
lable at ScienceDirect

Quaternary Science Reviews 245 (2020) 106498
Contents lists avai
Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev
Freshwater forcing control on early-Holocene South American
monsoon

Wilton Aguiar a, *, Luciana F. Prado b, Ilana Wainer c, Zhengyu Liu d, Alvaro Montenegro d,
Katrin J. Meissner e, Mauricio M. Mata a

a Laborat�orio de Estudos dos Oceanos e Clima, Instituto de Oceanografia, Universidade Federal do Rio Grande - FURG, Rio Grande, RS, 96203-900, Brazil
b Instituto de Geociencias,Universidade de Brasilia, Campus Darcy Ribeiro, Brasilia, Distrito Federal, 70910-900, Brazil
c Instituto Oceanogr�afico da Universidade de Sao Paulo, S~ao Paulo, 05508-120, Brazil
d Atmospheric Sciences Program, Department of Geography, The Ohio State University, Columbus, OH, USA
e Climate Change Research Center and ARC Centre of Excellence for Climate Extremes, University of New South Wales, Sydney, Australia
a r t i c l e i n f o

Article history:
Received 4 January 2020
Received in revised form
16 July 2020
Accepted 19 July 2020
Available online xxx

Keywords:
8.2 ka event
Lake agassiz
SAMS
SASD
Early holocene
* Corresponding author.
E-mail address: aguiar.wilton@gmail.com (W. Agu

https://doi.org/10.1016/j.quascirev.2020.106498
0277-3791/© 2020 Elsevier Ltd. All rights reserved.
a b s t r a c t

Climate anomalies due to Lake Agassiz outbursts and Hudson Bay ice dome melting are commonly
considered triggers of North American atmospheric cooling. However, in the Southern Hemisphere, these
freshwater fluxes are mostly associated with increased precipitation and a possible intensification of the
South American Monsoon System (SAMS). Here, we tested how the SAMS responded to early-Holocene
meltwater events. Based on both proxy data and simulations, we find that sea surface temperatures
(SSTs) and precipitation indicate a freshwater-driven strengthening of the SAMS due to a weakening of
the South Atlantic subtropical dipole. Simulated SAMS strengthening accounts for up to 50% of the
variance in early-Holocene precipitation in South America. In turn, changes in the South Atlantic Sub-
tropical Dipole accounts for up to 31% of the variance in South Atlantic SSTs. Additionally, we propose
that the stronger SAMS in the early Holocene might have been due to a freshwater-driven weakening of
the southeasterly trade winds. Slower trade winds weaken the zonal and meridional surface water
transport, concentrating warm waters in the northeastern South Atlantic.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The transition from the early to the middle Holocene (11.7 ka to
4.2 ka) is characterized by the final collapse of North American ice
sheets and the reorganization of the North Atlantic freshwater
budget (Walker et al., 2012, 2018). An orbitally forced increase in
the summer insolation is thought to have accelerated Laurentide
Ice Sheet melting (Kaufman et al., 2004; Jansen et al., 2008; Bartlein
et al., 2011), resulting in instability and the eventual outburst of
proglacial Lakes Agassiz and Ojibway at approximately 8200 cal-
endar years before the present (Clarke et al., 2004, 8.2 ka). Because
freshwater anomalies in the North Atlantic trigger disruptions in
the Atlantic meridional overturning circulation (AMOC), the large
increase in lake discharges in 8.2 ka is an important component of
early-Holocene climate anomalies. Widespread evidence points to
diminished North Atlantic deep convection (Oppo et al., 2003; Hall
iar).
et al., 2004) and AMOCweakening during the 8.2 ka event and early
Holocene (Ellison et al., 2006; Kleiven et al., 2008), but un-
certainties still exist regarding the propagation, intensity, timing,
and spatial extent of the climate anomalies associated with the
weakening of the overturning.

In the Northern Hemisphere, the 8.2 ka event is associated with
widespread cold and dry conditions over North America and
Europe and dry conditions over Africa and central Asia (Alley and
�Agústsd�ottir, 2005). Proxy data coming mostly from the northern
tropical Atlantic and Western Asia indicate a decrease in the trop-
ical precipitation associated with the 8.2 ka event (Morrill and
Jacobsen, 2005). Southern Hemisphere proxy data link the 8.2 ka
event to spatially heterogeneous temperature anomalies (Morrill
et al., 2013) and anomaly signals in particular areas such as stron-
ger precipitation areas over Madagascar (Voarintsoa et al., 2019)
and accelerated sea-level rise and high sediment deposition rates
along the Brazilian shelf (Boski et al., 2015; dos Santos-Fischer et al.,
2018).

Proxy-based anomalies from South America and the South
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Atlantic covering the period of interest are scarce. Multiproxy re-
constructions (Morrill et al., 2013) and speleothem records (Cheng
et al., 2009) associate the 8.2 ka event with increased precipitation
over South America. There are indications of a sharp transition from
a cooling to a warming trend centered at the 8.2 ka event in the
western subtropical South Atlantic sea surface temperatures (SSTs)
(Pivel et al., 2013). Likemost Southern Hemisphere reconstructions,
the above studies describe regional responses to the 8.2 ka event.
Impacts at broader spatial scales have been connected to a
strengthening of South American precipitation in speleothems and
attributed to the South American monsoon system (SAMS) in the
early Holocene (Cheng et al., 2009). The SAMS is one of the most
important large-scale features of South America (Carvalho and
Cavalcanti, 2016). In a strong SAMS regime, precipitation during
austral summer increases along the Intertropical and South Atlantic
Convergence Zones due to increased moisture transport (Kodama,
1992; Nieto-Ferreira and Rickenbach, 2011). The interannual vari-
ability of the SAMS is associated with the El Ni~noeSouthern
Oscillation and with the South Atlantic subtropical dipole (SASD)
since those patterns induce anomalies in the wind circulation and
moisture delivery to South America. (Venegas et al., 1996, 1997;
Nogu�es-Paegle and Mo, 1997). More details on the SASD can be
found in the supplementary material.

A reconstruction of the SASD has been used in conjunction with
modeled precipitation to suggest an SASD-induced enhancement of
the SAMS during meltwater events in the early Holocene (Wainer
et al., 2014). Although the SASD signal evaluated by Wainer et al.
(2014) has longer timescales than expected for the Lake Agassiz
outburst, other longer-lasting freshwater fluxes in the early Holo-
cene, such as the melting of the Hudson Bay ice dome (Gregoire
et al., 2012) and rerouting of Canadian river discharge (Carlson
et al., 2009), could have affected the South Atlantic in the same
manner.

