanic SACZ are strongly influenced by the meltwater dis-
charge and, in specific periods, by the orbital and greenhouse
gases forcing. In particular, the SACZ southward shift in the
recent period has had a strong impact from orbital forcing and
the insolation increase. Pacific and Atlantic multidecadal vari-
ability is identified in the TraCE-21k experiment only start-
ing from the MH period, consistent with the previous studies
(Chiessi et al. 2009; Zilli et al. 2019; Wainer et al. 2021; Chen
et al. 2021). Thus, understanding how SAMS variability has
changed in past climates is important to validate future sce-
narios and for studies on attribution of causes for observed
climate changes (natural and anthropogenically driven).
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