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ABSTRACT

Slowdowns of the Atlantic meridional overturning circulation during Heinrich stadials (HS) caused reductions in cross-equatorial heat transport, southward shifts of
the Intertropical Convergence Zone and intensification of precipitation over eastern tropical South America. While these changes are well described, the associated
spatial sea surface temperature (SST) patterns are still unclear. Here, we analyze proxy data to assess changes in ocean-atmosphere interactions during HS over the
western South Atlantic. Our SST proxy records show contrasting patterns between the tropical (warming) and the subtropical (no change) western South Atlantic
during HS. We propose that the distinct SST behavior in the subtropics was associated with the cloud cover effect of the South Atlantic Convergence Zone over the

upper ocean.

1. Introduction

The slowdown of the Atlantic meridional overturning circulation
(AMOC) during Heinrich stadials (HS) (McManus et al., 2004; Bohm
et al., 2015; Henry et al., 2016) caused a reduction in cross-equatorial
heat transport, which in turn resulted in a cooling of the Northern
Hemisphere and a warming of the Southern Hemisphere, as described by
the thermal bipolar seesaw (Broecker, 1998; Stocker and Johnsen,
2003). This asymmetric temperature response causes a southward
displacement of the Intertropical Convergence Zone (ITCZ) (Mulitza
et al.,, 2017; Zhang et al., 2017) and strengthens precipitation over
eastern tropical South America across at least part of the region influ-
enced by the South Atlantic Convergence Zone (SACZ) (Fig. 1; Strikis
et al.,, 2018; Campos et al.,, 2019). Although such changes are well
described and supported by proxy data, regional ocean-atmosphere
feedbacks over the western South Atlantic have not yet been fully
explored. Understanding ocean-atmosphere feedbacks during periods of
fluctuations in AMOC strength (Arz et al., 1998; Mulitza et al., 2017)
becomes crucial even if a debate still exists whether the AMOC is stable

(Parker, 2016) or weakening in recent decades (Caesar et al., 2018).
Recent studies point to a serious bias in the modeled AMOC stability, in
favoring a stable AMOC and overlooking an AMOC collapse in climate
projections (Drijfhout et al., 2011; Liu et al., 2017).

During HS1, western Atlantic sea surface temperatures (SST) in the
Brazil Current (BC) and the North Brazil Current (NBC) (Fig. 1) were in
phase on millennial scales (Weldeab et al., 2006; Chiessi et al., 2015).
However, Chiessi et al. (2015) observed that the NBC domain showed
larger SST increases than the BC, suggesting regional differences in SST
changes during HS. Interestingly, sites located between 20°S and 30°S in
the South Atlantic lacked a significant SST response in the BC domain
during HS (Carlson et al., 2008; da Portilho-Ramos et al., 2015; Santos
et al., 2017; Pereira et al., 2018).

Recent evidence points towards a widespread increase in precipita-
tion over eastern South America partially over the region occupied by
the SACZ during HS (Strikis et al., 2015; Strikis et al., 2018; Campos
et al., 2019). Ocean models and observational data show that an
intensification of SACZ (hence increased cloud cover) under modern
conditions reduces incident shortwave solar radiation, which cools the
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underlying ocean in the subtropics. This in turn can weaken pre-existing
positive SST anomalies (Chaves and Nobre, 2004; De Almeida et al.,
2007; Nobre et al., 2012). The South Equatorial Current (SEC) feeds the
BC and, on seasonal timescales, latitudinal migrations of the bifurcation
are coupled to ITCZ displacements (Rodrigues et al., 2007), with the SEC
bifurcation moving northward simultaneously with a southward ITCZ
displacement. Accordingly, southward ITCZ migrations reported for HS
(Wang et al., 2004; Jennerjahn et al., 2004; Mulitza et al., 2017) were
probably followed by northward migrations of the SEC bifurcation
(Venancio et al., 2018). This would enhance the transport of warm
waters to the BC and increase SST at the subtropical South Atlantic.
These regional ocean-atmosphere feedback mechanisms need to be
considered when interpreting paleotemperature records from the west-
ern South Atlantic on millennial timescales.

