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Abstract

Abrupt changes in the Atlantic Meridional Overturning Circulation (AMOC)
occurred in the past during Dansgaard-Oeschger and Heinrich events [1, 2], and
an AMOC weakening, or possibly even collapse, is projected for the future [3]. The
AMOC-driven glacial millennial-scale climate variability is associated with large
changes in climate mainly over the North Atlantic region [4, 5], but extending also
to the Southern Ocean, where they are particularly pronounced during Stadials
featuring Heinrich events [6]. Here we use an Earth system model to show that the
qualitative differences between Heinrich Stadials and non-Heinrich Stadials seen
in many proxy records can be explained by a sudden start of convection in the
Southern Ocean triggered by a collapse of the AMOC induced by large iceberg
discharge in the North Atlantic during Heinrich events. The sudden convection
onset results in rapid warming and sea ice retreat in the Southern Ocean and
the resulting ventilation of the deep ocean explains the rapid CO2 increase of
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~15 ppm on centennial time scales during some Heinrich Stadials seen in ice core
records [7, 8]. We propose a general mechanism by which a stop of convection in
the North Atlantic triggers convection in the Southern Ocean, in what we call a
bipolar convection seesaw, which could also operate following a potential future
AMOC collapse.

Keywords: Bipolar convection seesaw, Heinrich events, Dansgaard-Oeschger events,
AMOC, Southern Ocean convection

1 Introduction

There is widespread evidence of pronounced AMOC variability during glacial times
associated with Dansgaard-Oeschger (DO) and Heinrich (H) events [1, 2, 9-11]. Tt
is now widely accepted that DO events [12] can occur as part of internal variabil-
ity of the ocean—sea ice—atmosphere system [13] involving spontaneous transitions
between weak and strong AMOC modes under certain boundary conditions [14-16],
implying alternating cold (Stadial) and warm (Interstadial) conditions in the North
Atlantic. Additionally, large discharges of icebergs in the North Atlantic, so-called
Heinrich events, originating from instabilities of the Laurentide ice sheet [17-19],
occurred repeatedly during glacial times [20-22] and forced a weakening or collapse of
the AMOC [11, 23] through the input of large amounts of freshwater into the North
Atlantic [24]. Cold stadials containing Heinrich events are referred to as Heinrich
Stadials (HSs).

While DO events have a large effect on climate over Greenland [4] and generally
at high northern latitudes in the North Atlantic [25], some H events also have a large
impact on climate at high latitudes in the Southern Hemisphere [6]. In particular, it
has been noted that HSs and non-Heinrich Stadials (nHS), which are almost indis-
tinguishable in Greenland ice core records, have a very distinct imprint on Antarctic
climate and atmospheric greenhouse gases. Several proxy records hint at qualitative
differences between HSs and nHSs that can not simply be explained by the different
amplitude of AMOC perturbations: (i) a large and abrupt COs increase by ~10-15
ppm on centennial time scales during HSs as opposed to a steady decrease of COq
during nHSs [7, 8, 26, 27], (ii) a large and abrupt warming of 2-3°C over Antarctica
during HSs [6, 28] and (iii) a sudden jump in atmospheric methane concentration dur-
ing HSs [29]. Various proxies point to a crucial role played by the Southern Ocean
(SO) to explain the peculiar dynamics during HSs, in particular through an increased
ventilation of the SO [30-34], which is reflected also in the North Atlantic [35]. Sev-
eral studies have invoked shifts in latitude or changes in intensity of the Southern
Hemisphere westerly winds to explain the observed increase in ventilation of the water
masses in the SO [8, 36-38], while some suggested enhanced convection and deep water
formation to be the cause [33, 34, 39, 40], or a combination of the two processes [41].

However, modelling studies so far have failed to realistically reproduce the timing
and amplitude of Antarctic temperature and atmospheric COs variations during HSs
or more generally in response to freshwater hosing in the North Atlantic designed
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to mimic iceberg discharge associated with H events [42-50], except for simulations
where convection in the SO was enforced to occur by applying an artificial negative
freshwater flux at the surface in the SO [39]. Therefore, a mechanistic understanding
of the relation between Northern Hemisphere (NH) and Southern Hemisphere (SH)
climate response to AMOC variations remains elusive. Here we use a fast Earth system
model with fully interactive carbon cycle to investigate the Earth system evolution
during DO and H events and show that deep convection is triggered in the SO as
a response to AMOC collapse following H events, explaining the observed large and
abrupt Antarctic warming and atmospheric CO5 increase.

