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Abstract During the last deglaciation abrupt millennial-scale perturbations of the Atlantic
Meridional Overturning Circulation massively altered the interhemispheric heat distribution affecting, for
example, continental ice volume and hydroclimate. If and how the related cross-equatorial heat transport
was controlled by the interplay between the southward-flowing Brazil Current (BC) and northward-
flowing North Brazil Current (NBC) remains controversial. To assess the role of tropical heat transport
during the last deglaciation, we obtained a high-resolution foraminiferal Mg/Ca-based sea surface
temperature (SST) record from the BC domain at 21.5°S. The data reveal a yet undocumented warming of
at least 4.6°C of the BC during Heinrich Stadial 1 at ~16 ka indicating massive oceanic heat accumulation
in the tropical South Atlantic. Simultaneously, a strongly diminished NBC prevented the release of this
excess heat into the northern tropics. The observed magnitude of heat accumulation substantially exceeds
numerical model simulations, stressing the need to further scrutinize atmospheric and oceanic heat
transport during extreme climatic events.

Plain Language Summary The Atlantic overturning circulation underwent abrupt
millennial-scale perturbations. Such phases of sluggish oceanic circulation resulted in a substantial
reduction of northward heat transport. As a consequence, substantial cooling occurred in the Northern
Hemisphere and warming occurred in the Southern Hemisphere with severe effects on tropical
precipitation. The distribution of heat within the western tropical Atlantic is accomplished by the
southward-flowing BC and the northward-flowing NBC. By reconstructing SSTs for the interval
between 20,000 and 10,000 yr before present, we assess the role of both currents in the interhemispheric
heat transport during weak Atlantic overturning. We found that a sluggish overturning circulation
resulted in anomalous southward heat transport by the BC in concert with a weak NBC, which lead to

a yet undocumented warming of at least 4.6°C in the western tropical South Atlantic. This warming
significantly exceeds reconstructions based on numerical simulations. This points to the need to further
improve our understanding of changes in the cross-equatorial oceanic and atmospheric heat transport
in response to rapid changes in ocean circulation, in particular as a significant weakening of the Atlantic
overturning circulation is predicted in the wake of anthropogenic climate change.

1. Introduction

A pervasive feature of rapid millennial-scale climatic perturbations during glacial terminations is the ther-
mal bipolar seesaw which describes the interhemispheric imbalance in global heat distribution (Broeck-
er, 1998; Stocker, 1998). This thermal asymmetry arises from the substantial fresh-water forced weakening
of the Atlantic Meridional Overturning Circulation (AMOC) which in turn diminishes the northward oce-
anic heat transport (OHT) (Crowley, 1992; McManus et al., 2004; Stocker & Johnsen, 2003). Sluggish north-
ward OHT leads to cooling of the North Atlantic surface such as during Heinrich Stadials (HS). Within HS
short phases (centennial to millennial time-scales) of massive discharges of icebergs to the North Atlantic
and an almost complete shut-down of the AMOC typify Heinrich Events that represent the time of the most
intense state of Northern Hemisphere cooling (Bond et al., 1992; Heinrich, 1988; McManus et al., 2004).
One of the latest of such Northern Hemispheric cooling events was Heinrich Event 1a (HE1a) around 16
ka, indicated by a distinct layer of ice-rafted detritus (IRD) found at the Iberian Margin (Bard et al., 2000).
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Simultaneously to the northern cooling, the surface waters of the South Atlantic warm up as evidenced
from extratropical sea surface temperature (SST) records (Barker et al., 2009; Chiessi et al., 2015).

The surface current systems of the western tropical Atlantic play a crucial role for controlling the interhem-
ispheric distribution of oceanic heat. The southward heat transport is accomplished by the Brazil Current
(BC), while the northward-flowing North Brazil Current (NBC) constitutes a bottleneck of the upper AMOC
return flow as it is responsible for the northward OHT (Peterson & Stramma, 1991; Riihs et al., 2015; Zhang
et al., 2011). It has been suggested that both, BC and NBC, are anti-phased as the BC invigorates (weakens)
while the NBC diminishes (strengthens) during sluggish (strong) AMOC, promoting heat accumulation in
the South Atlantic (Arz et al., 1998, 1999). Numerous freshwater-hosing modeling experiments were used to
examine the response of the coupled atmosphere-oceanic system during HS1-like events. These numerical
models consensually showed that warming of the sea surface occurred in the tropical South Atlantic with
a magnitude of up to 2°C, in line with an extreme southward shift of the Intertropical Convergence Zone
(ITCZ) (e.g., Chang et al., 2008; Dahl et al., 2005; Deplazes et al., 2013; Zhang & Delworth, 2005). The south-
ward shift of the ITCZ results from increased northward atmospheric heat transport (AHT) into the colder
hemisphere during phases of weak AMOC that is necessary to compensate the interhemispheric heat im-
balance, and is in line with an anomalous intensification and a cross-equatorial extension of the Northern
Hemisphere Hadley-Cell (Donohoe et al., 2012; McGee et al., 2014; Mulitza et al., 2017). Yet, these models
were not capable to capture the spatio-temporal complexity of HS1, which was revealed from high resolu-
tion paleo-reconstructions based on marine sediment archives showing a high internal climatic variability
of HS1 (Bahr et al., 2018; Hodell et al., 2017).