We investigate the occurrence of ocean-atmosphere interactions
during HS in the western South Atlantic. We show new high-resolution
SST records derived from planktonic foraminiferal Mg/Ca from the
western equatorial Atlantic and compare these new results with pub-
lished SST records from the subtropical South Atlantic over the past 70
ka. Our results reveal distinct SST patterns between the tropical and the
subtropical South Atlantic due to the influence of regional ocean-
atmosphere feedbacks during HS (i.e. SACZ-SST feedback).

2. Study area

Marine sediment cores GL-1248 (0.55°S, 43.24°W, 2264 m water
depth) (Venancio et al., 2018) and GeoB16202-2 (1°54.50" S, 41°35.50
W, 2248 m water depth) (Mulitza et al., 2013) were collected in the
western equatorial Atlantic, off northeastern Brazil (Fig. 1). Here, the
southward-flowing BC and the northward-flowing NBC originate from
the bifurcation of the South Equatorial Current (SEC) at ~10°S and
dominate the upper ocean circulation (Peterson and Stramma, 1991;
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Stramma and England, 1999). In the surface-ocean (<100 m), the BC
and the NBC transport Tropical Water (TW), which is a warm (>20 °C)
and saline (>36) water mass.

Off northeastern Brazil, seasonal changes in the trade wind system
drive the variability of the NBC transport. During austral summer and
fall, the ITCZ relocates southward, and the northeast (NE) trade winds
strengthen (Hastenrath and Merle, 1987; Stramma et al., 1995). These
shifts the SEC bifurcation northward and weakens the NBC (Rodrigues
et al., 2007). At the same time rainfall over northeastern Brazil in-
creases, peaking from March to April (Hastenrath, 2012).

Core sites located off southeastern Brazil are influenced by variations
in the BC transport (Fig. S1). In this region, warm waters prevail during
austral summer when BC transport reaches its maximum (Matano et al.,
1993). The SST variations off southeastern Brazil affect precipitation
over southeastern South America, where positive SST anomalies have
been correlated with increased precipitation and an intensification of
the SACZ (Chaves and Nobre, 2004).

3. Material and methods

The age model of core GL-1248 is based on twelve AMS radiocarbon
ages and the alignment of the Ti/Ca record of core GL-1248 to the ice
580 record of the North Greenland Ice Core Project (NGRIP) using the
extended Greenland Ice Core Chronology (GICCO5modelext) (Table S1)
(NGRIP members, 2004; Wolff et al., 2010). Details of the age model of
core GL-1248 are found in Venancio et al. (2018). The age model for
core GeoB16202-2 is based on 13 AMS radiocarbon ages (Table S1) and
its full description is found in Mulitza et al. (2017). Downcore ages of
core GeoB16202-2 were modeled using BACON software version 2.2
(Blaauw and Christen, 2019) and for core GL-1248 using the software
clam 2.2 (Blaauw, 2010).

Both cores (GeoB16202-2 and GL-1248) were analyzed for Mg/Ca in

Fig. 1. Map showing the austral summer (December-
January-February) precipitation (mm/day) in South
America. Precipitation data extracted from the

Climate Prediction Center (CPC) Merged Analysis of
Precipitation (CMAP) (Xie and Arkin, 1997). White
dashed lines indicate the main climatological features
of the South America: South Atlantic Convergence
Zone (SACZ) and Intertropical Convergence Zone
(ITCZ). Black arrows show the main features of the
upper ocean circulation: Brazil Current (BC), Brazil-
Malvinas Confluence (BMC), Equatorial Undercur-
rent (EUC), North Brazil Current (NBC), North
Equatorial Countercurrent (NECC) and South Equa-
torial Current (SEC). Yellow dots mark the location of
our study sites (1- GL-1248, 2- GeoB16202-2). The
white dots mark the location of other records dis-
cussed in the text (3- CDH-86, Nace et al., 2014; 4-
GeoB3129-3911, Weldeab et al., 2006; 5- GL-75, da
Portilho-Ramos et al., 2015; 6- GL-74, da Portilho-
Ramos et al., 2015; 7- GL-1090, Santos et al., 2017;
8- GeoB2107-3, Pereira et al.,, 2018; 9- 36GGC,
Carlson et al., 2008; 10- GeoB6211-2, Chiessi et al.,
2015; 11- MD03-2621, Deplazes et al., 2013; 12- RN
record, Cruz et al., 2009; 13- Ca¢6 Lake, Sifeddine
et al., 2003; 14- Paraiso Cave, Wang et al., 2017; 15-
Toca da Boa Vista Cave, Wang et al., 2004; 16-
Paixao/Marota Cave, Strikis et al., 2015, 2018; 17-