Here, we test the proposed relationship between the SASD, the
SAMS, and precipitation over South America for the early-Holocene
and evaluate the potential link between freshwater forcing from
the 8.2 ka event and the SASD. Given the paucity of proxy infor-
mation from the South Atlantic and South America during the
period of interest, our analysis will be based on both numerical
simulations and proxy data. More specifically, we plan to answer
the following three questions: (1) Does the spatial pattern of
reconstructed South American precipitation points to a strength-
ening of the SAMS around 9e8 ka? (2) Was the Early Holocene
SASD shift caused by freshwater addition in the North Atlantic, i.e.,
a warmer northeastern South Atlantic, and if so, (3) what was the
chain of mechanisms by which the increase in the freshwater
discharge in the North Atlantic generated a negative trend in the
SASD and strengthened the SAMS during the 8.2 ka event? This
paper will be structured in the following manner to address these
questions: the next section describes the proxy data, simulations
and methods. Section 3 discusses the proxy-based SASD and pre-
cipitation signal. Section 4 compares the proxy data to the simu-
lations to evaluate their ability to reproduce the SASD and South
American precipitation record during the period of interest. Section
5 analyzes the temporal evolution in the AMOC and sea ice extent
in the simulations. Section 6 discusses the SASD and bipolar seesaw
states, and Section 7 analyzes the mechanisms of the SASD shift.
Section 8 discusses the SSTand wind anomalies between the AMOC
slowdown and restart phases. Finally, in Section 9, we summarize
the discussion and answer the questions raised in the introduction
based on our results.
2. Data and methods

2.1. Climate reconstructions

Five SST proxy records were used to generate an early-
Holocene-reconstructed SASD (Fig. 1a). The westernmost records
were LaPAS-KF02 and SAN-76 located at 25�500S 45�120W at a
depth of 827 m and 24�250S 42�160W at a depth of 1682 m,
respectively (Toledo, 2008; Pivel et al., 2013). The easternmost
cores used were ODP 1084B at 25�300S 13�10E and a depth of 1992
m, GeoB1023-5 at 17�90S 11�00E and a depth of 1978 m, and ODP
1078C at 11�550S 13�240E and a depth of 426 m (Kim et al., 2002,
2003; Farmer et al., 2005). The SASDREC index is reconstructed
based on the difference in the mean SST anomalies between the
eastern and western cores in an approach similar to that used in
Wainer et al. (2014). The South American speleothem records
include the Padre (Cheng et al., 2009) and Lapa Grande tropical
caves (Stríkis et al., 2011) and the Botuver�a (Bernal et al., 2016) and
Jaragua subtropical caves (Novello et al., 2017). All the registers
were calibrated using the most recent continental and oceanic
isotopic curve based on a Monte Carlo approach.
2.2. Early Holocene CCSM3 simulations

To derive the early-Holocene SASD variability, we used one fully
transient and one equilibrium simulation generated by the Com-
munity Climate SystemModel, version 3. The first is the simulation
of the transient climate evolution over the last 21,000 years
(TrACE21ka) (He, 2011). TrACE21ka has a latitude-longitude reso-
lution of approximately 3.75�, without flux adjustments and with a
dynamic global vegetation module. Starting from the initial con-
ditions of the last glacial maximum (Otto-Bliesner et al., 2006), the
simulation is forced with transient orbital parameters and green-
house gases (Joos and Spahni, 2008), ICE-5G ice sheet re-
constructions (Peltier, 2004), and meltwater forcing based on Clark
and Mix (2002). To simulate early-Holocene rerouting of conti-
nental runoff, a freshwater forcing of 7.47 m/kyr in equivalent
meters of sea level rise was added to Hudson Bay between 9e8 ka.
Additionally, the lake outburst is simulated by adding 5 Sv (438 m/
kyr) of freshwater to Hudson Bay over a time span of 6 months at
8.47 ka BP (Carlson et al., 2009; Clarke et al., 2004).

A second simulation analyzes the effect of the Lake Agassiz
outburst and Hudson ice dome melting on a climate state in equi-
librium, also using the Community Climate System Model, version
3. The simulation was equilibrated with the 8.5 ka orbital param-
eters (Berger, 1978) and greenhouse concentrations corresponding
to ½CO2� ¼ 260 ppm; ½CH4� ¼ 660 ppb and ½N2O� ¼ 260 ppb, with a
1� resolution. To simulate the Hudson Bay ice dome melting, a
freshwater forcing of 0.13 Sv was added to the Labrador Sea within
the first 99 years of simulation, while in year 1 a 2.5 Sv flux was
added to simulate the lake outburst (Clarke et al., 2004). After 100
years, the simulation proceeds without any additional flux for 50
years. In contrast to TrACE21ka, this simulation compresses the 1
kyr ice domemelting to 100 years; however, previous studies show
that this temporal compression of the freshwater flux does not
cause significant changes in the 8.2 ka SST signal (Wagner et al.,
2013; Morrill et al., 2014). In both simulations, freshwater forcing
is applied to the Labrador Sea, and the 8.2 ka and early-Holocene
SST and precipitation signals have been previously validated by
comparison with proxy records (He, 2011; Wagner et al., 2013;
Morrill et al., 2014).



Fig. 1. Speleothem d18O records for South America and the proxy-based SASD reconstructions. a) Location of the marine sediment cores (squares: 1-SAN76, 2-LaPASKF02, 3-
ODP1078C, 4-GeoB10235, and 5-ODP1084B) and the speleothems (circles: 6-Padre, 7-Lapa Grande, 8-Jaragua, and 9-Botuver�a). The dashed lines illustrate the locations of the
Intertropical (white - -) and South Atlantic Convergence Zones (black - -), based on mean climatological position (Pottapinjara et al., 2019; Zilli et al., 2019). The red and blue boxes
show the northeast and southwest SASD poles, respectively. b) The blue line at the top is the proxy-based SASD reconstruction, and the black line is the sum of the 1st and 2nd

speleothem EOFs. The speleothem d18O time series are in VPDB. Age error bars for each speleothem are presented in the horizontal box plots. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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2.3. UVic model simulation

An additional simulation was performed using the isotope-
enabled University of Victoria Earth System Climate Model,
version 2.9 (Brennan et al., 2012, UVic model). The UVic model is
also fully coupled with ocean, land surface, atmosphere, vegetation,
sea ice, and sediment components and does not include flux ad-
justments (Weaver et al., 2001). The model was forced with a
present-day wind reanalysis by the National Center for Environ-
mental Prediction (Kalnay et al., 1996). Time-varying geostrophic
wind anomalies are computed and added to the climatology to
allow dynamic feedback (Weaver et al., 2001). The Modular Ocean
Model - Version 2 is the ocean component. It has 19 vertical levels
with Dz varying from 50 m at the surface to 500 m at the deepest
level and a resolution of 3:6o longitude by 1:8o latitude
(Pacanowski, 1996). The model also includes sea ice (Hibler, 1979),
sediment (Archer, 1996), land surface, dynamic vegetation com-
ponents and fully prognostic d18O for the ocean, atmosphere, sea
ice and land (Meissner et al., 2003; Brennan et al., 2012, 2013;
Bagniewski et al., 2015, 2017).