Besides model evidence for an increase in SST in the tropical South Atlantic in response to weak AMOC,
there is a fundamental lack of knowledge about the thermal response of the tropical western South Atlantic
as there are no SST records available which adequately resolve the rapid climatic fluctuations during HS1.
This is an important shortcoming as the tropical western South Atlantic is of vital importance for decipher-
ing the mechanism leading to the bipolar distribution of oceanic heat during an AMOC slowdown. Here we
present the first high-resolution foraminiferal Mg/Ca-based SST record covering the last deglacial from the
tropical western South Atlantic. Our data reveal a pronounced anti-phased pattern between an extremely
amplified heat transport by the BC and greatly diminished NBC transport resulting in a yet unrecognized
extreme warming in the tropical western South Atlantic significantly exceeding model simulations.

2. Oceanographic Setting

The surface hydrography in the western South Atlantic is dominated by the southward-flowing BC carrying
warm tropical waters from the bifurcation (10°S-15°S) of the Southern South Equatorial Current (SSEC)
(Peterson & Stramma, 1991) (Figure 1). The BC flows southwards along the Brazilian margin as far as ~38°S
where it converges with the northward-flowing cool Malvinas Current (MC) (Stramma & England, 1999)
(Figure 1). At the Brazil-Malvinas confluence (BMC), the BC separates from the coast and flows eastward
(Matano et al., 1993). The cooler Brazilian Coastal Current (BCC) emerges from the BMC and flows along
the inner shelf in the opposite direction in relation to the BC. It is composed by a mixture of tropical BC and
cool subantarctic MC waters (de Souza & Robinson, 2004). The present BCC influence reaches as far as 24°S
and depends on southwestern wind strength (de Souza & Robinson, 2004). The northward-flowing NBC
carries warm surface waters into the Northern Hemisphere. Between 7°N and 8°N, portions of the NBC
are retroflected into the eastward flowing North Equatorial Countercurrent (NECC). It is noteworthy that
the retroflection efficiency varied in the past and was likely stronger in glacial stages (Wilson et al., 2011).
Waters of the NBC, which are not retroflected, flow northwestward finally reaching the Caribbean Sea. Im-
portantly, a strong NBC is required to compensate for the formation and southward flow of North Atlantic
Deep Water, thus the NBC appears to be especially sensitive to changes in AMOC strength and itself has
the capacity to modulate high latitude deep water formation (Dahl et al., 2005; Fratantoni et al., 2000; Riiths
et al., 2015; Zhang et al., 2011).
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Figure 1. Hydrographic map of the Atlantic Ocean including surface currents. The color shading displays annual
mean sea surface temperature (SST) (Locarnini et al., 2013). White diamond locates Core M125-35-3 (this study). White
dots represent locations of previously published proxy-records mentioned in the text. Black dashed circle indicates the
Brazil-Malvinas Confluence (BMC). BCC: Brazilian Coastal Current. NECC: North Equatorial Countercurrent. The
modern Brazil Current is partially retroflected into the eastward-flowing NECC. GC: Guinea Current.

3. Materials and Methods

Gravity core M125-35-3 was retrieved from the continental shelf off SE Brazil (21°53.606'S, 040°00.279'W,
428.6 m water depth) during R/V Meteor cruise M125 in 2016 (Bahr et al., 2016). A total of 4.25 m of sedi-
ment was recovered. For geochemical analyses, the core was sampled between 25 and 170 cm at 1 cm spac-
ing. All samples were wet-sieved over a 63 um mesh, oven-dried at 40°C and subsequently dry-sieved over
355 and 400 um meshes. Per sample, 50-60 specimens of the surface-dwelling foraminifera Globigerinoides
ruber (pink variety) (Chiessi et al., 2007) were handpicked from the dried sediments under a stereo micro-
scope. Based on data from a sediment-trap located off SE Brazil at 23.6°S, Venancio et al. (2017) inferred
that G. ruber (p) is the best-suited planktonic foraminiferal species to reconstruct surface-ocean conditions
in the western South Atlantic. During the interval sampled by the sediment trap, G. ruber (p) did not show
any significant seasonal changes in its occurrence, reflecting annual mean conditions. The apparent cal-
cification depth of G. ruber (p) at the site studied by Venancio et al. (2017) was determined as the mixed
layer between 30 and 40 m water depth, which is similar to estimated calcification depth of G. ruber in the
Pacific Ocean (Rippert et al., 2016) and slightly shallower than in the Indian Ocean (Stainbank et al., 2019).
To avoid size-related ontogenic effects (Elderfield et al., 2002), foraminiferal tests were sampled from the
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355-400 um size fraction (Friedrich et al., 2012). Thereafter, foraminiferal tests were gently crushed be-
tween two glass plates to remove potential contamination by residual detrital sediments and expose the test
chambers to subsequent chemical treatment. Only the cleanest test fragments were used for trace metal
analysis. The chemical cleaning steps followed the cleaning protocol of Martin and Lea (2002), excluding
an additional DTPA step (Weldeab et al., 2006). Mg/Ca analyses were carried out on a ThermoScientific™
Element 2 HR-ICP-MS at the Institute of Geosciences, Heidelberg University. The results were normalized
to the external standard ECRM752-1 (3.762 mmol/mol Mg/Ca; Greaves et al., 2008), which was repeatedly
measured after every sample to control potential instrumental drift. The external mean reproducibility for
the ECRM752-1 was £0.07 mmol/mol for Mg/Ca (20). An internal standard (indium) was added to stabilize
matrix effects of the samples. The cleaning efficiency for foraminiferal tests of Core M125-35-3 was carefully
monitored by measuring the diagnostic elements Mn, Fe, and Al to indicate potential Mn- and Fe-oxide
enriched coatings, and clay mineral contamination, respectively. We provide details on the diagnostic ele-
ments in the supporting information (cf. supporting text S1 and Figure S1). SSTs were converted from Mg/
Ca ratios using the species-specific equation for G. ruber (p) by Dekens et al. (2002) as they used core-tops
from the tropical Atlantic. Details on stable oxygen isotope measurements are presented in supporting in-
formation (cf. supporting text S2 and Figure S2).