2 Simulated millennial-scale climate variability

We use a fast Earth system model [52, 53] to simulate millennial-scale glacial climate
variability (Methods). The model simulates spontaneous DO events under typical mid-
glacial conditions [16], with jumps between Stadials and Interstadials being associated
with transitions between two different AMOC states [16]. We additionally mimic the
effect of a H event iceberg discharge through a prescribed plausible input of freshwater
flux into the North Atlantic (Methods) and investigate the Earth system response to
combined DO and H events in the model. We run a model simulation with interactive
atmospheric COs covering several DO cycles and a H event, with boundary conditions
representative for MIS3, including mid-glacial ice sheets, an initial COy of 205 ppm,
a CH4 concentration of 450 ppb, a NoO concentration of 240 ppb and present-day
orbital configuration (Methods).

Our modelling results can be compared to different proxy records for MIS3. The
time period around Heinrich Stadial 4 (HS4) has been particularly extensively studied
in this respect, with many different high-resolution proxy records available for this
period of time. We therefore use it here as a prototype of a succession of DO events
and a pronounced HS to compare to our model simulation (Fig. 1).

In terms of temperature the model captures the shape of the response over Green-
land, reflecting mainly DO variability associated with transitions in the AMOC state
(Fig. 1la,g), even though the amplitude of the temperature change is underestimated in
the model [16]. Moving south, the model reproduces very well the sea surface temper-
ature response at the Iberian margin, with the cooling during the HS being as much
as three times larger than during nHSs (~5°C compared to ~1.5°C) (Fig. 1b,h). Over
Antarctica, temperatures increase rapidly during the middle of the HS, by ~3-4°C in
the model and by ~2-3°C in proxy data, while during nHSs the temperature increase
is about a factor 3—5 smaller and happens more gradually during the entire duration
of the Stadial (Fig. 1lc,i).

The simulated COs response to DO variability is generally within ~5 ppm, in
agreement with observations (Fig. 1d,j) and previous modelling results [49]. However,
correspondingly to the abrupt warming over Antarctica during the HS, the model
simulates a rapid increase in atmospheric COs by ~15 ppm (Fig. 1d,j). This is in good
agreement with high-resolution COs ice core record [7, 8], although it seems that the
increase recorded in the ice core during HS4 was even more rapid than in the model
(Fig. 1d,j). However, ice core data also indicate that the CO5 increase was more gradual
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during other HSs [8]. The CO4 response is partly dampened by the land carbon cycle
absorbing part of the COs released by the ocean, and would be markedly larger in the
absence of the land response (dashed line in Fig. 1j). The land absorbs carbon through
a general increase in primary production due to the COq fertilisation effect induced
by the increasing atmospheric CO2 concentration (Fig. Alf). The increase in COs is
accompanied by a ~0.2 permil decrease in §'3C' — C'O,, matching ice core data [51]
(Fig. lek).

The model also qualitatively reproduces the response of atmospheric CHy4 concen-
tration to DO and H variability (Fig. 1f,1), particularly if the CO. fertilisation effect
on primary production is disabled (dotted line in Fig. 11).

Overall, the model reproduces the main features of climate and carbon cycle vari-
ability associated with DO and H events, in particular the qualitative differences
between HSs and nHSs.

3 Southern Ocean convection during Heinrich
Stadials

The simulated millenial-scale climate variability presented above is tightly linked to
AMOC variations (Fig. 2a). The Atlantic ocean circulation is fundamentally different
during HSs compared to nHSs. The latter are characterized by a substantially weaker
AMOC compared to Interstadials (Fig. 2g,h), but with convection still active at sev-
eral locations in the North Atlantic (Fig. 2d,e), while the large and abrupt freshwater
input, which mimics iceberg discharge into the North Atlantic associated with the H
event, leads to a rapid stop of convection and eventual shutdown of the AMOC in
the model (Fig. 2f,i). Initially, the H event leads to a widespread cooling in the North
Atlantic region and only limited localized warming in the South Atlantic (Fig. 3b).
However, around 1000 years after the AMOC collapse, widespread convection is sud-
denly triggered in the SO around Antarctica (Fig. 2b, 2f), following a more gradual
convection onset in the Ross Sea (Fig. A2). The abrupt onset of convection has a pro-
nounced impact on climate at high southern latitudes (Fig. 3c), resulting in a large
initial warming due to heat released from the deep ocean and consequent large retreat
of sea ice (Fig. 2¢). The enhanced deep convection in the SO also leads to a strength-
ening of Antarctic bottom water formation (Fig. 2a,k,1). Convection in the SO then
eventually stops after around 500 years as soon as the AMOC starts to recover and
convection resumes in the North Atlantic (Fig. 2a,b, Fig. A2).