0o 1

2 3 4 5 6 7 8 9

Lapa Grande Cave, Strikis et al., 2018; 18- Lapa Sem
Fim Cave, Strikis et al., 2015, 2018; 19- Jaragua
Cave, Novello et al., 2017; 20- Santana Cave, Cruz
et al., 2006; 21- Botuvera Cave, Cruz et al., 2005; 22-
GeoB16224-1, Crivellari et al., 2018, 2019; 23- NAP
63-1, Dauner et al., 2019). (For interpretation of the
1 O references to colour in this figure legend, the reader is
referred to the web version of this article.)
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planktonic foraminifera Globigerinoides ruber (white). In the case of GL-
1248, the upper 12.1 m (ca. 76 kyr) of the core were analyzed. For core
GL-1248, Mg/Ca analyses were performed on samples comprising 30
shells of G. ruber (white, 250-300 pm), while for core GeoB16202-2,
Mg/Ca analyses were performed on samples with 10-30 shells of
G. ruber (white, 350-500 pm) (Vahlenkamp, 2013). The samples were
gently crushed and cleaned following the procedure described by Barker
et al. (2003). Before dilution, samples were centrifuged for 10 min to
exclude any remaining insoluble particles from the analyses (Groene-
veld and Chiessi, 2011). The diluted solutions of core GL-1248 were
analyzed with an Agilent Technologies 700 Series ICP-OES equipped
with a micro-nebulizer and coupled to an ASX-520 Cetac autosampler at
MARUM. Mg/Ca values are averages from three replicate runs. After
every five samples, one of two internal laboratory standards was
measured to estimate the external reproducibility. Mean + 1 standard
deviation (SD) were 5.165 + 0.024 mmol/mol for Mg/Ca for standard 1,
and 3.294 + 0.012 mmol/mol for Mg/Ca for standard 2. The samples
from core GeoB16202-2 were analyzed on a ThermoFinnigan Element 2
Sector Field Inductively Coupled Plasma Mass Spectrometer (ICP-MS).
Analytical errors of the elemental concentrations (standard deviations
based on 10 runs) were better than 0.4%. For both cores, only samples
with Al/Ca <0.5 pmol/mol were used in order to avoid contamination
from clay minerals.

The Mg/Ca results were converted to temperatures using the Mg/Ca-
temperature equation of Gray and Evans (2019) for G. ruber (white).
This equation iteratively corrects for seawater salinity and carbonate
chemistry effects and we followed the method that uses pCO2 to estimate
seawater pH (Gray and Evans, 2019). For the sake of consistency, we
also applied the same equation for the Mg/Ca values of core GL-1090
(Santos et al., 2017), with which we will compare our results.

4. Results

The Mg/Ca values of G. ruber (white) converted to SST estimations
for cores GL-1248 and GeoB16202-2 are shown in Fig. 2. For core
GeoB16202-2, Mg/Ca values of G. ruber (white) varied from 3.29 mmol/
mol to 5.22 mmol/mol, with a mean value of 4.07 mmol/mol. These
values correspond to SSTs ranging between 23 °C and 29.7 °C, with a
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mean value of 25.7 °C. The top core SST estimate (26.9 °C) was similar
to the modern annual SST for this site, which is 27.1 + 0.4 °C (Locarnini
etal., 2018; Fig. S1). SST increases (ca. 3-5 °C) were observed during the
Younger Dryas (YD) and HS1. The lowest SST value (23 °C) occurred in
the glacial period at 18.6 ka, prior to HS1. The mean 2¢ error for the SST
estimates from GeoB16202-2 was 1.5 °C.