The orbital parameters and carbon dioxide concentration cho-
sen for the simulation refer to 9 ka (i.e., eccentricity ¼ 0.0167,
obliquity ¼ 23:45o, longitude of perihelion ¼ 102:04o, and ½CO2� ¼
280 ppm) (Berger, 1978). A ten-thousand-year-long equilibrium
simulation was performed to guarantee that both the ocean cir-
culation and ocean tracers are in full equilibrium. Hence, the last 2
kyrs of the equilibrium simulation consist of the control output. The
freshwater forcing scheme is implemented from the last control
year. To simulate the Laurentide Ice Sheet melting and rerouting of
Canadian continental runoff, 0.086 Sv of freshwater was added to
the Labrador Sea (50oN-65oN, 70oW-35oW) for one thousand years
(Carlson et al., 2009, 9-8ka BP). Finally, to simulate the Lake Agassiz
outburst, 2.5 Sv of freshwater forcing was added to the same Lab-
rador Sea area in 8.5 ka (Clarke et al., 2004). In the real world, both
discharges would have drained into the Hudson Bay; however, due
to the rigid-lid approximation, the addition of freshwater had to be
spread over a large area to avoid instabilities. After 8 ka, a virtual
salt flux was added over the same region in the Labrador Sea to
restart the North Atlantic deep convection. The virtual salt flux
decreased from �0.2 SV to �0.05 SV between 8 and 7.5 ka. This
virtual salt flux has no isotopic signature andwas chosen so that the
overturning could be restarted smoothly.

2.4. SASD, bipolar seesaw and wind effect analysis

The effect of the bipolar seesaw on SST anomalies was analyzed
based on the first empirical orthogonal function (EOF) of the
Atlantic SSTs. Since the surface signal of the bipolar seesaw is
directly affected by the strength of the AMOC overturning (Pedro
et al., 2018), an AMOC index, i.e., the maximum overturning
streamfunction between 20oN-70oN and between 200 and 3000 m,
was calculated as in (Yang et al., 2015). The total sea ice area was
also calculated for the models due to its effect on global SST pat-
terns and deep water formation (Chiang and Bitz, 2005). To analyze
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the SASD variability in the early Holocene, we calculated the
model-based SASD index in two ways. First, the SASDMODEL area
index was obtained by calculating the difference in the SST
anomalies between the southwest (30o-40oS, 30o-10oW) and
northeast (15o-25oS, 0o-20oW) areas of the dipole region (Morioka
et al., 2011). Hence, SASDMODEL measures the rate of warming (or
cooling) between the South Atlantic poles, with a negative SASD-
MODEL meaning stronger warming in the northeast South Atlantic or
stronger cooling in the southwest South Atlantic, and vice versa
(Lorenz, 1956; Morioka et al., 2011, Figure C3). Since the core-based
SASDREC is the difference between coastal temperatures, we
calculated SASDCOAST, which takes the difference in SSTanomalies at
the coastal cells of each model within the latitude range of each
pole of the SASDMODEL index. SASDMODEL is calculated following the
definition of the SASD index by Morioka et al. (2011), but the
addition of SASDCOAST assures comparability with SASDREC.

Vertical displacement of the thermocline along longitudes can
be triggered by either wind action or horizontal water mass
advection into the South Atlantic. Specifically, shifts in the merid-
ional component of the winds change the zonal surface Ekman
transport and rearrange the zonal SST distribution. Using the 1.5
layer model and Ekman dynamics, we are able to derive how
changes in the trade winds affect the thermocline depth (Eq. (1)).

h2ðx; yÞ¼2f 2ðyÞ
bðyÞgweðx� xeÞ þ H2ðyÞ (1)

where hðx; yÞ is the predicted isothermal depth as a function of the
longitude (x) and latitude (y). HðyÞ is the depth of the chosen

isotherm in the eastern boundary, and Dðx; yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2f ðyÞ2
bðyÞgweðx� xeÞ

r
is

the increment of the isothermal depth over the basin. The variables
ðx � xeÞ, we and g ¼ r3�r2

r0
g are the distance from the eastern

boundary, Ekman pumping and density stratification, respectively.
The values chosen for r2 (1025 kg m�3) and r3 (1035 kg m�3)
represent the approximate mean densities above and below the
thermocline, respectively. r0 ¼ 1020 kg m�3 is a reference density.
Finally, f ðyÞ is the Coriolis parameter, and bðyÞ is the beta effect
parameter. The parameter that tracks the vertical displacement of
the isotherms along the longitudes (Dðx; yÞ) depends on Ekman
pumping changes. Hence, hðx; yÞ measures how wind changes
affect a specific isotherm. Although the 20oC isotherm is tradi-
tionally used to track thermocline depth, this isotherm emerges
north of 35oS in both simulations, i.e., north of the maximum lat-
itudinal extent of the SASD. We therefore chose to track the 17oC
isotherm, which lies close to the top of the thermocline. The full
derivation of Eq. (1) is found in the supplementary material. Finally,
wind patterns also respond to sea ice alterations. Sea ice expansion
may intensify trade winds (Chiang and Bitz, 2005). As sea ice
changes influence Antarctic BottomWater and North Atlantic Deep
Water formation, we also analyze simulated sea ice areas (SIAs).
3. Precipitation and SASD records

First, we analyzed the SASD and SAMS signals in ocean cores and
precipitation. The reconstructed SASDREC index shows a decrease in
the dipole between 9 and 8 ka by up to 1oC, followed by an increase
after 8 ka (Fig. 1). A negative SASD index is associated with
anomalous warming of the northeast South Atlantic, which in turn
enhances the SAMS by increased evaporation (Liebmann and
Mechoso, 2011). Precipitation over South America is mediated by
convergence and convection over the ITCZ and SACZ (Garcia and
Kayano, 2010; Souza and Cavalcanti, 2009). However, intensified
evaporation in the northeast South Atlantic during negative SASD
events enhances water vapor saturation over the convection bands,
strengthening the precipitation (Monerie et al., 2019; Wainer et al.,
2014). The spatial footprint of a strong SAMS is an increment in the
precipitation along northeast South America (Vera et al., 2006),
with this increment decreasing from the north towards southern-
most South America (Fig C3 - supplementary). Speleothem d18Op

records along South America can help us determine if, in fact, an
increase in the precipitation signal is recorded between 9e8 ka.
Lapa Grande and Padre speleothem reconstructions register a
decrease in d18Op from 9e8.2 ka, pointing to an increase in pre-
cipitation in this period (Fig. 1). In both caves, d18Op increases after
8.2 ka, pointing to a decrease in precipitation. Conversely, an SASD
negative event decreases the SST over the southwestern South
Atlantic. This decrease in SST counter-balances the stronger evap-
oration in the northeast South Atlantic, which then causes the
precipitation signal to decrease southwards (Liebmann and
Mechoso, 2011). Jaragua Cave is located south of the previous
speleothems. As expected for southern South America, there is a
minimal d18Op decrease between 8.5e8.3 ka and an increase after
8.3 ka. Botuver�a cave is the southernmost speleothem considered
in this study. Since the SAMS has a lowering effect on southern
South America precipitation, if the recorded changes in the pre-
cipitation are due to changes in the SAMS, we would expect very
small or no precipitation variation in this record. In fact, the
Botuver�a speleothem shows no significant changes in d18Op except
for a slight increase (precipitation decrease) between 8.2 ka and 7.9
ka. The decrease in the precipitation variation from northeastern to
southern South America is an indication of SAMS-driven precipi-
tation events. Notice also that the SASDREC index is correlated with
d18Op changes recorded in the caves, implying the influence of the
SASD pattern on the SAMS.