The age model for Core M125-35-3 was constrained by eight accelerator mass spectrometry AMS C dates
measured on the planktic foraminifera G. ruber (p). Three of the AMS "*C datings were performed by BETA
Analytics Limited in Miami (USA), the remaining five at LARA laboratory of the University of Bern (Swit-
zerland). '*C-ages were calibrated to cal kyr BP (in the following simplified as ka) using the Marine13 cali-
bration curve (Reimer et al., 2013). We applied a local reservoir effect of AR = 85 + 25 inferred from Alves
et al. (2015) for the eastern tropical South American margin. The final age model was constrained using the
CRAN R package Bacon (version 2.4.2), which uses Bayesian statistics to reconstruct Bayesian accumula-
tion histories (Blaauw & Christen, 2011). We did not exclude the outlying AMS "*C date obtained at 70.5 cm
as the CRAN R-Bacon script uses a Student-t model to calibrate the AMS *C dates with wider tails of the
calibration model. Hence, the age model is robust to the presence of outliers (Blaauw & Christen, 2011).
The resulting age model (Figure 2 and Table 1) covers the target interval from 20 to 10 ka, comprising the
latest part of the Last Glacial Maximum (LGM), HS1, the Bolling-Allered interstadial, the Younger Dryas
(YD), and the Early Holocene (EH). Sedimentation rates are varying from 6.5 to 17.6 cm/kyr and on aver-
age 12.8 cm/kyr corresponding to an averaged temporal resolution of 87 yr for our record. An interval of
higher sedimentation rates occurs from ~13.8 to ~17.7 ka, resulting in an even higher temporal resolution
of ~60 yr during HS1 (Figure 2).

4. Results and Discussion
4.1. BC Heat Transport Variability at Site M125-35-3 During the Last Deglaciation

Within the interval from the end of the LGM at 19.7 ka toward ~15.5 ka (i.e., late HS1), the M125-35-3
SSTmg/ca record reveals a distinctive high-amplitude variability of SSTyg/c. (Figure 3). A general warming
trend during this interval is intermitted by rapidly occurring cool phases centered at ~18.5 and ~17 ka with
SSTmg/ca as low as 20°C. During HS1 at 16 ka, SSTyg/c, reach a prominent maximum of ~32°C which is co-
inciding with the IRD peak of Core SU8118 (Bard et al., 2000) indicating HE1a (Figure 5). We note that the
peak SST of ~32°C during deglacial boundary conditions is likely overestimated due to the positive effects
of increased surface salinity (which would be expected to occur together with increased SST) on the incor-
poration of Mg in foraminiferal calcite (Gray & Evans, 2019; Honisch et al., 2013). To assess the potential
effect of salinity changes on SST estimates, we calculated sea-surface salinity combining 8'*0 and Mg/Ca
measurements on G. ruber (p) (see supporting information Text S2 and Figure S2 for further details). We
note that this approach will overestimate the salinity anomaly due to the positive influence of salinity on
Mg/Ca. Based on these estimates, we conclude that the salinity difference between present-day conditions
of 36.83 g/kg (Locarnini et al., 2018), and the SST peak at 16 ka amounts to 0.95-1.36 g/kg. Such an increase
in salinity could result in an anomalous SST increase of 1.4°C if one considers a Mg/Ca change of G. ruber
by 3.3% per salinity unit (Honisch et al., 2013). By including the error propagation of Mg/Ca-derived SSTs in
the order of 1°C (Mohtadi et al., 2014) to the salinity effect, we suggest that the maximum overestimation of
peak SST to be 2.4°C. Thus, the salinity-corrected SST peak is 29.6°C at 16 ka, which is still corroborating a
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Table 1