For core GL-1248, Mg/Ca values of G. ruber (white) varied from 2.94
mmol/mol to 5.02 mmol/mol, with a mean value of 3.7 mmol/mol. The
corresponding SSTs, range between 21.2 °C and 28.5 °C, with a mean
value of 24.3 °C. The top core SST estimate (27.6 °C) was similar to the
modern annual SST for this site, which is 27.5 + 0.2 °C (Locarnini et al.,
2018; Fig. S1). Major SST increases (ca. 4 °C) can be observed during
HS6, HS4 and HS3, while moderate warmings (ca. 2-3 °C) are associated
with HS5a, HS5 and the YD (Fig. 2). The lowest SST value (21.2 °C)
occurred in the glacial period at 30.1 ka, prior to HS3. The mean 2¢ error
for the SST estimates from GL-1248 was also 1.5 °C.

5. Discussion
5.1. SST responses along the western Atlantic during Heinrich Stadials

Our data from cores GeoB16202-2 and GL-1248 show increasing SST
during several HS and the YD (Fig. 2) as previously reported for the NBC
domain (Weldeab et al., 2006; Crivellari et al., 2018, 2019). These SST
increases reflect the accumulation of heat in the western equatorial
Atlantic due to reduced cross-equatorial heat transport (Mix et al., 1986;
Shakun et al., 2012) linked to AMOC slowdowns (McManus et al., 2004;
Bohm et al., 2015; Henry et al., 2016). Local processes may contribute to
this pattern of warm water accumulation in the western equatorial
Atlantic. For example, weakening of the NBC and of the central branch
of the SEC during HS (Weldeab et al., 2006; Venancio et al., 2018) due to
less intensive southeast trade winds may enhance this stagnation of
warm waters in the western equatorial Atlantic. Weakening of the
southeast trade winds can occur in the absence of AMOC changes, for
example due to low-latitude insolation changes (Venancio et al., 2018).
Hence, changes in trade wind intensity and NBC strength are not
exclusively related to the bipolar seesaw. During HS, if SST changes in
the western equatorial South Atlantic were only a response to the bipolar

32 — YD HS1 HS3 HS4 HS5 HS5a HS6 Fig. 2. Mg/Ca-sea s_urface temperature (SST) from
cores GL-1248 (red line and dots) and GeoB16202-2
- (green line and diamonds). SST was estimated using
the equation from Gray and Evans (2019) and the 2¢
30 — error is represented by the envelopes of the curves.
8 The grey bars highlight Heinrich stadials (HS) and the
) Younger Dryas (YD). Age control points for GL-1248
i 28 — (radiocarbon dates — red; tie-points — black) and for
(lT) | GeoB16202-2 (radiocarbon dates — green) are shown
= with their respective uncertainties (26) close to the x-

(7))

1 | | “ axis. Core GL-1248 presents a hiatus between 29 and
8 26 — | | ]‘ | 15 ka (Venancio et al., 2018). (For interpretation of
= | ‘ If fIL 7t % the references to colour in this figure legend, the
g 7] '|| | | [ ] s ' reader is referred to the web version of this article.)
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seesaw, one could expect that the increase in SST due to heat accumu-
lation should be proportional to the duration of the stadials (EPICA
Community Members, 2006) and shall be relatively homogenous
spatially, but this is not the case. Our data show that during HS5a and
HS5 a minor increase in SST is observed compared to HS6, HS4, HS3 and
HS1 (Fig. 2). Such minor increases in SST can be explained by shoaling
of the seasonal thermocline (Venancio et al., 2018), where cold central
waters closer to the surface partially dampen the surface warming.
Despite the heterogeneous SST responses in terms of magnitude between
different HS, warming was systematically recorded in the western
equatorial Atlantic during these events.

