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Abstract we present planktonic foraminiferal fauna and isotope records from the SE Atlantic that
highlight the nature of millennial-scale variability over the last 100 kyr. We derive a hypothesis-driven age
model for our records based on the empirical link between variations in Greenland temperature, ocean
circulation, and carbonate preservation in the deep SE Atlantic. Our results extend earlier findings of an
antiphase (seesaw) relationship between north and south for the largest abrupt events of Marine Isotope
Stage (MIS) 3-2 and the last deglaciation. In particular, we find that Heinrich Stadials were paralleled by
inferred southward shifts of the thermal Subtropical Front. These were followed by pronounced rebounds of
the front with the return to interstadial conditions in the north. Our results also shed light on the mechanism
of glaciation. In contrast to the last deglaciation, which was a globally symmetric change superposed by
interhemispheric asynchronicity, we find that the descent into full glacial conditions at the onset of MIS 4
(~70 ka) displayed interhemispheric synchrony. We suggest that this globally synchronous descent into
glacial MIS 4 was preconditioned by orbital changes, but the timing was ultimately determined by abrupt
changes in ocean/atmosphere circulation patterns i.e., the bipolar seesaw.

1. Introduction

Itis commonly argued that Earth’s glacial cycles are driven by changes in orbital geometry [Imbrie et al., 1993],
but it is also acknowledged that nonlinearities and feedbacks within the climate system are required in order to
explain the precise timing and magnitude of climatic change that is observed [Broecker and Denton, 1989;
Imbrie et al., 1993]. Much attention has been paid to the mechanisms associated with glacial terminations
(the transitions from glacial to interglacial state), and the recent observation of a ubiquitous association
between abrupt climate oscillations (involving the so-called bipolar seesaw [Crowley, 1992; Broecker, 1998; Stocker
and Johnsen, 2003]) and glacial terminations of the Late Pleistocene [Cheng et al., 2009; Barker et al., 2011] has
bolstered suggestions [Mix et al., 1986; Broecker and Denton, 1989] that abrupt reorganizations of the ocean-
atmosphere system might play an active role in deglaciation. The fact that interglacial to glacial (IG-G) transitions
are also associated with enhanced millennial-scale climate variability [Sima et al., 2004; Barker et al., 2011]
begs the question as to whether or not such variability might also play an active role in glacial development.
Here we present new records from the SE Atlantic that we argue provide evidence for an active role of the
bipolar seesaw in the most recent IG-G transition.

1.1. Millennial-Scale Variability During the Last Glacial Period

The asynchronous relationship, both inferred [Charles et al., 1996] and observed [Blunier et al., 1998; Blunier
and Brook, 2001], between millennial-scale events in ice core temperature records from Greenland and
Antarctica stimulated debate as to whether changes in the south led those in the north or vice versa [Blunier
et al., 1998; Steig and Alley, 2002; Schmittner et al., 2003; Huybers, 2004]. While temperature records from
Greenland revealed the well-known Dansgaard-Oeschger (D-O) oscillations, a series of large (>10°C) and
abrupt (decadal) shifts between cold (stadial) and warmer (interstadial) episodes, the Antarctic records
showed a very different picture, with changes occurring more gradually and approximately out-of-phase with
those in the north. More specifically, Antarctic temperatures increased during northern stadial events and
decreased during interstadials. At first [Charles et al., 1996], this asynchronous relationship seemed to rule out
ocean circulation as a driver of bipolar temperature variations, either by positive reinforcement, whereby
increased production of deep water in the North Atlantic would warm both the north and south in symmetry
[Weyl, 1968], or through the bipolar seesaw, whereby changes in the northward heat transport associated
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with the Atlantic Meridional Overturning Circulation (AMOC) would drive opposite changes in either
hemisphere [Crowley, 1992].

Later studies provided some reconciliation of this problem by invoking contrasting timescales for the
processes governing temperature change over Greenland and Antarctica. By calling on the large thermal
inertia of (for example) the Southern Ocean, a reduction in the AMOC (or more precisely northward heat
transport) could lead to an abrupt cooling over Greenland with a more gradual warming over Antarctica (and
vice versa) [Ganopolski and Rahmstorf, 2001; Schmittner et al., 2003; Stocker and Johnsen, 2003]. Accordingly,
the relationship between bipolar ice core temperature records could be conveniently described by a
conceptual model known as the thermal bipolar seesaw [Stocker and Johnsen, 2003], which predicted an
inverse relationship between the rate of change of Antarctic temperature and the temperature anomaly over
Greenland [Barker et al., 2011]. The actual north-south relationship may therefore be considered as purely
antiphase [Hinnov et al., 2002; Ganopolski and Roche, 2009; Barker et al., 2011].

One of the key predictions of the thermal bipolar seesaw is the existence of a direct counterpart to the abrupt
variability recorded over Greenland in the South Atlantic-Southern Ocean (SASO) region [see Stocker and Johnsen,
2003, Figure 2] (we refer to the antiphasing between Greenland and the SASO as the “instantaneous bipolar
seesaw” [Barker et al., 2009] to distinguish it from the time-integrated relationship between Greenland and
Antarctica). Our initial findings in the SE Atlantic [Barker et al., 2009] suggested that abrupt shifts in the latitudinal
position of the thermal Subtropical Front could represent this counterpart, providing direct evidence for the
predicted interhemispheric phasing [Severinghaus, 2009]. Here we extend these records back to 100 ka.