EOF analysis was performed for the Padre, Lapa Grande,
Botuver�a and Jaguara Caves within their maximum gap-free time
range (8.5 ka - 7.8 ka, the yellow band in Fig.1b). The sum of the first
and second components show a decrease in d18Op from 8.5e8.2 ka
and explains 89% of the total speleothem record variability (Fig. 1b -
top). The maximum cross-correlation of the sum of the EOFs with
the reconstructed SASD equals 0.83 (nPREC ¼ 231,unfiltered), with
an SASD lag of 21 years, which indicates the coevolution of those
patterns. Although this lag is large considering the real world SST-
precipitation coupling, one has to bear in mind that the dating error
for themarine records used here is up to 60 years (Pivel et al., 2013).
Still, the 21 years lag is in agreement with the time scale of the
response of the global monsoons to a change in the South Atlantic
meridional heat transport estimated by Lopez et al. (2016).

The synchronous signal in the reconstructed SASD and speleo-
them d18Op hints that the change in precipitation in the early Ho-
locene is tied to the recorded change in the SASD. Moreover, due to
the scarcity of early-Holocene precipitation and SST re-
constructions, climate model simulations can be a helpful tool to
further explore the connection between the SASD and SAMS.

4. Simulated SASD signal

Prior to analyzing the early-Holocene simulations, it is neces-
sary to test whether they reproduce the SASD and precipitation
signals described in Section 3. We therefore compare SASDREC with
the simulated SASDCOAST value and the speleothem d18Op with the
simulated precipitation. SASDREC is created by taking the difference
in the SST anomalies between records in the coastal cores. Because
the coastal gradients may differ from open-ocean ones, we calcu-
lated the difference between the SST anomalies off the African and
Brazilian coasts at the latitudes of the northeast and southwest
poles (Section 2.4, SASDCOAST). The SASDCOAST values in TrACE and
UVic decrease by 1.5oC and 1oC, respectively, from 9 to 8 ka (Fig. 2 -



Fig. 2. SASDREC, SASDCOAST and SASDMODEL time series. The UVic and TrACE integration
years are shown on the bottom x-axis, while the CCSM3 integration years are shown
on the top x-axis. The SASDCOAST and SASDMODEL values are on the left and right y-axes,
respectively.
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top). After 8 ka, the SASDCOAST values in both simulations increase
back to its initial value. The UVic and TrACE long-term behaviors are
very similar to SASDREC for the period, having a similar magnitude
of 1.5oC. It must be stressed, however, that after 7.5 ka, the TrACE
SASDCOAST decreases again, unlike SASDREC. The CCSM3 simulation
is forced with a freshwater flux over the first hundred years of the
experiment, leading to a decrease in SASDCOAST over this period of
time. The coastal index then recovers within 50 years after the
freshwater forcing ends. Hence, all the models reproduce the
magnitude and trends in the SASD changes in the proxy records.

Comparing SASDCOAST with SASDMODEL, we can see that the
coastal index does reproduce the main decreasing trend between 9
and 8 ka as well as the posterior increase in SASDMODEL. The smaller
range in the variation in SASDMODEL (approximately 0.2oC) is due to
SST anomalies being calculated based on the area means, resulting
in lower variability. Even though the range of variability in SASD-
MODEL seems small, full SASD events have been identified to have
SST anomalies of up to 0.6oC (Nnamchi et al., 2017), and hence a 0.2
oC shift would induce higher frequency and persistence of negative
SASD phases. The similarity between signals indicates that the
SASDMODEL index captures the main variability in the proxy SASD.

We also compared the simulated precipitation at each cave
location to the speleothem oxygen isotope ratio. The simulated
precipitation increases at both the Padre and Lapa Grande Caves
from 9e8 ka in the TrACE and UVic simulations and within 1e100
years in CCSM3 (Fig. 3a and b). As the amount of precipitation in-
creases, d18Op decreases, and this signal is present in the SASDMODEL

index. The TrACE, CCSM3 and UVic precipitation amounts increase
by approximately 3 � 10�3, 9 � 10�5 and 1 � 10�5 kg m�2 s�1,
respectively. The mean model-calculated precipitation at the cave
locations ranges from 3.8 � 10�5 kg m�2 s�1 to 4.5 � 10�5 kg m�2

s�1, so the anomalies represent a considerable precipitation in-
crease. After freshwater forcing ends (8 ka and 100 years), precip-
itation decreases again while the d18Op increases. The simulated
precipitation in the southernmost caves (Jaragua and Botuver�a)
does not show a clear trend, agreeing with the lack of trend in
d18Op. When taking into account both the simulated SASD and
precipitation signal, all three simulations show a decreasing signal
from 9 to 8 ka (increasing precipitation) and a rise afterward. This is
the signal we are interested in analyzing and thus we can have
more confidence in using the models to study the dynamical pro-
cesses leading to reversed SASD and strengthened SAMS in the
early Holocene.

5. Simulated overturning

Climate reconstructions and simulations have shown that
freshwater added to the North Atlantic has the potential to
concentrate heat in the South Atlantic and weaken the Southern
Hemisphere trade winds by weakening interhemispheric transport
(Chiang and Bitz, 2005; Chiang et al., 2008; Kim et al., 2002; Pedro
et al., 2018). Changes in both the heat transport and trade wind
shifts impact sea surface temperature patterns in the South Atlantic
(Stocker et al., 1992; Wagner, 1996) and hence affect the SASD.
Overturning in the TrACE simulation decreases from 8 Sv to
approximately 6 Sv between 9 and 8 ka and recovers after 8 ka,
reaching 9 Sv (Fig. 4a). Note that the freshwater addition timing in
TrACE is concurrent with the AMOCweakening between 9 and 8 ka.
During the slowdown phase of the AMOC, the circulation weakens
by 1.5 Sv, but the main structure of the circulation does not change
(Fig C4-a). The weakening is noticeable in the upper 2000 m. As
AMOC weakens, zonal velocities decrease in the location of the
northeastern SASD pole (Fig C4-c). After the freshwater forcing
stops (8e7 ka) the AMOC recovers with an intensification of the
circulation and a deepening of NADW (Fig C4-b 1000e3000m), and
zonal velocities are restored to the 9.1 ka values (Fig C4-d). The
CCSM3 non-transient simulation (CCSM3 hereafter) has a duration
of 150 years and starts with the Lake Agassiz outburst. The CCSM3
overturning is similar to TrACE: the AMOC in this simulation drops
from 16 Sv to 9 Sv within the first 100 years of freshwater forcing.
After year 100, when freshwater forcing stops, the AMOC recovers,
reaching approximately 15 Sv by the end of the 150 years of
simulation. The AMOC in the UVic simulation weakens from
approximately 20 Sve2 Sv during the freshwater forcing period
(9e8 ka). After 8 ka, the AMOC restarts and stabilizes to approxi-
mately 20 Sv again by 7.5 ka. TrACE is fully transient and accounts
for the freshwater forcing discharges associated with Heinrich
event 1 and the Younger Dryas prior to the Holocene (He, 2011). The
forcing prior to the Holocene possibly diminishes initial over-
turning in TrACE, making the initial AMOC overturning lower than
that of CCSM3. Considering that the total mass added to the ocean
in TrACE (7.5 m in SLR equivalent) is larger than in CCSM3 (1.5 m in
SLR equivalent) and that both TrACE and CCSM3 use the Commu-
nity Climate SystemModel, version 3, we can infer that the stronger