Cal. kyr BP
M125-35-3

Sedimentation rate (cm yr)
8 10 12 14 16 18 20

T T T T T T T T T T T T T
40 60 80 100 120 140 160
Depth [cm]

Figure 2. Age model and sedimentation rate of sediment Core M125-35-3. The red thick line illustrates the median age
probabilities modeled with Bacon, which is used to construct the age model of Core M125-35-3. The black lines indicate
maximum and minimum age 2c probabilities for the model outcome. Black diamonds illustrate AMS "*C-dates for Core
M125-35-3 including error bars. The blue line indicates sedimentation rate.

strong warming by at least 4.6°C during HS1a at Core M125-35-3. After HE1a, SSTyg/c, drops to 26°C at the
onset of the Belling/Allered and increases gradually to ~30°C during the YD with the exception of a short
~3°C cooling during the early YD (Figure 3). During the EH from 11. 7 ka to the end of the record at 10 ka,
SSTmg/ca become slightly colder again with values around 27°C.

Calibrated AMS "*C Ages Measured on the Planktonic Foraminifera G.

ruber Pink Using the Calib 7.1 Software and the MARINE13 Calibration
Curve With AR = 85 + 25

To assess the heat distribution in the tropical western South Atlantic
and its modulation by the BC during the last deglaciation, we compared
the SSTyg/ca record of M125-35-3 with the southerly located subtropical
high-resolution SSTygc, record of sediment core GeoB6211-2 (Chiessi
et al., 2015). This core was collected at 32.5°S off southern Brazil and,
thus, within the flow path of the BC (Figure 1). The modern difference
between SSTs of cores M125-35-3 and GeoB6211-2 varies according to the

Lizgih "CageBP  Errorof 'C  Calibrated median season and show an annual average of 4.1°C (Locarnini et al., 2013). Both
(em) Lab code (years) ages (years) age (years) SSTyg/ca records reveal broadly similar trends, however, with two marked
25.5 BE-7261.1.1 3,743 +42 3,564 deviations. First, between ca. 20 and 16 ka, SSTyg/c, fluctuations at Site
44.5 Beta-530016 6,800 +30 7,245 M125-35-3 are much more pronounced than in GeoB6211-2. Second,
60.5 BE-7267.1.1 9,414 +43 10,172 during the SSTmg/ca Maximum of M125-35-3 at ~16 ka, the GeoB6211-2
75.5 Beta-530017 12,890 +40 14,467 record shows a diverging cooling trend (Figure 2). We interpret the high
SSTyg/ca Variability during the late LGM and HS1 at Site M125-35-3 to be

90.5 BE-7268.1.1 12,781 +52 14,231 . . . . .
caused by transient northward intrusions of the BCC, carrying portions
LAl . L3l 154 LS of cool subantarctic waters toward Site M125-35-3. This is in line with di-
150.5  BE-72701.1 14,254 +59 16,636 nocyst assemblages from Core GeoB6211-2 which indicate that the BCC
159.5  Beta530018 15,780 +40 18,567 had a noticeable influence on this site until ca. 15 ka (Gu et al., 2018). The
MEIER ET AL. 50f 14
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Figure 3. Mg/Ca based sea surface temperatures (SSTy/ca) records from the tropical- and subtropical South Atlantic
across the last deglaciation. (a) *'Pa/**°Th compilation from Core GGC5 and ODP Site 1063 representing Atlantic
Meridional Overturning Circulation strength (B6hm et al., 2015; Lippold et al., 2019; McManus et al., 2004). (b) SSTy/
ca record of Core M125-35-3 (this study) with 3-point running average (thick red line). The hatched area indicates
modern annual SST at Core M125-35-3. 1o represents the error propagation of 1°C resulting from the calibration
uncertainties after converting Mg/Ca ratios to SSTs as calculated by Mohtadi et al. (2014). (c) SSTy/c, record of
GeoB6211-2 (Chiessi et al., 2015) with 3-point running average (dark blue line). (d) SSTyg/ca record of 36GGC

(black) (Carlson et al., 2008). Triangles represent AMS **C datings of Core M125-35-3. LGM: Last Glacial Maximum.
HS1: Heinrich Stadial 1. HEla: Heinrich Event 1a. B/A: Bolling-Allered interstadial, YD: Younger Dryas. EH: Early
Holocene.