1.2. Orbital Timescales

A long standing question in paleoclimate research (and a fly in the ointment for Milankovitch Theory
according to Mercer [1984]) concerns the interhemispheric symmetry of glacial cycles, given that the
commonly assumed driver, summer solar radiation, varies in an asymmetric sense between north and
south [Huybers, 2009]. In particular, glacial cycles apparently follow variations in northern summer
radiation, leaving the southern variations essentially unexplained. The situation is further complicated

by an apparent lead of southern changes over those in the north on a variety of timescales [Imbrie et al.,
1992; Sowers and Bender, 1995; Charles et al., 1996; Petit et al., 1999; Blunier and Brook, 2001; Wunsch,
2003]. On the other hand, it has been suggested that the systematic superposition of millennial-scale
perturbations on longer-term variations can give rise to apparent leads and lags on orbital timescales [Alley
et al., 2002; Ganopolski and Roche, 2009; Ziegler et al., 2010. For example, the apparent lead of Antarctic over
Greenland temperature variations at orbital timescales could be explained in this way [Barker et al., 2011].
Such a systematic influence is unlikely to be resolved by orbital filtering. In addition, the long timescale
associated with large ice sheets also provides a potential explanation for a late response of sea level and certain
local northern temperature records [Imbrie and Imbrie, 1980; Alley et al., 2002; Roe, 2006].

Possible explanations for the global symmetry of glacial cycles generally fall into one of two categories: those
that attempt to explain southern variations independently as a direct consequence of southern insolation
variability [Kim et al., 1998; Schulz and Zeebe, 2006; Stott et al., 2007; Huybers and Denton, 2008; Timmermann
et al., 2009] and those that rely on an interhemispheric bridge such as the warming effect of North Atlantic
Deep Water (NADW) in the Southern Ocean [Weyl, 1968; Imbrie et al., 1992] or a global agent such as
atmospheric CO, concentration [Alley et al., 2002; Jouzel et al., 2007; Shakun et al., 2012]. While there is
currently no consensus on this topic, it is instructive to look at individual transitions where highly resolved
records and robust chronologies allow detailed investigation.

1.3. The Last Glacial Termination

The last deglaciation, Termination 1 (T1), is the best documented transition between glacial and interglacial
conditions. Although the net change across T1 was globally symmetric, millennial-scale changes within either
hemisphere were typically asynchronous [Mix et al., 1986; Sowers and Bender, 1995; Denton et al., 2006; Barker
et al., 2009; Kaplan et al., 2010; Putnam et al., 2010; Stenni et al., 2011; Shakun et al., 2012; Putnam, 2013]. For
example, during the early phase of T1 (Heinrich Stadial 1, HS1, ~18-14.6 ka) Antarctic temperatures increased
while Greenland remained cold (see Figure 5). Warm conditions in the north during the Bglling-Allerad
(B-A, 14.6-12.8 ka) were mirrored by decreasing temperatures over Antarctica. The final stage of deglacial
warming in the south was accomplished during the northern Younger Dryas (YD) cold interval (12.8-11.5 ka).
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Taken together with many others, these observations have led several authors to suggest an implicit role for the
bipolar seesaw in the mechanism of deglaciation [Mix et al., 1986; Broecker and Denton, 1989; Clark et al., 2004;
Denton et al., 2006, 2010; Barker et al., 2009; Cheng et al., 2009; Wolff et al., 2009; Shakun et al., 2012]. Under
this scenario, deglacial variations in the AMOC [McManus et al., 2004], possibly triggered by the melting of
northern ice sheets in response to increasing northern summer insolation [Denton et al., 2010; Shakun et al.,
2012], drove opposing temperature trends in either hemisphere but led ultimately to global warming by the
release of atmospheric CO, [Anderson et al., 2009; Barker et al., 2009; Skinner et al., 2010] and through positive
feedbacks such as the ice albedo effect. Of course the seesaw is probably not the whole story (as hinted at by
the fact that earlier analogues of HS1 did not lead to termination [Barker et al., 2009, 2010; Wolff et al., 2009])
and while the relative timing of changes in, e.g., Antarctic temperature and CO; [Parrenin et al., 2013] fits with a
seesaw scenario, the magnitude of change accomplished during deglaciation suggests that other factors were
probably important. Notwithstanding, the observational evidence shows that the last deglaciation was
characterized (and perhaps even defined) by interhemispheric asynchronicity on a millennial scale.

1.4. Transition Into a Glacial State

The classic “saw-tooth” view of Late Pleistocene glacial cycles is of a gradual (tens of thousands of years)
buildup of continental ice sheets in response to progressively cooler summers in the Northern Hemisphere,
followed by their rapid decay during deglaciation [Broecker and van Donk, 1970]. But numerous studies
have shown that abrupt (hundreds to thousands of years) changes are an intrinsic feature of glacial onset
[Woillard, 1979; Keigwin et al., 1994; Schulz et al., 1999; McManus et al., 2002; Cutler et al., 2003; Sima et al., 2004;
Ahn and Brook, 2008; Barker et al., 2011; Thornalley et al., 2013]. The transition from Marine Isotope Stage (MIS)
5a to 4, ~70 ka, is an example of an interglacial-glacial (IG-G) transition where abrupt changes were
superimposed on more gradual adjustments. For example, the Antarctic temperature record shows a gradual
cooling across MIS 5a/4 that was interrupted by two millennial-scale warming/cooling events associated
with D-O oscillations 19 and 20 over Greenland [Veres et al., 2012]. The occurrence of large-amplitude (in terms of
Greenland temperature [Landais et al., 2004; Kindler et al., 2013] and the rate of Antarctic temperature change
[Barker et al., 2011]) seesaw events during the MIS 5a/4 transition gives rise to the appearance of asynchrony in an
analogous way to the changes associated with Termination 1 (Figure 5). However, unlike T1 [Parrenin et al., 2013],
variations in atmospheric CO, across MIS 5a/4 were not so closely coupled with Antarctic temperature [Barnola
et al., 1987] (Figure 6). In fact, the major drop of CO, into MIS 4 occurred in parallel with cooling over Greenland at
the end of D-O 19 (~70 ka), rather than with Antarctic cooling during D-O 19 [Ahn and Brook, 2008; Bereiter et al.,
2012]. Here we show that an abrupt shift to more glacial-like conditions ~70 ka is also seen in the SE Atlantic,
suggesting a globally synchronous descent into a glacial state.