The abrupt onset of convection has a pronounced impact also on the carbon cycle
and different biogeochemical tracers in the ocean (Fig. 3). The SO ventilation increases
as a result of both the enhanced convection and the associated sea ice retreat (Fig. 3i).
Consequently, the oxygen content of the interior ocean is replenished by the Southern-
sourced water (Fig. 31). Meanwhile, large amounts of carbon that were stored mainly
in the deep ocean (Fig. 30) are brought in contact with the atmosphere, leading to a
rapid release of carbon (Fig. 3f) and an atmospheric COy increase of ~15 ppm in a
few centuries (Fig. 1j).

Rhodes et al. (2015) [29] suggested that the jump in CHy seen in core records
during Heinrich Stadial 1 reflects the beginning of the H event, and this argument has
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been extended also to previous H events [54]. However, our results show that the CHy
jump in the middle of the HSs rather reflects the timing of the onset of convection
in the SO, which is delayed by many centuries relative to the start of the actual H
event. In our simulation the CHy increase following convection onset in the SO is
mainly a consequence of larger emissions from the tropics (Fig. Ali) which is explained
by a combination of a general increase in precipitation over SH land (Fig. Alc) and
an increase in net primary production due to CO. fertilisation (Fig. Alf) with a
consequent increase in substrate available for anaerobic microbial decomposition in
wetland areas (dotted vs solid lines in Fig. 11).

The convection process in the SO also induces a large vertical mixing of nutrients
that stimulates primary productivity in the ocean (Fig. Alf), as confirmed also by
proxy records [36].

Overall, the sudden onset of convection in the SO shown by the model can consis-
tently explain the peculiar temporal dynamics seen in different proxy records during
Heinrich Stadials.

4 The bipolar convection seesaw

The term bipolar seesaw has been originally introduced by Broecker (1998) [55], who
proposed an anti-phase response of deep sea ventilation in the northern Atlantic and
the SO to explain the Antarctic temperature response during the Younger Dryas.
Later, Stocker and Johnsen (2003) [56] introduced the thermal bipolar seesaw concept
to explain the temperature response in Antarctica resulting from changes in the AMOC
during glacial times. In their simple and purely thermodynamic model, the changes in
meridional heat transport induced by AMOC changes combine with a heat reservoir in
the SO to produce the Antarctic temperature response to AMOC perturbations. This
simple model has since been widely invoked to explain the relation between Greenland
and Antarctic temperature evolution, and even to construct an 800,000-year synthetic
record of Greenland temperature variability based on Antarctic ice core data [57].
This concept was further refined based on results of climate model simulations [43]
and updated to use Iberian Margin sea surface temperatures instead of Greenland
temperatures [58].

However, the thermal seesaw alone can not explain the qualitative differences
between nHSs and HSs, particularly the rapid COs rise during the latter and little
CO; changes during the former. Skinner et al. (2020) [34] suggested that convection in
the SO occurred as a response to an AMOC weakening/collapse during HS4 in what
they call a bipolar ventilation seesaw [59, 60], which amplified Antarctic warming and
the atmospheric CO5 response. However, they do not relate the SO convection directly
to the H event and can therefore not explain why convection would occur only during
some HSs, but not during nHSs.

Here we propose that to explain the observed millennial-scale glacial climate vari-
ability, the bipolar thermal seesaw should be complemented by the concept of a bipolar
convective seesaw. The former operates during the entire DO cycle, while the latter
operates only during HSs. Both seesaws operate through the AMOC, but in different
ways: the bipolar thermal seesaw operates through the interhemispheric AMOC energy
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transport, the bipolar convection seesaw operates through a general de-stratification
of the ocean caused by the AMOC collapse (Fig. 4) as follows. The reduced northward
heat and salt transport in the Atlantic following the AMOC collapse leads to a warm-
ing and a salinity pile-up in the upper South Atlantic (Fig. A3b,e), as seen also in
other models [43, 61]. The reduced upwelling due to a weaker global overturning cir-
culation following the AMOC collapse causes a general decrease of sub-surface salinity
and increase in surface salinity in the ocean (Fig. A3e). At the same time, substantial
sub-surface warming occurs (Fig. A3b), but with little changes in sea surface tem-
peratures, which are constrained by negative feedbacks through the atmosphere. As
a consequence there is a general increase in surface density due to increased sea sur-
face salinity (Fig. 4b) and a decrease in sub-surface density through a combination of
warming and decrease in salinity (Fig. 4a,c, Fig. A3h). This creates an increasingly less
stable stratification of the global ocean (Fig. 4d) that eventually leads to convective
instability in the SO, the region that is initially closer to neutral density stratification
(Fig. 4e). Salinity is the dominant factor in the de-stratification of the SO (Fig. A4).

