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Southern Ocean convection amplified past
Antarctic warming and atmospheric CO5 rise
during Heinrich Stadial 4

Luke Skinner® '™ Laurie Menviel® 2, Lauren Broadfield', Julia Gottschalk® 3 & Mervyn Greaves L

The record of past climate highlights recurrent and intense millennial anomalies, char-
acterised by a distinct pattern of inter-polar temperature change, termed the ‘thermal bipolar
seesaw’, which is widely believed to arise from rapid changes in the Atlantic overturning
circulation. By forcing a suppression of North Atlantic convection, models have been able to
reproduce many of the general features of the thermal bipolar seesaw; however, they typi-
cally fail to capture the full magnitude of temperature change reconstructed using polar ice
cores from both hemispheres. Here we use deep-water temperature reconstructions, com-
bined with parallel oxygenation and radiocarbon ventilation records, to demonstrate the
occurrence of enhanced deep convection in the Southern Ocean across the particularly
intense millennial climate anomaly, Heinrich Stadial 4. Our results underline the important
role of Southern Ocean convection as a potential amplifier of Antarctic warming, and
atmospheric CO;, rise, that is responsive to triggers originating in the North Atlantic.
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ver at least the last 800,000 years, millennial climate

variability has been characterised by a distinct pattern of

inter-hemispheric temperature change, accompanied by
changes in the cryosphere and the global biogeochemical and
hydrological cycles. This dominant mode of ‘rapid’ climate
variability has been described conceptually in terms of a ‘thermal
bipolar seesaw’l:2, whereby gradually rising temperatures over
Antarctica represent a ‘convolution’ of their more abrupt
Northern Hemisphere counterparts. Antarctic temperatures thus
appear to vary as the inverse of Greenland temperatures, albeit
with a slight lag (~200 years)? and with a ~1000 year time-
constant. Note that the thermal bipolar seesaw is defined here as a
pattern of inter-hemispheric temperature change, rather than a
hypothetical mechanism. According to this conceptual model,
Antarctica takes a few centuries to respond to the initiation of a
seesaw event, upon which it gradually catches up with the inverse
of Greenland temperature change (though it is notable that
Greenland and Antarctic temperature proxies appear to follow
similar cooling trends later in interstadials*). The canonical
explanation for these ‘seesaw’ events is that they reflect the
impacts of abrupt changes in the Atlantic meridional overturning
circulation (AMOC), causing a reduction in the northward
meridional heat transport in the Atlantic, and a consequent
(gradual) increase in heat transported to Antarctica across the
putative ‘thermal/dynamical barrier’ provided by the Southern
Ocean and Antarctic Circumpolar Current (ACC) e.g2>~7.
Despite the elegance of this simple explanation, it has proven
difficult to reconcile with a detailed account of the underlying
physical processes, particularly those responsible for controlling
northward and southward oceanic and atmospheric meridional
heat transport, and influencing the exchange of heat between the
ocean and atmosphere8. Indeed, not all numerical model simu-
lations involving a suppressed AMOC exhibit a thermal bipolar
seesaw response’, and when they do, these typically achieve only
~50% of the observed temperature change e.g37!l. Based on
idealised numerical model experiments, it has been suggested that
by enhancing heat loss from the ocean to the atmosphere,
Southern Ocean convection may have been crucial for achieving a
higher amplitude Antarctic warming, while also contributing to
the associated rise in atmospheric CO, (ref. 12). Here, we provide
direct observational support for this proposal using combined

proxy reconstructions of deep-ocean temperature and ‘ventila-
tion’ (oxygenation and radiocarbon ages) spanning Heinrich
Stadial 4 (HS4) in the deep sub-Antarctic Atlantic (see Fig. 1), an
event that was accompanied by particularly intense ice-rafted
debris deposition in the North Atlantic!3, and evidence for
AMOC collapse'®. Our results reveal the ‘fingerprint’ of enhanced
heat- and gas exchange in the deep Southern Ocean, in parallel
with rising Antarctic temperature and atmospheric CO, as
observed in numerical model simulations where enhanced
Southern Ocean convection actively contributes to an increase in
both Antarctic temperature and atmospheric CO, concentration.