2. Methods

In this study we extend the records published previously on marine sediment core TNO57-21 (41.1°S, 7.8°E,
4981 m water depth) [Barker et al., 2009, 2010]. TNO57-21 was sampled every 2 cm over its full length (13.8 m).
Samples were washed through a 63 um sieve and dried at 40°C before weighing. Splits of the >150 pm fraction,
containing nominally 300 individual planktonic foraminiferal shells, were counted following the taxonomy of
Kennett and Srinivasan [1983]. Broken shells (less than half a shell) were counted as fragments. Analyses
of '80 were made on Globigerina bulloides (using 20 individual tests where possible) picked from the
250-300 pm fraction. Measurements were performed at Cardiff University stable isotope facility using a
Thermofinnigan MAT-252 mass spectrometer for the interval 0-360 cm (long-term external reproducibility
better than £0.08%o) and a Delta Advantage V (long-term external reproducibility +£0.1%o) for the remainder
of the core.

2.1. Age Model Construction

Previously [Barker et al., 2009, 2010], we exploited 4c dating of planktonic foraminifer from TNO57-21 and
nearby core RC11-83 [Charles et al., 1996] to construct an absolute age model for TNO57-21. From earlier
studies [e.g., Ninnemann et al., 1999] we know that TNO57-21 reaches back to about 100 ka, well beyond the
range of the '*C method; and we therefore require an alternative solution for extending the age model in this
study. Because we wish to compare our surface records directly with ice core data from Greenland and
Antarctica, we choose not to use benthic 6'80 tuning (which would lack the precision we require) but instead
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Figure 1. Age model development. (top) The preservation record (whole shells per gram) from TNO57-21 is tuned to the
Greenland ice core temperature record [NGRIP members, 2004] (red dots are tuning points). Black numbers refer to major
cold events over Greenland (including Heinrich Stadials 1-6). Red numbers refer to warm interstadials. (bottom) Calculated
uncertainties (20) for the tuned age model are shown as green envelopes. The tuned age model generally lies within the 20
uncertainties of the calibrated '*C dates from TNO57-21 and RC11-83 apart from the interval around HS1. This could be
because the reservoir age (held constant at 600 years) is underestimated for this interval.

base our approach on an earlier observation of a relationship between carbonate preservation within
TNOS57-21 and temperature variations over Greenland [Barker et al., 2010] (Figure 1). Specifically, it was found
that well ventilated (with respect to *C and [CO;7]) bottom waters appeared in the deep South Atlantic
during the Belling-Allerad (B-A, 14.6-12.7 ka). Enhanced preservation (elevated bottom water [CO57]) was
also observed during D-O interstadial 8 (38.2-36.7 ka). Both of these events followed an interval of increased
dissolution during HS1 and HS4, respectively. Based on these observations, and a modeling study [Knorr and
Lohmann, 2007], it was concluded that bottom water ventilation in the region of TNO57-21 is strongly
influenced by changes in the nature of deep ocean overturning in the Atlantic, a suggestion previously made
based on evidence from benthic foraminiferal 6'C [Charles et al., 1996; Ninnemann et al., 1999]. In particular,
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Table 1. Age Control Points for TNO57-21

Depth in Transition Age (years)a Age Uncertainty

Event TNO57-21 (cm) Thickness (cm) GICCO5/NALPS (years)b
Top —20 4 0

Start YD 129.5 6 12,800 430
Start BA 160 8 14,630 360
End D-O5 470.5 4 32,050 400
Start D-O8 576.5 4 38,190 380
End D-09 594.5 4 39,910 380
Start D-O012 713.5 2 46,830 380
End D-O13 725.5 6 48,310 450
Start D-O14 781.5 2 54,170 340
Start D-O15 804.5 4 55,750 360
Start D-O17 869.5 2 59,410 360
Start D-O018 949.5 2 63,910 400
Start D-O19a 1030.5 4 69,250 360
Start D-O19 1059.5 6 71,875 360
Start C19 1078.5 8 73,625 400
Start D-020 1106.5 8 75,860 360
Start C20 11235 10 77,500 360
Start D-021 11915 8 85,125 360
Start C21 1239.5 14 88,750 360

?Ages that are assigned to abrupt transitions in the ice core record and may be adjusted as newer ice core age models
become available.
Age uncertainty for input to Bchron [Parnell et al., 2008] is calculated as half of the width of the transition in the ice
core record (in time) plus 300 years (see text). Additional uncertainty accounted for in Bchron comes from the width of
the transitions within TNO57-21.

it was suggested that recovery of the AMOC, following an interval of weakened circulation, could lead to
particularly well ventilated bottom waters in the deep South Atlantic [Barker et al., 2010].

We therefore derive an age model for TNO57-21 by assuming that a similar relationship held for millennial-
scale changes over the last 100 kyr (Figure 1). As a tuning target we use the North Greenland Ice Core Project
(NGRIP) temperature record as a proxy for AMOC variability. We use the absolute GICCO5 timescale back to
60 ka [Svensson et al., 2008]. Beyond this we use a modified version of the absolute timescale developed by
Barker et al. [2011], which is based on tuning the ice core record to speleothem records (in this case the
Northern Alps, NALPS, record of Boch et al. [2011]). We select tuning points between TNO57-21 and the NGRIP
record (Table 1) based on the record of whole shells per gram in TNO57-21, which was previously highlighted
as a reliable indicator of carbonate preservation at this site [Barker et al., 2010]. Uncertainties for individual tie
points (with respect to the ice core timescale) are based on the width of the selected transitions in TNO57-21
and the duration of the corresponding transitions in the Greenland record (Table 1). Additional uncertainty
stems from the time taken for propagation of signals between Greenland and the deep South Atlantic.
Previously, we found that the abrupt signals associated with Greenland warming events within the
surface and deep South Atlantic occurred within ~300 years of one another [Barker et al., 2010].
Building on that observation and earlier suggestions of a rapid (decadal) coupling between Greenland
(or the surface North Atlantic) and the surface South Atlantic [Rind et al., 2001; Vellinga and Wood,
2002; Schmittner et al., 2003; Timmermann et al., 2005; Barker et al., 2009], we suggest that 300 years is
a reasonable estimate for signal propagation between Greenland and the deep South Atlantic (we
note that this is less than the estimate of 860+ 220 years attained by paleomagnetic intensity tuning
of the same core [Kissel et al., 2008]). We choose to assign an uncertainty of 300 years to our tuning
points rather than shift all the tie points toward younger ages since it could be argued that a change
to more corrosive waters at our site associated with cooling over Greenland could be accomplished in
significantly less than 300 years after the Greenland change.