short-term prevalence of the BCC at M125-35-3, particularly during the cold spells at 18.5 and 17 ka, was
likely fostered by the lower sea level that shifted the BCC offshore toward the upper continental slope, hence
more proximal to Core M125-35-3. We cannot fully exclude a putative cooling effect of increased coastal
upwelling, especially at the Cabo Frio region which is close to the location of Core M125-35-3. However, a
reconstruction of upwelling variability in close vicinity to Core M125-35-3 revealed significantly decreased
coastal upwelling during the last 20.0 ka (Portilho-Ramos et al., 2015). Coastal upwelling along the south
Brazilian margin is induced by strengthened northeasterly winds, which would be further in conflict with
an enhanced northward intrusion of BCC waters (Gu et al., 2018). Thus, we argue that upwelling only af-
fected the SST record of Core M125-35-3 to a minor degree. The pronounced warm event in Core M125-35-3
during HE1a at 16 ka on the other hand is not evidenced in GeoB6211-2 SSTy,/ca, indicating that the latter
site was still under the influence of the BCC in contrast to Core M125-35-3 which was fully bathed by the
BC. This implicates the generation of a steep hydrographic front between both sites, which likely resulted
from the strongly altered trade wind pattern during HE1a. Despite the lower temporal resolution, another
Mg/Ca-based SST record (Core 36GGC) (Figures 1 and 3) from the Brazilian margin from 27.5°S shows
some similarity with the GeoB6211-2 record (Chiessi et al., 2015), indicating that the frontal system must
have developed between cores M125-35-3 and 36GGC.

Freshwater hosing experiments simulating HS1 suggest distinct spatial shifts of the trade winds across
the South Atlantic in response to a southward shift of the ITCZ resulting in southeast-ward surface wind
anomalies in the tropical South Atlantic (Figure 4) (McGee et al., 2018). We, therefore, assume that due
to increased eastward wind stress and Ekman transport, the BC may have separated earlier (i.e., in lower
latitudes) from the South American coast than compared to today and only a minor fraction of BC waters
has been admixed to the BCC. The relative decrease in BC waters which are admixed to the BCC would also
explain the diverging cooling trend at Core GeoB6211-2 during HE1a. Additionally, the model data suggest
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Figure 4. Scheme of anomalously altered wind pattern and corresponding oceanic surface currents during Heinrich Stadial 1 (HS1) after McGee et al. (2018)
and core locations mentioned in the main text. Thick red arrows illustrate warm tropical Brazil Current, North Brazil Current, and North Equatorial
Countercurrent (NECC). Thick gray arrows indicate the wind anomaly during HS1. The dashed red lines represent diminished southward and northwestward-
flow of warm waters by the Brazil Current and North Brazil Current respectively. Blue arrow indicates northward flow of the cold Brazil Coastal Current
(BCC). NECC: North Equatorial Counter Current. (1) M125-35-3 (this study) with red shading indicating sea surface warming during HS1, (2) 36GGC (Carlson
et al., 2008), (3) GeoB6211-2 (Chiessi et al., 2015), (4) GeoB3129-3911 (Weldeab et al., 2006), (5) GeoB16224-1 (Crivellari et al., 2018), (6) M78/1-235-1 (Bahr

et al., 2018), blue shading indicates cooling at this site, (7) VM12-107 (Schmidt et al., 2012), (8) GGC5 (McManus et al., 2004), (9) SU8118 (Bard et al., 2000),
(10) GeoB9526-5, (11) GeoB9526-5 (Zarriess et al., 2011).

a cyclonic wind pattern arising in the southwest South Atlantic between ~20 and 35°S leading to northward
coastal surface winds along eastern South America. The northward wind component may have forced en-
hanced northward flow of cooler subantarctic waters carried by the BCC countering the southward heat
advection by the BC (Figure 4). The persistently high SSTyg/c, >24°C at Site M125-35-3 after 15 ka and the
establishment of a constant SST gradient to Site GeoB6211-2 which is close to modern (Figure 3) argues for
a prevalence of the BC at both sites from 15 ka onwards, supported by the occurrence of typical BC dinocyst
assemblages at GeoB6211-2 (Gu et al., 2018).

4.2. The NBC-BC Seesaw

The BC has been suggested to redirect excess heat into the South Atlantic in times of AMOC slowdown
(Chiessi et al., 2015; Crowley, 1992; Maier-Reimer et al., 1990). Thus, we would expect increased SSTwg/ca
at Site M125-35-3 caused by AMOC slowdowns such as during HS1. Indeed, the good correlation be-
tween *'Pa/**Th from cores GGC5 and ODP Site 1063 (Bshm et al., 2015; Lippold et al., 2019; McManus
et al., 2004) (Figure 1), indicating changes in AMOC strength, and the M125-35-3 SSTy,/c. record supports
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Figure 5. Correlation of proxy-records based on marine sediment cores from the Atlantic Ocean during the last
deglaciation. (a) Mean austral autumn insolation (March to May) at 10°S (red) and mean boreal summer insolation
(June to August) at 10°N (Laskar et al., 2004). (b) Mg/Ca based sea surface temperature (SSTy;/c.) records of cores
GeoB9526-5 and GeoB9508-5 from the tropical eastern North Atlantic (Zarriess et al., 2011). (¢) SSTyg/ca record of