Results

Despite the existence of core-top Mg/Ca-temperature calibrations
for a variety of benthic foraminifer species, the reconstruction of
relatively subtle deep-water temperature variability in the past
remains a significant challenge. Only a handful of records that
capture centennial-millennial-scale ~deep-water temperature
changes associated with e.g. Dansgaard—Oeschger (D-O) climate
variability currently exist, e.g.1>~1%, and it remains to be shown
that such signals can be reproduced by parallel measurements in
multiple (co-existing) benthic foraminifer species. Our down-core
benthic Mg/Ca measurements reveal a consistent pattern of
variability in both Uvigerina sp. and Globobulimina affinis, that
indicates a cooling across HS4 (Fig. 2). Observed Mg/Ca-tem-
perature sensitivities in these species would imply that the
observed cooling is of order ~1 °C. Obtaining absolute tempera-
ture values requires extrapolating from existing calibrations,
slightly beyond the range of available calibration points at the low
temperature end (ie., <0.9°C; see supplementary Fig. SI1).
Nevertheless, using existing calibrations for G. affinis?® and
Uvigerina sp.?!, consistent absolute temperatures can be obtained
for both species when Uvigerina sp. Mg/Ca is corrected by
—0.137 mmol/mol. This correction (equivalent to 1.5 °C) does not
depend significantly on the choice of temperature calibration for
Uvigerina sp., e.g.2»?3, though we adopt the calibration of ref. 2!
as this is the most consistent with new core-top measurements
that we have obtained in parallel with our down-core measure-
ments (see Supplementary material). The consistency we observe
between the two benthic foraminifer Mg/Ca records, despite the
different temperature sensitivities of these species, strongly
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Fig. 1 Location and hydrography of the study site. Location of core MD07-3076Q (red star) is shown with the modern ocean temperature (shading)4®,
and dissolved O, concentration (contours)>%; a shown as deep-water temperature Ty, (at greatest depth) in a stereographic projection of the Southern

Ocean, and b in a meridional transect of the South Atlantic along 14° W.
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Fig. 2 Down-core G. affinis and Uvigerina sp. Mg/Ca results, compared with the Greenland and Antarctic ice-core event stratigraphies. a Polar
planktonic foraminifer, N. pachyderma (left coiling) abundance (black solid line and open circles, Nps %), compared with the EDML Antarctic ice-core
temperature proxy, 8'80;.. (blue line)4, and with deep-water temperature variability estimated from combined Mg/Ca measurements from two benthic
foraminifer species (open red circles, with cubic spline and 95% confidence intervals, based on 0.6 °C 1 sigma uncertainty, are indicated by the solid and
dashed red lines respectively; note inverted y axis). b benthic Mg/Ca measurements (G. affinis, solid black circles and spline; Uvigerina sp., crossed red
circles and spline; error bars represent 2% analytical reproducibility), compared with the Greenland ice-core temperature proxy 8'80;. (light blue line, with
dark blue running mean)®'. Vertical shaded bar indicates the approximate timing of Heinrich Stadial 4 (HS4).

supports the robustness of the temperature signals they reveal,
though here we place greater emphasis on their trends and range
of variability than on the absolute values that are obtained. Below
we discuss the associations and implications of the deep Southern
Ocean cooling that we observe across HS4, with a particular
emphasis on ocean-atmosphere heat- and carbon exchange.