We apply a Bayesian approach [Haslett and Parnell, 2008; Parnell et al., 2008] to estimate age uncertainties
between tie points (Figure 1). Estimated age uncertainties can be large (up to 1-3 kyr 20) between tie points
because of their relative sparsity, implying that we cannot comment on the precise phasing of
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millennial-scale events except those
that are close to tie points. However,
because our approach is guided by the
C-based age model used in earlier
studies, our tuned age model lies close
to the calibrated '*C ages from TNO57-21
and nearby RC11-83 (recalibrated using
the CALIB software [Stuiver and Reimer,
1993] version 6.1.0 and the MARINEO9
calibration curve [Reimer et al., 2009]
Figure 1). Our “preservation-tuned” age
model is generally within the 95%
J-a30 confidence level of the calibrated '*C
YA dates except for the interval ~17-20 ka,
. . . " | X 4-450 when the revised ages are “too young”
0 5 10 Ag;?Kyr) 20 25 30 with respect to the "*C-derived estimates.
While this could reflect a lack of tie points
Figure 2. Comparison of age models for TNO57-21 using calibrated '*C  during this interval, we note that the
ages (A) and our preferreq tuning approach (B) \{vith de%acial tempera- implied onset of surface warming in
WAL G¥est Antrctc o Sheet diide WA Dvids ProjctMambers 01, 102721 previously inked it the
Red curve is the 6D record from EPICA Dome C (EDC) (éuropean Pro}ect fonl start of HS1 [Barker et al,, 2009], shifts to
Ice Coring in Antarctica Dome C) on the Antarctic ice core chronology ~17.7 ka with the revised timescale as
(AICC2012) age scale [Veres et al,, 2012]. Pink shaded boxes are intervals of ~compared to ~18.8 ka when the C ages
significant deglacial warming in the WAIS record according to WAIS Divide  are employed (Figure 2). This younger
Project Members [2013]. Green shaded box represents the warming interval
preceding D-O 2. “%NPS" refers to the percentage of left coiling N. pachyderma
to total N. pachyderma.

%NPS

%NPS

§80 (%o)

8D (%o)

age is in closer agreement with evidence
from Antarctic ice cores that suggests
warming initiated ~18 ka [Parrenin et al.,
2013] (Figure 2) and would imply that our estimate of surface reservoir age at this site (which was held constant at
600 £ 200 years in our previous calculations) should be increased upward by 6-800 years during this interval. We
note a study from a nearby core site [Skinner et al,, 2010] that suggested particularly large surface "C reservoir
ages during this same interval, even with respect to the site of TNO57-21.

TNO57-21 is one of many marine cores to reveal a minimum in paleomagnetic intensity associated with the
Laschamp event [Stoner et al., 2002]. According to our revised age model, the Laschamp paleomagnetic
minimum within TNO57-21 is centered on 42 ka with an estimated 20 error of —1.4 to +1.8 kyr relative to the
GICCO5 age model. This should be compared directly with the GICCO5 age estimate of the same event
(41.2 kyr b1950 + 1.6 kyr 20) [Svensson et al., 2008]. The most recent radioisotopic age estimate for this event
is 40.65 + 0.95 ka [Singer et al., 2009].

Our approach for developing an age model for TNO57-21 is based on the assumption that dissolution within
the core is a simple function of mixing between bottom waters with contrasting carbonate chemistry

(i.e., northern versus southern-sourced deep waters), but it could be argued that changes in productivity
could influence our records either through enhanced carbonate export from the surface ocean or through
enhanced pore water dissolution due to organic carbon respiration (previously it was shown that productivity
at this site was increased during northern HS events [Sachs and Anderson, 2005], which are aligned with
intervals of increased dissolution—see Barker et al. [2010] for a detailed discussion of these points). On the
other hand, our approach follows previous studies that first highlighted a link between Greenland climate
variability (if viewed as a surrogate for AMOC variability) and deep water mass mixing in the Cape Basin
[Charles and Fairbanks, 1992; Charles et al., 1996; Ninnemann et al., 1999; Piotrowski et al., 2005]. We can
therefore provide a test of our age model by assessing its implications for other deep water proxies measured
on proximal cores recovered from the deep Cape Basin (see supporting information). The close
correspondence between carbonate preservation, benthic §'>C and sedimentary Nd isotopes within
TNO57-21, and the similarity in records of benthic 5'3C in the Cape Basin cores versus Iberian Margin core
MD95-2042 [Shackleton et al., 2000] (Figure S1 in the supporting information) strongly supports the
contention that changes in deep ocean circulation dominate the variability in these diverse proxy records.
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Figure 3. Samples thought to be compromised by dissolution are rejected (red symbols) based on the following criteria:
Species diversity <6 and %G. inflata > %G. bulloides and/or samples with <50 whole shells counted. For %NPS
(/total N. pachyderma) we also reject samples with total N. pachyderma counted <15 (orange symbols).

Differences between the records may reflect deficiencies in the individual proxies or perhaps the lower
resolution of some records. While it could be argued that disagreement between the records from TNO57-21
should be taken into account within our age model uncertainties, we suggest that the abrupt nature of the
preservation changes we record reflect the superior ability of this record to reflect the abrupt circulation
changes in which we are interested. Furthermore, we believe that the record of whole shells per gram is
superior to other dissolution indicators (such as %CaCOs; Figure S1) again due to the abrupt nature of the
changes we observe, which suggest minimal smearing of the signal through sedimentary processes.