Core VM12-107 located in the Bonair Basin (Schmidt et al., 2012). (d—f) SSTyg/ca transect along the western South
American margin. (d) SSTy/c. record of Core M78/1-235-1 (Bahr et al., 2018) located at 11.6°N representing the
northern endmember of the North Brazil Current (NBC), thick line denotes 3-point running average; (e) SSTyg/ca
records south of the modern NBC retroflection from GeoB16224-1 (6.7°N) (Crivellari et al., 2018) and GeoB3129-3911
(4.6°S) (Weldeab et al., 2006). (f) SSTyg/c, record of Core M125-35-3 (this study) with 3-point running average (thick red
line) reflecting the southern part of the transect. (g) Ice-rafted detritus (IRD) record of Core SU8118 from the Iberian
Margin (Bard et al., 2000). The yellow tilted band marks the boundary of cores located north and south of the modern
NBC retroflection. LGM: Last Glacial Maximum. HS1: Heinrich Stadial 1. HE1a: Heinrich Event 1. B/A: Bolling-Allerod
Interstadial, YD: Younger Dryas. EH: Early Holocene.
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the high sensitivity of the tropical Atlantic surface heat balance to AMOC variability (Figure 3). With the
onset of AMOC slowdown at the beginning of HS1, SSTy/c. of M125-35-3 follows the gradual increase
of #'Pa/**Th (AMOC slowdown) as displayed by a the warming trend between 18.5 and 16 ka. OHT by
the BC was most efficient at 16 ka displayed by maximum M125-35-3 SSTyc, of at least 29.6°C, coin-
ciding with HE1a and the weakest AMOC (Figures 3 and 5). However, the pronounced SST fluctuations
around 16 ka are not mimicked by **'Pa/***Th fluctuations, pointing at additional factors besides AMOC
strength influencing SST variability (see below). Heat accumulation by the BC ceased rapidly after 16 ka and
with the recovery of the AMOC at the onset of the Bolling-Allered interstadial (~14.5 ka), the subsequent
long-term trend of the M125-35-3 SSTyg/c, record noticeably parallels the **'Pa/**Th record throughout
the Bolling-Allered, YD, and EH (Figure 3). A short SST drop of about ~3°C in Core M125-35-3 at around
12.9 ka appears to coincide with the AMOC slow-down at the onset of the YD (e.g., Lynch-Stieglitz 2011;
Muschitiello et al., 2019; Thornalley et al., 2011), which would imply warming at our study site by reduced
northward heat transport. However, we note that the age-model uncertainty of Core M125-35-3 around
this time interval does not allow to constrain the exact timing of this short-lived cooling event which might
well pre-date the onset of the YD. Considering these caveats, the long-term trends of both, Core M125-35-3
SSTwmg/ca and the 31pa/2Th AMOC reconstruction, are consistent and salient patterns that point at AMOC
essentially driving the heat transport by the BC during the last deglaciation.

It has been argued that enhanced transport of oceanic heat into the South Atlantic during HS1 and the YD
was facilitated by a weakening of the NBC reducing the advection of warm waters into the Northern Hemi-
sphere (e.g., Riihs et al., 2015; Zhang et al., 2011) leading to an anti-phased pattern between the BC and the
NBC (Arz et al., 1998, 1999). To reconstruct the potential mechanism involved in an anti-phased BC-NBC
pattern and the spatio-temporal variability of the northward directed heat transport, we compiled a N-S
transect of SSTy,/c, records with sufficiently high-resolution during HS1 along the eastern South American
continental margin (Figures 1 and 5). We use the SSTyg/c, record of M78/1-235-1 (11.6°N) (Bahr et al., 2018)
as an end-member for net northward heat transport, as NBC waters may partially recirculate into the tropi-
cal Atlantic (Wang et al., 2004; Wilson et al., 2011) (Figure 1). In contrast, GeoB3129-3911 (4.6°N) (Weldeab
et al., 2006) and GeoB16224-1 (6.7°S) (Crivellari et al., 2018) are located to the south of the modern retroflec-
tion area of the NBC (Figure 1). This meridional differentiation between core sites north or south of the ret-
roflection is instrumental when assessing the NBC as the main pathway for the northward cross-equatorial
OHT and hence, the interhemispheric heat balance (Arz et al., 1998; Riihs et al., 2015; Wang et al., 2004).
The comparison of those records reveals one marked interval of apparent anti-phased evolution of the BC
and NBC during the last deglaciation, namely the marked SST increase of 7°C during HE1a in the M125-
35-3 record which is within age model uncertainties (Figure 6) concomitant with a rapid ~6°C SST cooling
in the M78/1-235-1 record (Bahr et al., 2018; Reifig et al., 2019). To test the robustness of the concurrency
of these thermal events, we reassessed the existing age model of Core M78/1-235-1 (Reifig et al., 2019)
by using the CRAN R Bacon package implementing the published AMS '*C data and reservoir correction
(AR = —27 + 1) as applied by Reiflig et al. (2019). We correlated our SSTyg/c, record of Core M125-35-3 with
the M78/1-235-1 record, illustrated as “Ghost Plots” provided by Bacon (Blaauw & Christen, 2011) which
indicates the SSTy/c, record with its Monte Carlo-based age model uncertainties (Figure 6). The data reveal
that the cooling at Core M78/1-235-3 during HE1a was likely to happen in coincidence with the warming
at Core M125-35-3 peaking at 16 ka. This temporal coincidence is further supported by a SSTy,/c. mini-
mum during HEla in Core VM12-107 (Schmidt et al., 2012) collected from the Bonaire Basin, upstream of
M78/1-235-1. The SSTyg/ca minimum in VM12-107 also occurs at 16.0 ka, being therefore synchronous to
the M125-35-3 SSTg/ca maximum during HE1a (Figure 5).