Fig. 3. Comparison between the simulated precipitation and d18Op for South American caves. Blue, red and black lines are the TrACE, UVic and CCSM3 precipitation time series at
the cave locations, respectively. The purple line is the cave d18Op . The UVic and TrACE integration years are shown on the bottom x-axis, while the CCSM3 integration years are
shown on the top x-axis. The yellow band marks the period of decreasing SASD. Note that the precipitation vertical axis is flipped, with values decreasing from top to bottom. The
right y-axis in all plots are for the d18Op series, while the left y-axis are for the simulated precipitation. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)
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Fig. 4. AMOC index [Sv] for all the simulations (a) and sea ice extent anomalies [1012m2] in the North Atlantic (b) and Southern Ocean (c). The blue and red curves correspond to the
TrACE and UVic simulations, respectively, and the time integration is shown on the bottom horizontal axis, while the black curve corresponds to CCSM3, and the integration time is
shown on the top horizontal axis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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decrease in AMOC in the CCSM3 simulation is possibly due to
higher freshwater flux over a shorter time. In turn, the stronger
AMOC slowdown in the UVic simulation compared to TrACE is
possibly due to the stronger sensitivity of the UVic model to hosing.
All models show a weakening of the overturning that reaches a
minimum by the end of the respective freshwater addition, and
after hosing ends, AMOC recovery takes place.

The zonal heat distribution in the Atlantic is directly affected by
zonal Ekman transport, which in turn responds to wind shifts.
Moreover, sea ice expansion can have an impact on tradewinds and
deep water formation (Chiang and Bitz, 2005). Fig. 4b shows the
total sea ice area in the Northern Hemisphere for all simulations. In
all three simulations, the North Atlantic sea ice area (SIA) increases
during the freshwater forcing period, i.e., approximately 9e8 ka for
TrACE and UVic and 1e100 years for CCSM3. The TrACE and UVic
SIAs increase by approximately 1 � 1012m2 and 2 � 1012m2,
respectively, while the CCSM3 area increases by 3� 1012m2. At 8 ka,
with the AMOC restart, heat transport is restored in the North
Atlantic, and the SIA starts to decrease again in the UVic and TrACE
experiments. After 7.5 ka, the North Atlantic SIA plateaus into a new
equilibrium value as the AMOC reaches equilibrium as well. In
CCSM3, the SIA reaches its maximum after approximately 50 years
of simulation, stays relatively high until year 80 and decreases af-
terward. Despite the distinct variability in each simulation, the time
series of the AMOC index and the North Atlantic SIA have a
coherent pattern: As freshwater is added to the North Atlantic (9e8
ka or 1e100 years), the AMOC slows down and sea ice expands in
the North Atlantic, while the opposite occurs when freshwater
forcing stops.

The Southern Ocean SIA response to AMOC changes varies be-
tweenmodels (Fig. 4c).While both the TrACE and CCSM3 exhibit no
significant Southern Ocean sea ice response to the freshwater
forcing in the early Holocene, the UVic model shows high SIA
variability. From 9 to 8 ka, the UVic SIA decreases by 2 � 1012m2 in
the Southern Ocean. This decrease is triggered by an increase in
open-ocean deep convection and Antarctic Bottom Water forma-
tion, melting sea ice due to warmer water advected southward and
brought up from deeper layers in the Southern Ocean (supple-
mentary materials). This behavior is consistent with the bipolar
seesaw hypothesis (Broecker, 1998). From 8 ka-7.5 ka onwards,
strong positive anomalies in the SIA occur, as Antarctic Bottom
Water formation reaches its maximum (see Fig B2-3 in the sup-
plementary materials). Finally, after 7.5 ka, the AMOC stabilizes,
and as the Southern Ocean starts to cool down again, the SIA in-
creases, which is an ocean dynamic response to North Atlantic
overturning slowdown. Southern Ocean deep convection events in
the open ocean in the UVic model have been previously described
byMeissner et al. (2007). Similar processes have been suggested by
Azaneu et al. (2014) and Aguiar et al. (2017) for reanalysis products.
This 8e7.5 ka signal does affect the SASD (Section 6), and we will
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analyze the SASD anomalies in this period. However, those anom-
alies are outside the period that we aim to analyze for the fresh-
water forcing response (9e8 ka) and are therefore not the focus of
this study.
6. Early-holocene SASD

EOF analysis was performed to determine the main variability
pattern in all the simulated SSTs and their link with the SASD be-
tween 9e7 ka (Fig. 5). The first global components of the SST EOF
analysis have correlations of 0.72, 0.6 and 0.87 with the AMOC
index for TrACE, the UVic model and CCSM3, respectively. The
spatial pattern of the first EOF shows positive temperature anom-
alies in the North Atlantic and negative ones in the South Atlantic
(Fig. 5aec). When the AMOC weakens (9e8.2 ka and 1e100 years),
the 1st component from all the models show warming in the South
Atlantic and cooling in the North Atlantic.

After freshwater forcing stops, the time series of the first EOF
Fig. 5. EOF analysis of the sea surface temperature and SASDMODEL. Maps a, b and c repr
respectively. Graph d is the time series of the normalized values for the 1st component (top)
the period of slowing AMOC in all simulations. (For interpretation of the references to colo
from both TrACE and CCSM3 increase, restoring the North and
South Atlantic SSTs. In the UVic simulation, the 1st component also
increases after the cessation of freshwater forcing but has an
oscillatory behavior between 8 and 7.6 ka. This oscillation matches
the variability in the Southern Ocean deep convection and sea ice
area discussed above (Fig. 4c).

In all threemodels, as the AMOCweakens and the South Atlantic
warms, the area-based SASD index moves towards negative values
(Figs. 5d, 9-8.2ka). The decrease in the SST gradient equals 0.3oC,
0.4oC, and 0.2oC in the TrACE, CCSM3 and UVic simulations,
respectively. As the AMOC restarts, the SASDMODEL indices for the
TrACE, CCSM3 and UVic simulations increase towards positive
values again. The SASDMODEL index in the UVic simulation again
shows an oscillation due to changes in AABW formation. This
oscillation is a quarter of the magnitude (0.05oC) of the main SASD
decay (0.2oC); hence, we consider it a minor departure from the
main SASDMODEL increase.