2.2. Effects of Dissolution on Planktonic Foraminiferal Assemblages

At a site as deep as TNO57-21 (~5 km water depth) even a core with such high sedimentation rates as
TNO57-21 will have experienced significant carbonate dissolution. This is apparent from the occasionally low
%CaCOs (supporting information Figure S1) and the fragmentation of foraminiferal tests observed in the
core [Barker et al., 2010]. It is well known that dissolution can affect planktonic foraminiferal assemblages by
the preferential breakup of species with more fragile shells [Ruddiman and Heezen, 1967; Berger, 1970; Le and
Thunell, 1996]. In a separate paper, M. J. Vautravers et al. (manuscript in preparation, 2014) discuss the
potential influence of dissolution on the faunal assemblages derived in this study. They show that samples
with a low species diversity (<6) are generally associated with the most intense dissolution (Figure 3). On
the other hand, low species diversity does not necessarily mean that the sample is highly dissolved, for
example, a polar assemblage will have only a few species present whatever the state of preservation.
Vautravers et al. (manuscript in preparation, 2014) also note that the majority of those samples with diversity
<6 are dominated by the solution resistant species, Globorotalia inflata (14/22 on Berger’s [1970] ranking of
susceptibility to dissolution where 1 is most susceptible), while those with greater diversity tend to be
dominated by the less robust species, G. bulloides (ranked 8/22). They suggest that if these two criteria
(diversity <6 and %G. inflata > %G. bulloides) are met, then the assemblage is most likely compromised by
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Figure 4. (a, b) Modern mean annual temperature [Locarnini et al., 2010] and salinity [Antonov et al., 2010] at 30 m depth for
the SASO region. (c—f) Coretop data from the Multi Proxy Approach for the Reconstruction of the Glacial Ocean Surface
(MARGO) database [Kucera et al., 2005] showing the sensitivity of the specific faunal groups used here to conditions in the
region. Site of TNO57-21 is marked with an X. Note that %NPS (/total N. pachyderma) shifts from zero to 100% at the
location of our site. Plots were created using the Ocean Data View (ODV) software [Schlitzer, 2014].

dissolution and should not be used to make inferences about surface temperature. Here we follow these
criteria and also reject samples with <50 whole shells counted. In all, we reject 61 out of 658 samples
counted (Figure 3). For the plots of %NPS (percentage of Neogloboquadrina pachyderma (sin) out of total
N. pachyderma), we also exclude those samples with total N. pachyderma counted <15 (total of 94
samples rejected).

Due to the potential for dissolution to bias faunal temperature estimates we use groups of index species in an
attempt to further minimize the potential influence of dissolution (Figures 4-6). For example, the polar group
consists of Turborotalita quinqueloba (ranked 9/22 by Berger [1970]) and N. pachyderma (sin) (ranked 17/22)
while the warm group contains Globigerinoides ruber (1/22), Orbulina universa (2/22), Globorotalia hirsuta
(12/22), and Globorotalia truncatulinoides (dex) (13/22). Similar trends in the relative proportions of species
within these groupings, even those with very different susceptibilities to dissolution (see supporting
information), give us confidence that dissolution is not the primary signal in our records and that we are able
to observe changes in the original assemblage (i.e., we are able to discuss changes in sea surface conditions).

3. Results and Discussion

3.1. Millennial-Scale Changes: the Bipolar Seesaw

A prominent feature of the planktonic assemblage records reported here is the abrupt nature of some of the
changes we observe (Figure 5). These are particularly striking in the record of %NPS. With some notable

exceptions [Kaiser et al., 2005; Lamy et al., 2007] the majority of high-resolution temperature records from the
Southern Hemisphere display rather gradual changes, reminiscent of the Antarctic temperature record
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Figure 5. Records of %NPS/total N. pachyderma (B) and warm species (C) from TNO57-21 compared with Greenland
[NGRIP_members, 2004] (A) and Antarctic [Jouzel et al., 2007] (E) ice core temperature records and the speleothem
growth interval record from Brazil [Wang et al., 2004] (D). The preservation record from TNO57-21 (F) is also shown to allow
assessment of the tuning procedure. Estimated uncertainties for the tuned age model (calculated by Bchron [Parnell et al.,
2008]) are shown in (G). The NGRIP record is on the GICCO5/NALPS age model described in the text. The Antarctic record
has been placed on the same timescale following the procedure described by Barker et al. [2011].

[Pahnke and Sachs, 2006]. In contrast, we observe clear aspects of similarity (albeit in antiphase) between our
SE Atlantic records and the abrupt temperature variations recorded in Greenland over the last 65 kyr. Large
and abrupt shifts from low to high %NPS (indicating cooling at our site) tend to parallel strong warming
events in Greenland, typically those following Heinrich Stadial (HS) events. Most of the northern HS events
are aligned with an increase in warm species at our site and a decrease in %NPS. Previously, we called on a
latitudinal shift (of perhaps a few degrees) in the position of the thermal Subtropical Front (STF) to explain the
abrupt assemblage changes we observed during T1. Given the large latitudinal gradients in sea surface
temperature associated with the frontal zones in this region [Deacon, 1982; Orsi et al., 1995] (Figure 4a), we
feel that this is more reasonable than calling on large temperature changes of specific water masses,
which would also be contrary to modeling studies [Vellinga and Wood, 2002; Timmermann et al., 2007]. The
modern distribution of %NPS in the SASO region [Margo Project Members, 2009] (Figure 4) demonstrates how
sensitive our site is to minor shifts in the frontal positions. We suggest that, in general, cold northern HS
events were paralleled by a southward shift of the thermal STF in the SE Atlantic, followed by a northward
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Figure 6. The record of cold foraminiferal species from TNO57-21 (D) reveals gradual cooling across MIS 5/4 while the polar
species record suggests an abrupt cooling ~70 ka. (E) 8'80 records from G. bulloides (red is this study, green is from Mortyn

et al. [2002]) generally show shifts toward lighter values during Antarctic warming events but a significant depletion is
associated with cold conditions during early MIS 4. Also shown are records of obliquity [Berger and Loutre, 1991] and
insolation [Laskar et al., 2004] (A), Greenland 5'%0 [NGRIP_members, 2004] (B), Brazilian speleothem growth [Wang et al.,