Based on the high temporal resolution Mg/Ca SST records available
by then, Chiessi et al. (2015) described an in-phase SST evolution be-
tween records from the southernmost BC and the central NBC domains

HS 1

- 1°S a
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during HS1 (Weldeab et al., 2006; Chiessi et al., 2015). New HS1 proxy
records from the BC (Fig. 3c-d) and NBC (Fig. 3a-b), however, do not
display similar SST variations (Carlson et al., 2008; Chiessi et al., 2015;
Santos et al., 2017; Pereira et al., 2018; Dauner et al., 2019). Never-
theless, we must point out that some of the BC records have low tem-
poral resolution for HS1 (i.e. da Portilho-Ramos et al., 2015) and others
reconstruct the SST using the Modern Analog Technique (MAT) (i.e. da
Portilho-Ramos et al., 2015; Pereira et al., 2018) or lipid-based bio-
markers (i.e. Dauner et al., 2019), instead of Mg/Ca. The use of different
SST proxies may partially explain the differences between SST records in
the BC domain, especially in terms of mean SST values. However, the
MAT has been commonly used to generate reliable SST records along the
Brazilian coast (i.e. da Portilho-Ramos et al., 2015; Pereira et al., 2018;
Lessa et al., 2017; Lessa et al., 2019). Only in Brazilian coastal upwelling

Fig. 3. Sea surface temperatures (SST) from the
North Brazil Current (NBC) and Brazil Current (BC)
— 30 domains. (a) Mg/Ca-SST derived from Globigerinoides
ruber from core GeoB16202-2 (this study) (light green
. line and dots) with 2¢ error envelope. (b) Other NBC
domain SSTs: Mg/Ca-SST derived from Globiger-
i 28 inoides ruber from core GeoB3129 (Weldeab et al.,
2006) (red line); Mg/Ca-SST derived from Globiger-
inoides ruber from core CDH-86 (Nace et al., 2014)
(pink line); Mg/Ca-SST derived from Globigerinoides
ruber from core GeoB16224-1 (Crivellari et al., 2018,
2019) (yellow lin). (c) BC domain SSTs: Mg/Ca-SST
- derived from Globigerinoides ruber from core GL-
1090 (Santos et al., 2017) (orange line and dots)
- with 2¢ error envelope; Temperature at 10 m water

— 26

SST (°C)

depth reconstructed by the MAT from core
— 22 GeoB2107-3 (Pereira et al., 2018) (brown line); SST

NBC domain

4 6°N
— &
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derived from long-chain diol index (LDI) from core
NAP 63-1 (Dauner et al., 2019) (green line); Mg/Ca-
SST derived from Globigerinoides ruber from core
36GGC (Carlson et al., 2008) (light blue line). (d)
Mg/Ca-SST derived from Globigerinoides ruber from
core GeoB6211-2 (Chiessi et al., 2015) (dark blue
line). The grey bar marks the Heinrich stadial 1
(18-15 ka BP). The latitude of each core located in
the western Atlantic is shown in the graph. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)
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areas confined to the continental shelf, a lack of sensitivity from MAT-
SST estimations was observed (Lessa et al., 2014). Although Mg/Ca
and TEXgg SST estimates showed large discrepancies in some subtropical
regions (i.e. Weldeab et al. 2014), along the Brazilian coast the SST
estimates from lipid-based biomarkers (TEXgs and/or LDI) exhibit
similar patterns in relation to Mg/Ca-SST (Crivellari et al., 2019; Dauner
et al., 2019). Discrepancy between Mg/Ca-SST and SST estimates from
lipid-based biomarkers in the study areas was only observed for SSTs
derived from Ulé}, showing opposing patterns in comparison to Mg/Ca-
SST (Crivellari et al., 2019; Dauner et al., 2019). This may be related
to non-thermal physiological effects and/or to the fact that Uk, repre-
sents subsurface temperature changes in the study areas (Crivellari et al.,
2019; Dauner et al., 2019). The high temporal resolution records from
the BC do not show a notable SST increase during HS1 (Carlson et al.,
2008; Santos et al., 2017; Pereira et al., 2018; Fig. 3c), instead the SST
responses appear to be muted, with such muted response being consis-
tent between different proxies at the same latitude (Fig. 3c). Differently
from Chiessi et al. (2015), the works from Carlson et al. (2008), Santos
et al. (2017) and Pereira et al. (2018) analyzed cores from the central
portion of the BC (Fig. 1). Thus, an additional explanation is required in
order to reconcile the observed differences in SST responses during HS in
the central BC domain compared to the NBC domain.