A negative SASDMODEL value is therefore a consistent response to
esent the 1st EOF components for the globe in TrACE, CCSM3 and UVic simulations,
and nonnormalized area-based index (SASDMODEL - bottom). The yellow box highlights
r in this figure legend, the reader is referred to the Web version of this article.)
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freshwater anomalies between 9 and 8 ka. The agreement between
the simulations and reconstructions (SASDREC, Fig. 2) points to the
persistence of a weaker dipole in the transition from the early to
middle Holocene. After the freshwater addition period ends, the
SASD values increase again. Since the simulations forced only with
meltwater (CCSM3 and UVic model) show a decrease in the SASD,
the freshwater addition to the North Atlantic, and not the other
transient forcings included in the TrACE simulation, is likely the
forcing responsible for triggering the SASD shift in the early
Holocene.

Negative SASD events enhance the SAMS by increasing the
amount of precipitation over the ITCZ and SACZ (Liebmann et al.,
2004), with increased precipitation over northeastern South
America and decreased precipitation in southern South America
(Cavalcanti, 2012). The SST-precipitation coupling mechanism
proposed by Wainer et al. (2014) states that warming over the
northeast SASD pole during a negative SASD phase enhances ocean
evaporation, resulting in higher atmospheric moisture over the
respective latitudinal band. An EOF analysis of the precipitationwas
performed here to evaluate the evolution of the precipitation
pattern. The components that captured the SAMS spatial signal
were the 1st EOF for the TrACE and CCSM3 simulations and the 2nd

EOF for the UVic simulation, showing anomalies in the Intertropical
and the South Atlantic Convergence Zones (Fig. 6). A positive EOF
signal for the three simulations represents negative precipitation
anomalies over the SACZ and ITCZ, and a shift towards positive
anomalies southwards. The three simulations are characterized by
Fig. 6. SAMS signal of the precipitation in the EOF analysis. The maps represent the precipit
graph is the time series of the values for the principal components of the EOFs. The yellow b
the TrACE, CCSM3 and UVic simulations explain 51%, 50% and 30% of the precipitation variab
reader is referred to the Web version of this article.)
a shift of the EOF time series towards negative values when the
AMOC is weakened; i.e., the precipitation increases in northeastern
South America (Fig. 6d). When the AMOC recovers, the TrACE and
CCSM3 principal components increase back to their initial values.
During recovery, the UVic simulation shows the oscillation already
described in the SST and sea ice signals, which points to an SST-
precipitation coupling in the mechanism. The EOFs describing the
SAMS variability explain 51%, 50% and 30% of precipitation vari-
ability in TrACE, CCSM3 and UVic experiments, respectively. Finally,
the synchronousweakening of the bipolar seesaw and precipitation
EOFs and SASD index during overturning slowdown suggests that
there is a link between the AMOC strength, SASD negative and
SAMS positive anomalies. A Pearson’s correlation between the
SASDMODEL and the precipitation principal component time series
results in correlation coefficients of 0.62, 0.70, and 0.46 for TrACE,
CCSM3, and the UVic model respectively (p<0.05), showing a
moderate relationship between the patterns. Moreover, the deter-
mination coefficients from a linear regression between the SASD-
MODELand precipitation are 0.38, 0.5, and 0.21 in TrACE, CCSM3, and
UVic simulations, respectively. Those determination coefficients
suggest that SASD explained up to 50% of the precipitation signal of
SAMS during the 8.2 ka event. Hence the SASD possibly exerts a
second-order forcing on the precipitation in the early-Holocene.
7. Mechanisms of SASD variability

The zonal heat distribution in the South Atlantic is directly
ation EOF component for the South Atlantic and South America in the simulations. The
ox highlights the period of weaker AMOC in all simulations. The precipitation modes in
ility, respectively. (For interpretation of the references to color in this figure legend, the
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affected by the strength of the trade winds. A weaker wind
meridional component decreases the westward Ekman transport,
displaces the surface heat from the Brazilian coast towards the
African coast, and reduces the depth of the thermocline. Hence,
changes in the wind during the early Holocene could have altered
the surface mixed layer heat content in the SASD poles, shifting the
system. To analyze the role of the winds in shifting the SASD to-
wards negative values, we used the 1.5 layer solution (Eq. (1)) to
compute the depth of the 17oC isotherm. In TrACE, the wind causes
a shallowing of the 17oC isotherm within the South Atlantic during
9e8 ka, i.e., during freshwater forcing, with an upward displace-
ment of up to 3 m (Fig. 7d), which is larger in the western Atlantic.
In the CCSM3 experiment, the wind-induced shallowing of the
western isotherms of 10 m and a 5 m deepening of the eastern
isotherm (Fig. 7e) from year 1e100. The same pattern is observed in
the UVic simulation from 9e8 ka, with a maximum shallowing of a
meter (Fig. 7f), especially after 8.5 ka. The wind anomalies in the
UVic simulation derive from a geostrophic adjustment to air tem-
perature anomalies, and not from a fully resolved atmospheric
dynamics. This method of adjustment might explain the low
magnitudes of isothermal deepening in the UVic simulation.
Nevertheless, the upward movement of the thermocline indicates
cooling of surface waters by their mixing with deep colder waters.
Accordingly, as western isotherms move upwards, it is expected
that colder deep waters will reach the surface, cooling the SST
distribution of the southwestern SASD pole, and pushing the dipole
towards negative values. The simulated decay of the SASD from
9e8 ka in Fig. 5d hints this is the process responsible for shifting the
SASD. Hence, when freshwater is added to the North Atlantic,
winds tilt the isotherms, which results in the development of a
negative SASD phase.

After the freshwater forcing period, TrACE winds push the iso-
therms down again in the western South Atlantic, pushing the
dipole index towards the positive phase (Figs. 7d, 8-7ka). In CCSM3,
the wind-driven isothermal downlift occurs after year 110 (Fig. 7b).
The western isotherms deepen by up to 5 m after year 110, and the
eastern Atlantic isotherms move upwards from 130 to 150 years in
CCSM3. This motion drives the dipole towards positive values by
Fig. 7. Mean depth anomaly (m) of the 17oC isotherm from 15oS to 40oS. a, b and c are the
TrACE, CCSM3 and UVic experiments, respectively. Dashed and dotted boxes show the valu
cooling the notheastern SASD pole and warming the southwestern
pole. In the UVic model, wind-driven isothermal downlift occurs
through an oscillation (Fig. 7f). First, the western Atlantic
isothermal depth anomaly becomes less negative, i.e., western
isotherms move downwards from 8.2e7.8 ka. This motion pushes
the dipole towards positive values (Fig. 5d) by warming the
southwestern SASD pole. From 8e7.6 ka, the negative anomalies in
the western pole become more negative, the 17oC isotherm moves
up again and the dipole becomes negative (Fig. 5d). Finally, after 7.6
ka, the isotherms slowly deepen again, driving the SASD to be
positive again.