2004] (C), Antarctic oD [Jouzel et al., 2007] (F), Antarctic dustiness [Lambert et al., 2012] (G), and atmospheric CO, [Monnin
et al.,, 2001; Ahn and Brook, 2008; Bereiter et al., 2012] (H). Blue arrows point to similar changes occurring ~70 and ~27 ka. All

ice core records are on the GICCO5/NALPS timescale.
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shift with the subsequent return to interstadial conditions. A notable exception is HS5a and D-O14.
Conditions at our site during HS5a were not conducive to warm species, although we do observe a decrease
in %NPS at the start of this period. Furthermore, the start of D-O14 was not marked by a major increase in
%NPS at our site, but by a rather modest increase in total cold species present (Figure 6), suggesting that this
“AMOC recovery” was not as pronounced as other events.

We do not see clear evidence for systematic variations associated with non-H oscillations. While this could in
part reflect the difficulty in resolving short events within a marine core, sedimentation rates in TNO57-21
(typically >15 cm/kyr during the intervals of concern) should be sufficient to resolve features associated with
even fairly short (1-2 kyr) events, regardless of the fact that our age model is too imprecise to discuss their
relative timing. We are therefore confident that, at least in terms of surface temperature, northern HS events and
their subsequent interstadials were associated with more significant perturbations at our site than non-Heinrich
oscillations. Many previous studies have highlighted the anomalous conditions associated with HS events as
compared with non-H stadials [Bond et al., 1993; Cacho et al., 1999; Wang et al., 2004]. The fact that we also tend
to see larger perturbations associated with the interstadials following HS events further illustrates their anomaly.

Following our previous work [Barker et al., 2009], we suggest that the variations we observe during the last
65 kyr represent the southern end of the “instantaneous” bipolar seesaw, as predicted by the conceptual
model of Stocker and Johnsen [2003]. We interpret our records to reflect latitudinal shifts in the northernmost
thermal frontal zone of the Antarctic Circumpolar Current (ACC), corresponding to abrupt temperature
changes over Greenland. Model experiments have shown that atmospheric phenomena, such as the
Intertropical Convergence Zone and the southern westerly wind belt can shift southward in response to a
cooling across the North Atlantic [Vellinga and Wood, 2002; Chiang et al., 2003; Chiang and Bitz, 2005;
Timmermann et al., 2007]. These predictions are supported by paleostudies in the low latitude Atlantic region
[Peterson et al., 2000; Wang et al., 2004] and, we argue, by our results from the SE Atlantic. Furthermore, our
evidence suggests not only that HS events were anomalous with respect to other cold intervals but also that
the interstadials directly following HS events were correspondingly anomalous. Model experiments also
suggest that, following an interval of weakened circulation, the AMOC can overshoot with respect to its
equilibrium state on recovery [Ganopolski and Rahmstorf, 2001; Knorr and Lohmann, 2007; Ganopolski and
Roche, 2009; Liu et al., 2009]. Previously, [Barker et al., 2010] we argued that our observation of particularly well
ventilated deep waters at the site of TNO57-21 during the B-A and D-O 8 provided evidence of AMOC
overshoots following HS1 and HS4, respectively. Here we suggest that our planktonic assemblage results also
support the idea that the climate system experienced a pronounced rebound following the extreme
perturbations associated with Heinrich Stadial events.

3.2. Marine Isotope Stage 4

A major feature of our new records from TNO57-21 is an abrupt cooling at the onset of MIS 4 (~70 ka) as
implied by a large increase in the abundance of polar species (Figure 6). Significantly, this occurred
approximately in parallel with cooling across Greenland, i.e., this was not an expression of the bipolar seesaw,
but an interhemispheric cooling that was approximately synchronous with the glacial lowering of CO,
(Figure 6). The abrupt cooling we observe at ~70 ka may be contrasted with the more gradual cooling
recorded over Antarctica across MIS 5a/4. Severe carbonate dissolution in TNO57-21 during cold stadial
events C19, 20, and 21 means that we have had to reject several samples as unreliable during these intervals,
but we do observe a more gradual increase in cold species (N. pachyderma (s) + T. quinqueloba + N.
pachyderma (d)) that parallels the Antarctic trend across this interval. The cold species record also shows the
superposition of what appears to be seesaw-like behavior associated with D-O 19-21 although this is not so clear
(Figures 6 and 7). On the other hand, several studies have demonstrated a clear seesaw response in atmospheric
and deep ocean conditions in the Atlantic sector across the MIS 5/4 transition [Keigwin et al., 1994; Peterson et al.,
2000; Wang et al., 2001; Wang et al., 2004; Weldeab et al., 2007; Thornalley et al., 2013] (Figures 5 and 6). In this
respect we may have expected to observe corresponding behavior in our records. According to the seesaw model
we might also have expected to see warming at our site ~70 ka, associated with the demise of northern warmth at
the end of D-O 19 and while there is a decrease in cold species at this time, this is paralleled by the increase in polar
species (a subset of the cold group) and %NPS, suggesting an overall shift to colder conditions.