Discussion

When our deep-water temperature record is compared with par-
allel reconstructions of deep-water oxygenation and radiocarbon
ventilation (obtained from the same sediment sequence), a clear
pattern of cooling combined with enhanced air-sea gas equili-
bration in local deep water is observed (Fig. 3). These trends
directly parallel the rise in Antarctic air temperature and atmo-
spheric CO, across HS4 (Fig. 3), and reflect the ‘fingerprint’ of
enhanced Southern Ocean deep convection, permitting the
exchange of heat and gas (including CO,) between the atmosphere
and a large volume of southern-sourced deep water24, While a
local cooling might also be expected due to a simple reduction in
the local representation of relatively warm northern-sourced deep-
water (as has been inferred at this site previously?®), a parallel
increase in ventilation would not. The co-occurrence of cooling
and improved ventilation therefore suggests a change in the ven-
tilation rate of southern-sourced deep water, rather than a simple
removal of northern influence. We suggest that this interpretation
accounts for the lack of a strong rebound in deep-water

temperature at the end of HS4, despite a rapid change in northern-
sourced deep-water delivery to the Southern Ocean at this time?.
Indeed, it can be seen in Fig. 3 that deep-water temperature,
oxygen, and radiocarbon ventilation all show a ‘tailing off’ after
HS4, rather than an abrupt shift, consistent with a predominantly
southern hemisphere association.

A similar ‘fingerprint’ is also apparent in idealised numerical
model experiments where enhanced Southern Ocean convection
is encouraged by reducing the buoyancy of Southern Ocean
surface waters!2. In these model simulations, a much stronger
Antarctic temperature and atmospheric COj rise is achieved with
enhanced Southern Ocean convection than without (Fig. 3). The
additional warming is associated with enhanced ocean-to-
atmosphere heat fluxes, which are correlated with increased
mixed layer depths around the Southern Ocean (Fig. 4), and
cannot be accounted for by an enhanced eddy-driven ‘bolus heat
flux’ in the model’s surface ocean layer for example?®. Similar
changes in mixed layer depth, corresponding with a diagnostic
combination of increased oxygenation and cooling in the deep
ocean, are also observed in other idealised model simulations that
reproduce large-amplitude millennial-scale Antarctic temperature
and CO, anomalies?’28, The observed association of Antarctic
warming, with lower temperature, higher oxygen, and lower
radiocarbon ages in the deep sub-Antarctic Atlantic, is therefore
consistent with enhanced deep-ocean convection that released
heat from the ocean interior to the atmosphere, and contributed
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Fig. 3 Comparison of reconstructed and modelled deep-water temperatures and ventilation. Data from MD07-3076Q are compared with composites of
simulations performed with the UVic and LOVECLIM Earth system models (experiments U-TrS and L-TrS from ref. 12), and atmospheric CO, change.

a Atmospheric CO, (light blue filled circles and dashed line, and solid red line showing 3-point smoothing), compared with deep-water radiocarbon
ventilation inferred from B-P radiocarbon age offsets3’. b Reconstructed oxygenation based on authigenic U/Mn ratios of foraminiferal coatings3’ (solid blue
circles and line), compared with simulated Southern Ocean deep-water oxygenation (solid orange line), based on a composite of outputs over 55-10° W,
50-75° S and 3300-4000 m. ¢ Reconstructed deep-water temperature based on benthic Mg/Ca (filled black circles, and b-spline solid line), compared with
simulated Southern Ocean deep-water temperature (solid orange line). d Greenland §'80;.. event stratigraphy compared with simulated maximum Atlantic
Meridional Overturning Circulation (AMOC) stream-function (solid black line).

to Antarctic warming. However, the processes leading to
enhanced deep-ocean convection in the Southern Ocean during
Heinrich Stadials remain poorly constrained, and could include
changes in surface buoyancy (as employed in our model sce-
narios!?), or alternatively the strengthening or poleward shift of
the Southern Hemisphere westerlies?-31,