Notably, the GeoB3129-3911 and GeoB16224-1 records south of the NBC retroflection are both character-
ized by constant SSTs during HE1a. On the basis of this spatial SST pattern, we propose the following ocean-
ographic configuration for HE1a: Heat transport by the BC was considerably intensified while the NBC flow
was active at least up to 6.7°N (i.e., the latitude of GeoB16224-1). A strong retroflection apparently prevented
a cross-equatorial flow of the NBC, evidenced in the distinct cooling at Core M78/1-235-1. HS1 model sim-
ulations further show that in line with a southward shift of the ITCZ, equatorial near-surface winds in the
low latitudes off northeastern South America show an anomalous strengthening in the opposite direction
relative to the NBC flow-direction (McGee et al., 2018). This atmospheric forcing may have substantially
weakened the NBC, finally resulting in a diminished northwestward flow. However, as there is a persistent

MEIER ET AL.

9of 14



A \ &
ADVANCING EARTH
AND SPACE SCIENCE

C

Paleoceanography and Paleoclimatology 10.1029/2020PA004107

SST,y, 0, [°C] M78/1-235-1

32

@
130 @
o]
Log N
=
126 75
s
r24 s
Loo 1=
[¢p]
Log @
HE1a
10 11 12 13 14 15 16 17 18 19 20

Age [ka]

Figure 6. “Ghost Plot” correlation of the SSTy/c, records of cores M78/1-235-1 and M125-35-3. (a) M78/1-235-1 SSTyy/ca Ghost Plot. The yellow line
indicates the SSTyg/c, record of Core M78/1-235-1 (Bahr et al., 2018) vs. the median age model outcome by Bacon (Blaauw & Christen, 2011) based on the
chronostratigraphy of Reifig et al. (2019). The grayscale indicates minimum and maximum age probabilities from the Bacon age model outcome where darker
gray indicates high probabilities and lighter gray low probabilities. (b) Ghostplot of the SSTy/c, record of Core M125-35-3 (this study). Thick red line indicates
SSTg/ca Of Core M125-35-3 versus median age. Purple shaded area indicates Heinrich Event 1 (HE1a) including the timing of coincident warming (cooling) at

Core M125-35-3 (M78/1-235-1) at 16 ka.

NBC flow at least up to 6.7°N, we do not claim for a full reversal of the NBC, which is in agreement with
Zhang et al. (2015). Rather, we assume a strengthened retroflection of the NBC into the NECC north of
6.6°N, which is also supported by Wilson et al. (2011). Indeed, these authors found evidence for a prolonged
retroflection of the NBC forced by the trade wind pattern emerging during the southward shift of the ITCZ.
The extreme southward displacement of the ITCZ during HE1a was further fostered by the insolation con-
figuration with maximal austral autumn (March-May) insolation occurring at ~16 ka parallel to relatively
low boreal summer insolation (Figure 5), further heating the southern relative to the Northern Hemisphere.
The insolation maximum may also have contributed to the very warm SSTs during HE1a recorded in Core
M125-35-3. The warming of tropical waters carried by the BC was likely favored by the general slowdown of
the AMOC and weak Southern Hemisphere trade winds during Northern Hemisphere cold phases, leading
to a slowdown of the South Atlantic subtropical gyre and thus, to a sluggish BC. This may have promoted
radiative warming of tropical waters carried by the BC on its way to Core M125-35-3. The decreased export
of warm waters via the NBC to the Northern Hemisphere, together with the increased recirculation of warm
waters within the South Atlantic, further contributed to the evolution of a warm pool in the western tropical
South Atlantic leading to extensive warming of the BC as seen at 16.0 ka in our SST record. Interestingly,
we do not find a HE1a-like BC-NBC anti-phase during the YD which is as well an interval of strong North-
ern (Southern) Hemisphere cooling (warming) and AMOC slowdown (Barker et al., 2009). The YD was,
however, not characterized by such extreme HS1-like AMOC perturbations as inferred from the *'Pa/**°Th
data (Figure 3) and the insolation forcing during austral summer/autumn was lower (Figures 3 and 5). As
a result, the ITCZ did not occupy such an extreme southward position as during HS1 (Mulitza et al., 2017)
and trade wind patterns were not as profoundly altered. Thus, we argue that the combined mechanism of
extreme AMOC slowdown and maximum austral autumn insolation resulted in an extreme southward shift
of the ITCZ during HS1 in line with substantially increased (decreased) Northern (Southern) Hemisphere
trade winds. We suggest that besides the AMOC slowdown at 16 ka, the pronounced anti-phased tropical
Atlantic SST pattern between the BC and the NBC (as recorded in the SST records of cores M125-35-3 and
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M78/1-235-1, respectively) was markedly amplified by the effect of an atmospheric teleconnection triggered
by the altered trade wind circulation around 16 ka (cf. Figure 4).