A comparison of the wind-driven isothermal shift from the 1.5
layer model with the 17oC depth shift obtained from the simula-
tions illustrates how the wind effect changes the thermocline. To
simplify the text here, we will call the depth of the 17oC isotherm
obtained directly in the water column of each simulation Z17. This
parameter differs from the wind-driven one calculated from the 1.5
layer model. The changes in the depth of Z17 in TrACE, UVic and
CCSM3 show a deepening when freshwater forcing is added to the
North Atlantic (9e8 ka, Fig 7a; c, years 1e100, Fig. 7b). Deepening in
all the models seems to be concentrated within the South Atlantic
eastern boundary. At 20oW inTrACE, the Z17 deepens by up to 15m,
while in the CCSM3 and UVic, it deepens by 15 m and 30 m,
respectively. The South Atlantic temperature increase is expected in
a slowing overturning scenario due to slow northward heat
transport. As the bipolar seesaw shifts towards a state of slower
northward heat transport, heat concentrates in the South Atlantic
(Pedro et al., 2018). Thus, the isothermal deepening results are
consistent with the bipolar seesaw variability. However, as the
AMOC slows down, the winds over the South Atlantic in the sim-
ulations cause a shallowing of the isotherms, mostly in the western
South Atlantic (Fig. 7def). This shallowing and the heat addition to
the South Atlantic creates the final pattern of deeper eastern iso-
therms and warms up the surface of the northeast pole. A warmer
northeast South Atlantic then reduces the SASD index.

After the meltwater forcing period ends (after 8 ka and year
100), the TrACE Z17 moves up again, with stronger shallowing in
the eastern Atlantic (8e7.5 ka), which induces a positive shift in the
simulated anomalies, and d, e and f are the wind predicted anomalies (hðx;yÞ) for the
es within the longitude ranges of the northeast and southwest SASD poles.
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SASD. This vertical displacement in Z17 is not evident in the CCSM3
simulation, but it can be seen in the UVic results. The absence of
uplift in Z17 in the CCSM3 simulation does not necessarily discredit
the SASD return to positive values. Especially because other oceanic
signals, such as water mass entrance or wave propagation, interfere
with the measured isothermal displacement. The dynamic analysis
shows that South Atlantic winds push the western isotherms up-
wards, while ocean dynamics heat up the surface of the South
Atlantic. The combination of these two factors act by concentrating
heat in the eastern South Atlantic and pushing the SASD towards
negative values. It is important to highlight that there is a difference
in the magnitude of the vertical migration of the Z17 and the wind-
driven isothermal deepening. That is because the 1.5 layer model
does not simulate the propagation of eastern boundary isothermal
deepening into the interior ocean by Rossby waves. Hence, it is
likely that other processes triggered by freshwater addition in the
North Atlantic amplify the isothermal deepening in eastern South
Atlantic.

Finally, none of the previously analyzed signals seem to have a
large response by 8.5 ka or year 1; i.e., they do not seem to be
directly forced by the lake outburst, showing that background slow
freshwater addition is more important for modulating the SASD
than abrupt freshwater release.

8. Wind anomalies between AMOC states

The 1.5 layer analysis suggests that wind anomalies during
different AMOC states shift the zonal heat distribution, hence
shifting the SASD state. Here, we will investigate the SST and wind
patterns under the AMOC slowdown and recovery states. Meridi-
onal (zonal) winds control zonal (meridional) surface transport;
hence, we will use the wind components to understand the
transport of surface waters. It is important to highlight however
that changes in the meridional winds affect mostly the eastern
boundary isotherms, while its propagation to internal ocean hap-
pens due to Rossby waves propagation.

Trade winds in the TrACE experiment weakened during the
AMOC slowdown phase, while the anomalies in the westerly winds
seemed to vary with longitude (Figs. 8,9-8 ka). During the AMOC
slowdownphase, the SSTs increased by 0.2oC in the northeast South
Atlantic, while the southwest South Atlantic cooled. Weakening of
the meridional winds can decrease westward Ekman transport and
hence concentrate heat in the eastern South Atlantic. Additionally,
weakening of the trade wind’s zonal component can concentrate
warm surface waters in the northern South Atlantic. In fact, the
time series of the meridional component of the trade winds be-
tween 0 and 20oS show a 0.1 m=s weakening, while the zonal
component weakens by 0.2 m=s from 9e8 ka. After 8 ka, the trade
wind speeds increase. Thewesterlies, however, do not seem to have
any measurable signal through the whole simulation, hence not
necessarily affecting the SASD signal. SST anomalies agree with a
negative SASD phase from 9 to 8 ka. In the AMOC recovery phase,
the wind anomalies decrease, and the SST anomalies between poles
revert, agreeing with a positive SASD phase.

In CCSM3, while the AMOC weakens in the first 100 years of
simulation, the meridional (zonal) component of the trade winds
weakens by 0.3m=s (0.6m=s), and positive SST anomalies appear in
the northeast South Atlantic (Fig. 9). SST anomalies in this phase
also point to a negative SASD. The westerlies do not show any
apparent trend throughout the simulation. In the AMOC return
phase, the SST anomalies revert, with cooling in the northeast pole
and warming in the southwest pole. At this point, wind anomalies
show that the trade winds strengthen again.

The UVic simulation wind anomaly maps and time series show
that the meridional component of the trade winds also weakens by
0.04m=s, and the zonal component weakens by 0.02m=s during the
AMOC slowdown phase (Fig. 10, 9e8.2 ka). In contrast to previous
simulations, the westerlies seem to accelerate in the UVic simula-
tion by 0.03m=s from 9e8 ka. The SST anomalies show a warming
phenomenon concentrated in the northeast pole, also pointing to a
negative SASD. After 8 ka, while the AMOC accelerates, the mean
meridional component of the trade winds increases again, and the
northeast pole cools down. The signal of the westerlies after 8 ka
seems to have a response identical to the bipolar seesaw EOF
(Fig. 5c).

9. Summary and conclusions

The SAMS is one of the most important modes of precipitation
variability in South America (Vera et al., 2006). Specifically, an
early-Holocene SAMS intensification has been proposed (Wainer
et al., 2014), most likely connected to meltwater fluxes into the
North Atlantic. This points to the initial question raised in the
introduction: (1) Does the spatial pattern of reconstructed South
American precipitation points to a strengthening of the SAMS
around 9e8 ka? We indeed found this phenomenon. The agree-
ment and weakening of the d18Op negative trends towards south-
ern South America (Section 3) corroborates that hypothesis. Cheng
et al. (2009) present evidence of a precipitation increase in South
America connected to the 8.2 ka event. Although our study agrees
with their findings, we advise caution since there are still too few
speleothem records in South America that can be analyzed to infer
the SAMS signal for the study period.

The study of other analogous periods with weakening over-
turning can provide evidence of the validity of the early-Holocene
changes proposed here. The examination of widespread continen-
tal precipitation records by Stríkis et al. (2011) shows evidence of
increased SAMS during 8.2 ka. Additionally, an intense strength-
ening of the SAMS has been proposed for Heinrich Stadials 1a and
1c (Stríkis et al., 2015). Heinrich events are associated with ice
rafting, weakened overturning and the southward migration of the
Intertropical Convergence Zone (Broecker et al., 1992), all processes
used to explain our proposed SAMS strengthening mechanism. We
conclude that the documented SAMS intensification regimes dur-
ing other low-overturning states corroborate our hypothesis of a
stronger SAMS due to meltwater addition to the North Atlantic
during the 8.2 ka event.