Classically, millennial-scale climate anomalies associated with
the ‘thermal bipolar seesaw’ have been conceptualised in terms of
lateral heat transport, associated with meridional mass movement
in the Atlantic Ocean’, and a presumed slow ‘pseudo-diffusive’
heat transfer across the Southern Ocean and ACC?. However, our
findings resonate with a recent analysis® that emphasised the
important role played by ocean interior heat storage, as modu-
lated by continual heat uptake at low latitudes3? and its sub-
sequent release, e.g., through deep convection, at high latitudes?.
Thus, thermal bipolar seesaw events might be conceived of as
representing the effects of alternating heat loss from the ocean
interior to the atmosphere, either via the North Atlantic (during
‘Greenland interstadials’) or the Southern Ocean (during
‘Greenland stadials’), in order to balance continuous heat uptake
at low latitudes. The resulting dynamic, of alternating deep
convection anomalies in the North Atlantic and Southern Ocean
(i.e., a ‘ventilation seesaw’, as posited for millennial events during
the last deglaciation3334), would augment the previously identi-
fied role of ocean interior heat accumulation during periods of
reduced AMOC32, which eventually ‘leaks’ out into the Southern
Ocean surface via the sub-tropical thermocline. Heat transport
from the sub-tropical thermocline to the Southern Ocean surface
and atmosphere would be achieved by eddy transport, abetted by
amplifying sea ice albedo feedbacks®. We therefore propose that
AMOC slow-down/collapse increased the magnitude of the ocean

interior heat pool available for warming the Southern Ocean
(mainly just below the thermocline), and that deep convection
increased its rate of delivery to the southern polar region by
enhancing the rate of heat loss from both the intermediate and
deep ocean. A schematic for the envisaged ‘seesaw’ is presented in
Fig. 5.

The additional contribution from deep convection may be
difficult to identify consistently in numerical model experiments
because convection in the Southern Ocean does not always occur
spontaneously in idealised freshwater ‘hosing’ experiments
employed to derive hypothetical ‘stadial’ analogues. This in turn
may reflect an absence of appropriate atmospheric teleconnec-
tions or sub-grid scale processes in the models, or it could reflect
unexpected far field impacts of ‘hosing’ (freshwater addition to
the surface ocean), e.g., helping to stratify the Southern Ocean
and impede deep convection there3’. Taken together with the fact
that ‘hosing’ experiments intending to mimic thermal bipolar
seesaw behaviour typically fail to obtain sufficiently large tem-
perature anomalies over Antarctica, e.g.3-!l, except when
enhanced Southern Ocean convection is encouraged!?2, this could
imply that AMOC perturbations associated with bipolar seesaw
events may not have been forced by massive freshwater forcing.
This contention might be supported by the observation that cold
(stadial) conditions in the North Atlantic consistently precede the
ice-rafting pulses that are typically interpreted to indicate periods
of anomalous freshwater delivery to the North Atlantic3°. It
might be further supported if other means of modulating the
strength of the AMOC (e.g., via sea ice, ice-sheet height and/or
wind influences) do not tend to impede Southern Ocean con-
vection. Regardless of the presumed causes of AMOC variability,
our observations demonstrating the occurrence of deep
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Fig. 4 The thermal- and oxygenation ‘fingerprint’ of enhanced Southern Ocean convection, based on numerical model simulations2. a Impact of
enhanced convection on deep-water oxygenation (3300-4000 m depth), based on the difference between composites of UVic and LOVECLIM simulations
of HS4 with- (Tr-S) and without (Tr) enhanced Southern Ocean convection; b as for (a) but for deep-water temperature; ¢ atmosphere to ocean heat flux
(shading; negative values indicate increased heat flux out of the ocean), and mixed layer depth (MLD, contours) for composite of UVic and LOVECLIM
simulations of HS4, without enhanced Southern Ocean convection; d as for (¢), but for simulations with enhanced Southern Ocean convection.

convection in the Southern Ocean during HS4 (as already pro-
posed for millennial events during the last deglaciation34, and as
surmised for millennial variability throughout Marine Isotope
Stage (MIS) 33738), suggest that a more detailed study of the
mechanisms responsible for spontaneous deep convection in the
Southern Ocean during periods of AMOC collapse is needed. In
this respect, a possible steer comes from recent work using a
conceptual model to investigate the closure of the global over-
turning circulation3®40, which suggested that a north-south
‘thermal bipolar seesaw’ might be seen as a by-product of a
north-south ‘ventilation seesaw’, which in turn would arise out of
a requirement to close the ocean’s buoyancy budget, subject to
density anomalies in one hemisphere relative to the other.
Accordingly, northern and southern convection might be seen as
alternating ‘buoyancy release valves’ for the global ocean. In this
conceptual framework, changes in the formation rate (mass flux)
of Antarctic Bottom Water might not be a key element of the
proposed north-south ventilation seesaw; of greater importance
would be the changing proportion of upwelling Circumpolar

Deep Water that loses buoyancy and returns to the abyssal ocean
near Antarctica, versus the proportion that gains buoyancy and
flows northward, ultimately to resupply the formation of NADW
through buoyancy loss in the North Atlantic instead.