The record of polar species from TNO57-21 suggests that conditions in the SE Atlantic during early MIS 4 may
have been colder than during MIS 2 (Figure 6). This observation of severe glacial conditions during MIS 4 is in
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. : ; ‘ ‘ line with several other studies. For example,
~ 375 1Y an alkenone-based sea surface temperature
A f ) f reconstruction from a sediment core taken
-40 | \ offshore Namibia (23.4°S, 11.7°E), directly
10000 downstream from our core site, also shows
an abrupt onset of glacial conditions at MIS
4 that were more extreme than either MIS 2
or 6 [Kirst et al., 1999]. Another high-
resolution alkenone-SST record from the SE
Pacific also shows coldest conditions during
MIS 4 [Kaiser et al., 2005]. Mountain glaciers
in New Zealand (J. M. Schaefer et al., The
Southern Glacial Maximum 65,000 years
ago and its Unfinished Termination,
submitted to Quaternary Science Reviews,
2014) and in parts of Chile [Denton et al.,
1999] extended further down-valley during
MIS 4 than MIS 2, suggesting that MIS 4
could have been the “Last Glacial Maximum
(LGM) of the south.” Kaiser et al. [2005]
interpreted their temperature record from
the SE Pacific to reflect latitudinal shifts in
the ACC and midlatitude westerlies. They
suggested that the coupled ACC-subtropical
gyre system may have experienced a
wholesale equatorward shift of 5-6° during
MIS 4 (compared with 4-5° during the
LGM). This interpretation would fit with our
observation of particularly cold conditions
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Figure 7. The MIS 5/4 transition in TNO57-21. (A) Greenland 5%
[NGRIP members, 2004], (B) Whole shells per gram, (C) %NPS/total The 6'80 record from G. bulloides (Figure 6)
N. pachyderma, (D) Polar species, (E) Cold species, (F) Antarctic 6D Louzel  shows a large (0.7-1%o) shift to lighter

et al,, 2007]. Faint data points and conjoining lines in (E) are samples that

values ~70 ka, in parallel with the coolin
are highly dissolved and omitted from the main discussion. P 9

inferred from %NPS and the polar species

group. This is in contrast to other
intervals where lighter values of 5'80 in G. bulloides are associated with episodes of warming at our site
(when lighter 6'0 presumably reflected warming associated with the bipolar seesaw [Charles et al., 1996;
Ninnemann et al., 1999; Barker et al., 2009]). Severe carbonate dissolution throughout this interval means that
we were unable to derive a reliable record of foraminiferal Mg/Ca that would enable us to disentangle the
relative influences of temperature and 6'0,,, within the 5'80 record. However, if the shift in 920 at 70 ka
were due solely to a temperature change, this would require a warming of approximately 3-4°C [Shackleton,
1974; Bemis et al., 1998]. If the change were due solely to variations in 5' 20, this would equate to a
salinity shift of approximately —1.5 to —2 practical salinity unit (psu; if the relationship between 5'%0,,, and
salinity was the same as modern) [Charles and Fairbanks, 1990; LeGrande and Schmidt, 2006]. Given the steep
latitudinal gradient in salinity across the STF (Figure 4b), it would be tempting to interpret the decrease in
G. bulloides 580 at 70 ka to reflect a northward shift of the frontal system, bringing fresher water over the site
of TNO57-21. However, the strong temperature effect on foraminiferal '0 means that we should expect the
opposite effect if we were to shift the modern frontal system northward (Figure 8a). A freshening of the
surface Southern Ocean could explain some of the change we observe, but this would have had to have been
extreme (perhaps 3-4 psu) to completely overcome the colder temperatures. Furthermore, the same shift in
5'80 is not seen for the deeper dwelling species G. truncatulinoides at the same site [Mortyn et al., 2002].
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In fact, the offset in 5'20 between G. bulloides and G. truncatulinoides is greater during MIS 4 than during the
Holocene (or any other time over the last 100 ka) [Mortyn et al., 2002]. Given that upper water column
stratification is significantly reduced south of the modern STF (Figure 8b), the shift toward lighter 6'80 of
G. bulloides and the increased offset between surface and deep dwelling species could lead to the conclusion
that the STF actually shifted south of our site during MIS 4.

To reconcile these observations, we call on enhanced seasonality of sea surface temperatures and stronger
latitudinal temperature gradients within the South Atlantic/Southern Ocean region during MIS 4 with
respect to modern conditions. We posit that the combination of colder mean conditions, as suggested by our
faunal results and previous studies [Kirst et al., 1999], together with a maximum in midlatitude Southern
Hemisphere summer insolation (Figure 6), resulted in a stronger seasonal contrast in surface waters of the
SASO region. Low obliquity at this time would also have meant enhanced latitudinal temperature gradients in
the region of the STF (Figure 6). This combination could have resulted in more seasonal to interannual
variability in the latitudinal position of the thermal STF, resulting in the admixture of species from a wider
range of conditions than observed in the modern assemblage at our site even if the mean position of the
front was shifted northward. The large annual range in sea surface temperature within the modern SASO
corresponds to a range in predicted ¢80, cite Of 0.5-1%o (Figure 8e). Given the tendency for foraminifera to
shift their season of growth to warmer months when mean annual conditions are colder [Fraile et al., 2009],
we suggest that the lighter 6'20 values observed for G. bulloides may in part be explained by a relatively
warmer season of growth and sporadic migration of the thermal STF, bringing warmer waters over our site.
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The lack of response in G. truncatulinoides [Mortyn et al., 2002] could reflect the small seasonal temperature
range at the deeper depths more typical of this species (Figure 8f).

The modern surface Southern Ocean is relatively fresh due to continental runoff and an excess of
precipitation over evaporation [Wiist et al., 1954; Gordon, 1971], countered in part by the upwelling of warm
and salty Circumpolar Deep Water (CDW) [Gordon, 1971]. Toggweiler et al. [2006] argued that a northward
shift in the westerly wind belt could reduce the upwelling of CDW, leading to a freshening of surface waters.
Enhanced freshening could also result from increased seasonal sea ice formation [Gordon, 1971]. These
factors could also have contributed to the lighter 680 values we observe during MIS 4.