4.3. Implications for the Meridional Heat Transport During Phases of Weak AMOC

Fresh water hosing model experiments for HS1 commonly show that sea-surface warming in the tropical
and subtropical South Atlantic occurred after a reduction of AMOC heat transport by at least 75% (Chang
et al., 2008; Dahl et al., 2005; Deplazes et al., 2013; Vellinga & Wu, 2008; Zhang & Delworth, 2005). However,
the models imply a maximum warming anomaly of ~2°C while the salinity-corrected SSTyc, amplitude of
at least 4.6°C at Core M125-35-3 is more than two times as high. The high amplitude of surface warming in
the tropical South Atlantic thus suggests that northward OHT was less efficient as predicted by numerical
models in response to a severe AMOC reduction. The meridional SST transect from the western tropical At-
lantic (Figure 5) demonstrates that, at least in the surface layer, a northward OHT into the North Atlantic via
the NBC was almost absent. An alternative pathway for tropical-derived warm waters into the North Atlan-
tic Ocean could be the Guinea Current at the west African coast (Figure 1), which is fed by the NECC carry-
ing the retroflected waters of the NBC (Talley et al., 2011). Available data, however, argue against heat being
advected along this pathway, as two planktic foraminiferal SSTyc. records, GeoB9526-5 and GeoB9508-5,
from the west African margin show distinct SST cooling at 16 ka (Zarriess et al., 2011) (Figures 1 and 5).
The observed discrepancy between proxy data and numerical models might derive from both, (i) limitations
of the models to resolve the spatio-temporal variability of complex features like western boundary currents
such as the BC, as well as (ii) the shortage of proxy records with high temporal resolution from those criti-
cal oceanographic regions. The reliable assessment of the OHT during phases of sluggish AMOC (such as
during HE1a), however, is a crucial aspect, as the interhemispheric heat imbalance arising from strong-
ly reduced OHT must be compensated by enhanced cross-equatorial energy transport, which is primarily
accomplished by meridional AHT (Cheng et al., 2013; Donohoe et al., 2012; Fasullo & Trenberth, 2008;
McGee et al., 2018). Thereby, increased AHT is achieved by a southward shift and an invigoration of the
Northern Hemispheric Hadley-Cell. This in turn, leads to the southward shift of the ITCZ and anomalously
intensified NE trade winds (i.e., the lower branch of the Hadley-Cell) (Bjerknes, 1964; Yang et al., 2017), se-
verely affecting hydroclimate in both (sub)tropical South America and Africa (e.g., Cruz et al., 2009; McGee
et al., 2014; Strikis et al., 2015). In light of a potential weakening of the AMOC in response to future global
warming (Pachauri et al., 2014), it is thus essential to reliably quantify the associated ocean-atmosphere
feedbacks. This demonstrates the urgent need of further improving the skill of high-resolution ocean mod-
els as well as the demand for a dense network of temporally highly resolved proxy-records from regions that
are crucial for the cross-equatorial OHT and AHT respectively, such as the western tropical South Atlantic.

5. Conclusions

Our SSTyg/ca record of Core M125-35-3 is the first SST record from the tropical South Atlantic adequately
resolving the internal structure of HS1. We found evidence for a highly variable heat transport by the BC
during the LGM and HS1, when the BC heat transport at Core M125-35-3 was frequently affected by north-
ward intrusions of colder BCC-derived water masses. A modern-like BC evolved from late HS1 onwards.
Extreme boundary conditions during HS1 (sluggish AMOC, maximum austral autumn and low boreal sum-
mer insolation) resulted in an anomalous southward shift of the ITCZ. Associated modifications of the trade
winds led to a profound reorganization of the surface hydrography in the western tropical Atlantic. These
changes caused an abrupt warming of at least 4.6°C at Core M125-35-3 at HE1a reflecting a highly efficient
southward heat transport of the BC. We further find a seesaw-like pattern between a diminished capability
of heat transport by the NBC and an increased efficiency in heat transport by the BC during HE1a, implying
a near-collapse of the northward OHT, mostly owing to a strong retroflection of the NBC. The timing of
this event at ~16 ka concurs with the most intense phase of iceberg discharge during HS1 (i.e., HEla) and
the almost complete shutdown of the AMOC. These findings further stress the importance of the NBC/BC
system as a bottleneck of the AMOC return flow in the tropical Atlantic.
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