The occurrence of deep convection (and/or enhanced air-sea
exchange) in the Southern Ocean during North Atlantic stadials
(ie. periods of reduced AMOC!4) has further implications for
atmospheric CO,, as well as global energy balance on millennial
time scales. Our findings support the proposal that deep con-
vection in the Southern Ocean helped to amplify atmospheric
CO, change during North Atlantic stadials!2, and that a loss of
respired and/or ‘disequilibrium’ carbon from the deep Southern
Ocean during North Atlantic stadials?’ was driven at least in part
by changes in air-sea gas exchange (as distinct from changes in
vertical mass overturning rates or the export of biologically fixed
carbon for example)?l. Finally, it has not escaped our attention
that the occurrence of enhanced Southern Ocean convection
during periods of reduced AMOC is also likely to bear on the
evolution of global ocean heat content across thermal bipolar
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Fig. 5 Schematic of the bipolar ‘ventilation seesaw' concept. An
alternating dominance of buoyancy (and heat) loss from the North Atlantic
(right) and Southern Ocean (left), balances buoyancy and heat input at low
latitudes, for a Greenland-interstadial, and b Greenland-stadial conditions.
Enhanced air-sea exchange associated with water-mass conversion in the
Southern Ocean enhances heat- and carbon loss from the southern abyssal
cell, and increases its oxygen and radiocarbon content (note that the
northern cell will typically remain warmer and better ventilated than the
abyssal southern cell). Red arrows at the ocean surface indicate buoyancy
fluxes of different approximate magnitudes. Weakened overturning cells
are indicated by dashed continuous arrows; strengthened cells by heavy
solid continuous arrows.

seesaw events, with further implications for global average surface
air temperatures and ‘climate sensitivity’ on millennial time
scales. Accordingly, if global energy balance can be pushed out of
equilibrium on millennial time scales due to ocean circulation/
convection changes that result in a redistribution of heat between
the ocean and the atmosphere®?, then the sense and magnitude of
global surface air temperature change during AMOC perturba-
tions will depend at least in part on the Southern Ocean’s capacity
to release heat from the ocean interior, when heat loss from the
North Atlantic (and the AMOC) is suppressed32.

Detailed observations of mean ocean temperature change
across D-O and Heinrich stadials are needed to confirm the net
effect on global energy balance due to ocean convection changes;
however, existing data from the last 39 kyr#? already suggest that
the global ocean heat content tends to increase during stadials,
consistent with many numerical model simulations®32. Based on
our conclusion that deep Southern Ocean convection (and heat
release to the atmosphere) increased during HS4, this would
suggest that the global ocean heat content has been over-
whelmingly influenced by ocean heat accumulation in
intermediate-depth waters, which indeed appear to have warmed
during stadials!”>!%, rather than heat loss through deep convec-
tion. In conjunction with emerging estimates of mean ocean
temperature*>43, reconstructions of the evolving ‘thermal fin-
gerprint’ of the ocean interior will be invaluable for developing an
understanding of how shifting ocean convection patterns can

influence global energy balance, and thus modulate global climate
change on centennial to millennial timescales.