5.2. SACZ-SST feedback in the subtropical South Atlantic

Concomitantly with a reduced AMOC strength (McManus et al.,
2004; Bohm et al., 2015; Henry et al., 2016), speleothem and marine
records indicate a southward shift of the ITCZ (Wang et al., 2004;
Mulitza et al., 2017) together with a strengthening of precipitation over
eastern South America (Strikis et al., 2015; Strikis et al., 2018; Campos
et al., 2019) during several HS (Fig. 4d-e). Lenters and Cook (1995)
showed that enhanced precipitation in the SACZ is associated with low-
level wind convergence maxima that are directly related to the inter-
action of the continental low with the South Atlantic high and the NE
trade winds. During HS, the NE trade winds were stronger than the SE
trades, as a response to a cooling of the Northern Hemisphere and a
warming of the Southern Hemisphere (Broccoli et al., 2006; McGee
et al., 2018). A southward displacement of the ITCZ occurs during HS
because of such hemispherically thermal asymmetry. Thus, a strength-
ening of the SACZ during HS (Strikis et al., 2015; Novello et al., 2017;
Strikis et al., 2018) can be explained by the intensification of the NE
trade winds, which together with a southward displacement of the ITCZ
caused an increase in the annual moisture flux into South America
(Sifeddine et al., 2003; Wang et al., 2017). Since, most model simula-
tions show a southward displacement of the ITCZ during AMOC slow-
downs (Kageyama et al., 2013), it is plausible to consider that during
those periods the SAMS/SACZ would strengthens due to increased
moisture advection into South America. However, for the SAMS/SACZ
area the results from model simulations are inconsistent (see Fig. 5 in
Kageyama et al., 2013), with practically the same number of models
showing increases or decreases in precipitation over the SAMS/SACZ.

A recent study from Campos et al. (2019) suggested that during HS
austral summer precipitation only increased over eastern South America
while the rest of tropical South America experienced precipitation in-
creases during austral winter. Since this suggestion is based on precip-
itation anomalies from a model simulation and are not directly grounded
on the spatial distribution of cloud bands from the Amazon southeast-
wards to the South Atlantic (defining the presence of SACZ) during HS,
their findings do not conflict with our further interpretations. In addi-
tion, Campos et al. (2019) using a compilation of marine records showed
that precipitation anomalies over drainage basins located in south-
eastern Brazil were probably not intense enough to produce increased
fluvial discharge to the SE South American continental margin during
HS. Thus, precipitation associated with the SACZ probably did not in-
crease substantially during HS (Campos et al., 2019). However, cloud
cover must have increased enough to produce an effect over SST.
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Nevertheless, our results together with the recent findings from Campos
et al. (2019) highlight the need for a broad approach to explain South
American HS hydroclimate.

Several studies focused on the understanding of the modern coupled
variability of the SACZ and the underlying SST (Chaves and Nobre,
2004; De Almeida et al., 2007; Nobre et al., 2012; Jorgetti et al., 2014),
but investigations of this ocean-atmosphere coupling during longer pe-
riods are still lacking. The absence of investigations regarding ocean-
atmosphere processes related to the SACZ during the past millennial-
scale events is probably due to the inability of climate models to
represent the SAMS/SACZ in these periods. Mohtadi et al. (2016)
highlights this issue by showing discrepancies between state-of-the-art
model results (i.e. TraCE-21 k) and proxy data in the area of the SACZ
during HS1. Therefore, it is reasonable to rely on modern model simu-
lations and observational data in order to understand the processes
driving SST changes in the subtropical South Atlantic, which is the
approach that we have focus on in this study.