3.3. Descent Into an Ice Age

Our new records demonstrate a sense of duality in the transition from MIS 5 to 4. The gradual increase in cold
species resembles the cooling trend displayed by the Antarctic ice core record (even though the seesaw
response is not so clear in our records). Contrasted with this is the abrupt descent into glacial stage 4, around
70 ka, as evidenced by our record of polar species. This duality is also observed elsewhere. For example,
benthic ¢80 records suggest that decreasing sea level and/or deep ocean temperature mirrored the
decrease in Antarctic temperature [Waelbroeck et al., 2002; Siddall et al., 2003] whereas atmospheric CO, and
Antarctic dustiness experienced a more rapid transition into MIS 4 also ~70 ka (Figure 6). We suggest that a
combination of orbital configuration and ocean/atmosphere circulation changes could have been
responsible for the various responses observed.

Orbital-timescale cooling over Greenland across MIS 5/4 was probably driven by the reduction in northern
summer insolation (Figure 6). The concurrent cooling over Antarctica and the Southern Ocean could in part
have been the result of longer winters [Huybers and Denton, 2008] but we note that all of the cooling
throughout this interval occurred during warm intervals in Greenland (i.e., intervals of strong northward
meridional heat transport associated with a “positive phase” of the bipolar seesaw). However, we suggest that
it was not just northward heat piracy [Crowley, 1992] that drove Antarctic cooling across MIS 5/4, but the
added effect of colder North Atlantic Deep Water (NADW) being formed, a result of colder northern
summers (for example, through the connection between summer mixed layer temperature and the
initiation of Arctic sea ice formation during the subsequent fall and winter [Stroeve et al., 2012]). When
the AMOC was strong (during interstadials 19-21), northward heat piracy cooled the surface to
intermediate depth Southern Ocean along the ideas of Crowley [1992]. At the same time, the influence of
colder NADW led to a cooling of CDW and thus amplified the cooling of Southern Ocean waters. This
interaction provides a possible explanation for orbital-timescale cooling across MIS 5/4 but the abrupt
change we observe at ~70 ka suggests that a threshold was crossed at this time, possibly as a consequence
of accelerated Southern Ocean cooling during D-O interstadial 19.

Recent work in the North Atlantic has illustrated the nature of circulation changes (specifically involving the
Western Boundary Undercurrent, WBUC) throughout MIS 5/4 [Thornalley et al., 2013]. The study suggested
that the WBUC effectively shoaled during cold events C19 and C20 in agreement with nutrient proxy
evidence that points to the enhanced presence of southern-sourced deep waters within the Atlantic during
these cold events [Keigwin and Jones, 1994; Shackleton et al., 2000] (supporting information Figure S1).
More significantly, the results of Thornalley et al. [2013] suggest that the WBUC shoaled further during MIS 4
than during C19 and 20, implying that a distinct change in the vertical structure of the Atlantic Ocean
occurred at approximately the same time as atmospheric CO, dropped and when we observe the transition
to extreme glacial conditions in the SE Atlantic. Pronounced shoaling of the AMOC during MIS 4, as also
suggested by strong 6'3C depletion and carbonate dissolution at relatively shallow water depths in the
midlatitude Atlantic [Curry and Lohmann, 1986; Curry, 1996], would have provided increased capacity for
deep ocean carbon storage and could in part explain the large drop in atmospheric CO, at this time. Raising
the boundary between cold and salty Antarctica Bottom Water and less dense NADW during glacial times
would also have alleviated the effects of vertical mixing due to rough topography [Lund et al., 2011; Adkins,
2013], thus providing a more effective carbon trap.

Model results suggest that a critical factor in generating a state of ocean circulation with pronounced vertical
stratification (in this case during the LGM but MIS 4 could provide a suitable analogy) is the preexistence of a
stratified deep ocean, possibly as a result of enhanced sea ice formation and brine rejection in the Southern
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Ocean as a consequence of low obliquity [Zhang et al., 2013] (we note that changes ~27 ka are somewhat
analogous to those ~70 ka and both are times of low obliquity; Figure 6). Such conditions may have been
approached as obliquity decreased from ~90 to 70 ka, but apparently the system was not primed sufficiently
for the circulation shifts associated with cold events C19 and C20 to trigger the switch to a sufficiently
stratified deep ocean. We hypothesize that accelerated cooling across the Southern Ocean during D-O 19
provided the final push necessary for the switch to deep ocean stratification and the descent into full glacial
conditions ~70 ka. At this time, northward shifted winds [Toggweiler et al., 2006] could have provided a
positive feedback by effectively dampening overturning in the Southern Ocean, producing a freshwater lid
and cooling the entire Subantarctic region (as supported by our observations). Increased sea ice formation
around Antarctica, aided by the colder conditions and reduced melting of Antarctic ice shelves [Miller et al.,
2012; Adkins, 2013], would have produced the dense bottom waters required to provide stable
accommodation space for the accumulation of carbon, which may also have been aided by increased
efficiency of the biological pump in response to enhanced glacial dustiness [Martinez-Garcia et al., 2011].
Once these conditions were achieved the alleviating effects of subsequent abrupt circulation changes could
not penetrate the quasi-stability of the stratified glacial ocean [Barker et al., 2010], and climate remained cold
until HS6 and the transition into MIS 3.

4, Conclusions

Our new records from TNO57-21 describe the nature of millennial-scale variability in the SE Atlantic over the
last 100 kyr. Similar to the last deglaciation, millennial-scale variability throughout MIS 3 and 2 was
characterized by interhemispheric asynchrony (the bipolar seesaw); and while similar variability adorned the
transition from MIS 5 to 4, the abrupt descent into glacial conditions, ~70 ka, (perhaps the most significant
transition of the last 100 kyr in our records) was globally synchronous. We suggest that a combination of
changing orbital configuration (decreasing northern summer insolation cooling NADW combined with
decreasing obliquity in promoting sea ice formation in the Southern Ocean) and the compounding effects of
abrupt changes in ocean/atmosphere circulation patterns (the bipolar seesaw) drove the system across a
threshold whereby ocean circulation could enter its glacial mode. The consequent lowering of atmospheric
CO, and reduced overturning of the Southern Ocean sealed the fate of Earth’s climate until the end of MIS 4.
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