Modeling experiments with AMOC weakening in the North
Atlantic have shown an increase in South American precipitation
and a change in the South Atlantic heat distribution (Frierson et al.,
2013; Mulitza et al., 2017). Wainer et al. (2014) proposed that South
Atlantic surface heat variability plays a key role in early-Holocene
SAMS intensification, specifically due to the SASD teleconnection.
However, is the SASD-SAMS shift caused by freshwater addition to
the North Atlantic (2)? Our results indicate that it is. Simulations in
which the single transient forcing is the meltwater addition to the
North Atlantic reproduce SASD shifts similar in magnitude to the
reconstructions. While we used two different models and three
simulations in this study, this mechanism will need to be tested
with other models. Furthermore, other transient forcings could also
contribute to the SASD signal. The rising atmospheric temperatures
in the early Holocene might play a role by causing widespread
warming of the South Atlantic and increased South Atlantic evap-
oration. However, freshwater-triggered trade wind weakening is
most likely the direct contributor to SASD-SAMS changes. Further
sensitivity studies with a variety of single-forcing experiments are
required to quantify the effect of each climate component on the
strengthening of the SAMS. Additionally, Lopez et al. (2016) sug-
gested that decadal variations in AMOC and the Atlantic meridional
heat transport can be potential predictors of the strength of the



Fig. 8. Wind anomalies during the AMOC slowdown (9e8 ka) and AMOC recovery phases (8e7 ka) in TrACE. The map colors are the SST anomalies, and the time series show that
the mean surface wind components within the Atlantic. Anomalies are calculated using the 9e7 ka mean. White boxes show the location of the northeast and southwest SASD
poles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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global monsoons within a 20 years adjustment lag. Indeed, in our
analysis, we find evidence that a weakening of AMOC and the
consequent anomalies in South Atlantic SSTs during the early-
Holocene can enhance the South American Monsoonal system.

Finally, (3) what are the mechanisms causing the negative SASD
and strengthened SAMS during the early Holocene? Here, the
proposed mechanism is based on ocean and atmospheric changes
during the low-overturning phase: As the AMOC slows down, heat
concentrates in the South Atlantic and the trade winds in Southern
Hemisphere weaken. Weakened trade winds push the isotherms
upwards, with higher vertical movement on the western South
Atlantic. This differential isothermal uplift contributes to more heat
being stored in the eastern South Atlantic, warming up the north-
east SASD pole. Warmer waters in the northeast South Atlantic
enhance evaporation. Excess moisture is then transported to
northeast South America, where the SAMS regime is then intensi-
fied. Freshwater forcing has been identified as one of the trigger
mechanisms for SAMS intensification (Stríkis et al., 2011). Caution
has to be taken regarding the interpretation of our results for three
reasons. First, the signal found here for the SASD-driven SAMS shift



Fig. 9. Wind anomalies during the AMOC slowdown (1e100 years) and resumption phases (100e150 years) in CCSM3. The map colors are the SST anomalies, and the time series
represent the mean components within the Atlantic. The anomalies are calculated using the 1e150 year mean. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 10. Wind anomalies during the AMOC slowdown (9e8 ka) and AMOC resumption phases (8e7 ka) in the UVic model. The map colors are the SST anomalies, and the time series
represent the mean wind components within the Atlantic. The anomalies are calculated using the 9e7 ka mean. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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is likely embedded within a larger picture of South Atlantic
warming. Widespread warming is the first South Atlantic signal in
the SST when the AMOC slows down (Pedro et al., 2018). This
warming increases South Atlantic evaporation, which likely leads to
enhanced continental precipitation. The mechanism proposed here
is a second-order SST signal regarding heat redistribution from the
southwest to the northeast South Atlantic. In our simulations, this
pattern explains up to 31% of the SST variance during the AMOC
slowdown and up to 50% of the precipitation increase in the early
Holocene. Second, SAMS intensification in low-overturning states
has also been associated with the El Ni~noeSouthern Oscillation
variability by causing anomalies in the Walker cell circulation and
triggering convective rain in northeastern South America
(Ropelewski and Halpert, 1989). However, the influence of each of
the processes is still under debate (Aceituno, 1988; Zhou and Lau,
2001; Kayano et al., 2013), and we consider the evaluation of the
El Ni~no signal in Holocene precipitation out of the scope of the
present study. Another feature of South American precipitation not
analyzed here is the modulation of the zonal precipitation regime
over the Amazon Basin. This modulation is most likely affected by
changes in the SASD since negative SASD intensifies monsoons
mostly in the eastern Brazil basin (Wainer et al., 2014). However, we
consider this result to be an issue to be addressed in future studies.
Third, present-day SASD events are connected to southward
migration of the subtropical high and differential heat fluxes be-
tween the SASD poles (Morioka et al., 2011). Latent heat fluxes are
mostly considered the main driver, although heat concentration
due to zonal Ekman transport also contributes to differential pole
SST anomalies (Sterl and Hazeleger, 2003). Our analysis shows that
for the early Holocene, weakening of the trade winds changes the
ocean vertical temperature structure, which together with extra
South Atlantic heat due to the AMOC slowdown, changes the SASD
index to negative values. The proposed mechanism explains how
extra heating in the surface South Atlantic contributes to the SASD
establishment and phase. One mechanism does not necessarily
exclude the other; in fact, the weakening of the trade winds can be
a consequence of subtropical high weakening. Future studies
should evaluate the role of each one of the mechanisms in the
establishment of negative SASD values.

Although high-resolution proxies that quantitatively measure
precipitation are scarce in South America, several nonquantitative
evidence of an increased SAMS exists. Rodrigues-Filho et al. (2002)
found deposition of slope-wash sequences in Lake Silvana from 9.4
to 8 ka, suggesting rising lake levels and an extreme increase in
rainfall. An analysis of vegetation changes in southeastern Brazil
found increasing pollen counts from high-humidity species con-
current with the increase in the level of Lake Silvana during 9.5e8.6
ka BP (Pereira et al., 2012; Rodrigues et al., 2016). Lago do Pires
pollen stratigraphy in Northeast Brazil records an increase in gal-
lery forests and suggests an increase in precipitation from 8.8 to 7.5
ka BP (Behling, 1995). Other lake and cave reconstructions also
point to increased precipitation during this early Holocene time
span (Behling, 2003; Cheng et al., 2009; Hor�ak-Terra et al., 2015).

Further modeling experiments to validate the proposed mech-
anism need to be performed, especially to test its validity during
other meltwater events, such as the Younger Dryas, Heinrich events
and Dansgaard-Oeschger events, and to evaluate the effect of solar
and greenhouse gas forcing on the SAMS. Future studies with
widespread speleothem reconstructions along South America and
coastal SST reconstructions can also be used to test the validity of
the SASD-SAMS signal in the early Holocene. Finally, the suggested
ongoing AMOC weakening is likely a consequence of current global
climate change. Changes in the SASD dipole and SAMS are already
depicted in other studies (Liebmann et al., 2004; Hsu et al., 2012).
Hence, future studies should analyze the coevolution of SASD and
SAMS in future AMOC change scenarios.
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