In summary, multi-species benthic foraminifer Mg/Ca recon-
structions, combined with radiocarbon and oxygenation data,
reveal the ‘fingerprint’ of deep-ocean convection in the South
Atlantic across HS4, confirming a role for Southern Ocean con-
vection in Antarctic warming, and atmospheric CO, rise, asso-
ciated with the thermal bipolar seesaw. The inability of many
numerical ‘hosing’ experiments to reproduce the observed
amplitude of Antarctic temperature and CO, change across
Heinrich stadials could be due to a lack of deep convection in the
Southern Ocean in these models, perhaps due to missing sub-grid
scale processes, misrepresented atmospheric teleconnections, or
possibly due to excess buoyancy being supplied via the North
Atlantic through ‘freshwater hosing’ (contra the freshwater for-
cing paradigm)3®. These results bear directly on the proposed
sensitivity of modern global energy balance and carbon cycling to
changes in Southern Ocean convection?, and suggest that
accurate projections of future climate-carbon cycle feedbacks are
likely to rely on an improved representation of the complex
interplay between evolving winds, buoyancy, and mass transport,
in the Southern Ocean.

Methods

Foraminifer-based proxy reconstructions. Combined proxy reconstructions of
deep-water temperature and ‘ventilation’ (oxygenation and radiocarbon age) have
been generated in sediment core MD07-3076CQ (3777 m; 44.1° S, 14.2° W; see
Fig. 1), for which an age-model is derived from a stratigraphic alignment of
warming phases recorded in sea surface temperature proxies and Antarctic ice
cores placed on the AICC2012 age scale”. Radiocarbon ventilation reconstructions
are based on benthic versus planktonic foraminifer radiocarbon age offsets®”. This
metric avoids uncertainties regarding atmospheric 14C ages during HS4%7, and
provides an estimate of the mean time-scale for CO, exchange between the deep
ocean and the atmosphere, as compared with that for the local surface ocean.
Oxygenation reconstructions are based on foraminiferal U/Mn ratios?’, which are
interpreted to reflect the increased deposition of authigenic Uranium under more
oxygen depleted conditions®’44-4¢, We combine these proxies for ocean-
atmosphere gas exchange with additional reconstructions of ocean-atmosphere
heat exchange, based on deep-water temperature estimates derived from benthic
foraminiferal Mg/Ca ratios. In order to assess the reproducibility of our recon-
structed deep-water temperature signal we make use of parallel measurements in
two infaunal benthic foraminifer species, Uvigerina sp. and G. affinis. We make use
of infaunal species in order to minimise possible contributions to Mg/Ca variability
from deep-water carbonate ion saturation changes!>!%23, Samples of 4-10 indi-
vidual foraminifera were oxidatively cleaned according to the protocol of ref. 47,
prior to dissolution and analysis by inductively coupled plasma mass spectrometry
according to the protocol described in ref. 48. The analytical internal reproducibility
is better than 2%. The efficiency of cleaning to remove external contaminant phases
was screened on the basis of Fe/Ca ratios, which here remain below 0.05 mmol/
mol.

Core-top calibration measurements. Several new core-top measurements have
been performed using unstained (i.e., not necessarily living) specimens of Uvigerina
sp. picked from latest Holocene material in order to assess our ability to reproduce
existing calibration trends. Although none of the core-top samples were radio-
carbon dated, studies on nearby sediment cores indicate that sedimentation rates
>5 cm/kyr are expected at all locations, yielding probable ages for the samples of a
few centuries at most. Temperatures for calibration were drawn from in situ water
column measurements performed at the time of sample recovery. The locations
and results are summarised in the accompanying Supplementary information.

Numerical model simulations. The records generated from MD07-3076CQ are
compared with freshwater hosing experiments performed with the Earth System
models of intermediate complexity LOVECLIM (L-) and UVic (U-) under MIS 3
boundary conditions!?. In four experiments, transient changes in freshwater supply
are applied to the North Atlantic (varying between 0.1 and 0.15 Sv) to simulate
North Atlantic stadials (-Tr), and in two of these experiments a negative freshwater
flux (—0.1 to —0.2 Sv) is also added into the Southern Ocean to trigger deep-ocean
convection (-TrS). Composites of the experiments with (L-TrS and U-TrS) and
without (L-Tr and U-Tr) Southern Ocean salt flux are shown for the time period
encompassing HS4.
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Data availability

New data presented in this study are available in Supplementary information, and from
the PANGAEA database at: https://www.pangaea.de. Numerical model outputs are
published at Research Data Australia at: https://doi.org/10.26190/5efe7c8¢75bd5.
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