Jorgetti et al. (2014) demonstrated that positive SST anomalies in the
subtropical South Atlantic are related to a southernmost position of the
SACZ, although the strength of the SACZ is not determined by its
geographical location (Carvalho et al., 2004). Chaves and Nobre (2004)
showed that the SACZ strengthens when positive SST anomalies occur in
the western South Atlantic. A subsequent increase in low clouds in the
case of an oceanic SACZ (Carvalho et al., 2004) would diminish or
reverse pre-existing positive SST anomalies, through the decrease of the
incident shortwave solar radiation (Chaves and Nobre, 2004; De
Almeida et al., 2007). This negative feedback mechanism suggests that
cold SST anomalies that appear in model simulations (Chaves and
Nobre, 2004; Nobre et al., 2012) synchronously with an intensified
SACZ are generated due to the regional atmospheric response to warm
anomalies. Thus, after the establishment of an intensified SACZ, the
surface layer in the central part of the BC probably responded to the
atmospheric forcing (SACZ-SST negative feedback). This caused a
dampening of the initial warming, which explains the muted SST re-
sponses displayed between 20 and 30°S in the western South Atlantic.
The absence of such feedback in the western equatorial Atlantic is
probably related to different ocean-atmosphere dynamics and cloud
type. The tropics have predominantly convective clouds and previous
studies have shown that in the western equatorial Atlantic an increase in
SST generates stronger convection and cloudiness, resulting in less
longwave radiative heat loss from the surface and consequently rein-
forcing the positive SST anomaly (Wang and Enfield, 2001, 2003). On
the other hand, in the subtropics the low clouds are predominant, which
have minor effects on outgoing longwave radiation (OLR) but promote a
decrease in incident shortwave solar radiation, cooling the underlying
surface. These interpretations are corroborated by the analysis of
instrumental data (Figs. S2 and S3), which shows the opposite rela-
tionship between OLR and SST in the tropics compared to the subtropics
in the western South Atlantic.

Since foraminiferal-based SST estimations could include a seasonal
bias (i.e. Fraile et al., 2009), one could also argue that since the SACZ is a
summer atmospheric feature, foraminiferal-based SST proxies (i.e. Mg/
Ca) would not be able to capture its signal. However, most of the SST
records from the subtropical South Atlantic are derived from planktonic
foraminifera assemblages and Mg/Ca from G. ruber (white). These
proxies should be able to capture the SACZ-SST feedback signature,
since the highest seasonal abundances of G. ruber (white) in the sub-
tropical South Atlantic occur during austral summer (Venancio et al.,
2017). Therefore, we suggest that such ocean-atmosphere interactions
can explain why the positive SST response during HS is diminished in
cores located under the oceanic sector of the SACZ (GL-1090 and
36GCC) compared to cores north (GeoB3129-1/3911-3; CDH-86,
GeoB16202-2 and GL-1248) and south (GeoB6211-2) of this location
(Figs. 1 and 3). The SACZ-SST feedback explains the different SST pat-
terns during HS of cores GL-1090 in the central portion of the BC and GL-
1248 in the NBC domain (Fig. 4b-c). The absence of abrupt warmings
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during all HS and the YD in core GL-1090 might be due to an intensified
SACZ during these events, causing a dampening of the initial positive
SST anomalies, which indicates that oceanic variations in the subtropi-
cal South Atlantic are a response to the atmospheric conditions associ-
ated with the SACZ.

6. Conclusions

SST reconstructions from the tropical and subtropical South Atlantic
show disparate responses for HS6 to HS1. In the western equatorial
Atlantic, abrupt warmings during HS are associated with reductions in
cross-equatorial heat transport and boosted by regional ocean-
atmosphere feedbacks linked to variations in the trade wind system. In
the subtropical South Atlantic however, atmospheric forcing diminishes
the positive SST response during HS by cutting off incoming shortwave
solar radiation associated with to the increased cloud cover of the SACZ.
The intensification of the SACZ during HS caused a dampening of the
initial warming due to the SACZ-SST feedback. This exemplifies how
regional feedback mechanism can cause a dampening of ocean surface
warming initially triggered by the bipolar seesaw, locally masking the
expression of the later phenomena on millennial timescales.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.gloplacha.2020.103352.
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