Convection in the SO is then sustained by an increased southward ocean heat trans-
port in the SO (Fig. Aba,c), caused by the stronger overturning circulation resulting
from the enhanced Antarctic deep water formation (Fig. 21, 3i). While the sea sur-
face is efficiently cooled by the atmosphere, the sub-surface warming resulting from
the increased heat transport keeps convection going. As soon as the H event ends,
the AMOC slowly starts to recover (Fig. 2a), increasing also the northward ocean
heat transport and consequently decreasing the southward heat transport in the SH
(Fig. Abc,d) until convection can not be sustained anymore in the SO (Fig. A2). The
AMOC recovery is therefore the ultimate cause of the convection stop in the SO. This
is confirmed also by additional simulations where the Heinrich event is extended in
time, leading to a longer persistence of the AMOC off state (Fig. A6c). Convection
in the SO always remains active until the eventual recovery of the AMOC, keeping
CO4 levels and Antarctic temperature high for this whole time period (Fig. A6f)i).
The convective bipolar seesaw is thus fully controlled by AMOC dynamics. The quick
resumption of the AMOC after the end of the H event is a result of its mono-stability
under the considered boundary conditions.

Our model explains why SO convection was triggered only during some HSs, when
freshwater input was large enough to cause an AMOC collapse, but not during regular
nHSs, during which the AMOC was weak but not in an off state and deep water
formation continued, although at a reduced rate, in parts of the North Atlantic.

5 Discussion

We have presented climate model simulations producing deep convection in the SO as
a response to H events in the North Atlantic. When a plausible H event is embedded in
the internal DO-variability, the model reproduces many of the observed features seen
in proxy data for different HSs during the last glacial period, including the exception-
ally rapid Antarctic warming and abrupt and large increase in atmospheric CO5. Our
results suggest that understanding of inter-hemispheric interactions associated with
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glacial climate variability requires a combination of the well-established thermal bipo-
lar seesaw concept, which is well suited for DO variability, and our newly proposed
convective bipolar seesaw concept, which is required for the response to H events.

While the general CO; and CHy increases during HSs are explained by SO COg
release and increases in CH4 emissions from wetlands, both a consequence of the
sudden onset of SO convection, CO; and CH4 emissions from substantial increases in
biomass burning [62], induced by shifts in precipitation as a response to the start of
convection in the SO, could have contributed to the very rapid initial increases and
temporary overshoots seen in CO5 and CHy ice core data during some HSs.

A latitudinal shift or change in intensity of the westerlies has been extensively
discussed as possible explanation of the peculiar SH climate response during HSs
[8, 36-38]. In our model the SH westerlies are instead weakening and shifting slightly
southward during HSs (Fig. A7a,b) and a simulation with fixed wind stress shows that
changes in the westerlies play a negligible role in the onset of convection in the SO
(Fig. ATc,d,e).

Generally, reconstructions indicate that the magnitude of ice discharge during dif-
ferent Heinrich events was potentially quite different [24]. The response in many proxies
is large during some HSs, e.g. HS4, HS5 and HS1, but is less apparent during e.g. HS2
and HS3, possibly because these Heinrich events were weaker, and the lower freshwater
input did not cause a complete collapse of the AMOC and therefore failed to trigger
convection in the SO. This is supported by model simulations where the freshwater
hosing is reduced by a factor of two, in which case the AMOC is still substantially
weakened, but widespread convection is not triggered in the SO (Fig. A6b,e,h).

The bipolar convection seesaw is a robust feature of our model. It does not depend
on the timing of the H event during the DO cycles (Fig. A6a,d,g) and is relatively
insensitive to model parameters (Fig. A8). It also works under very different boundary
conditions in terms of CO2 and ice sheets (Fig. A9), but the AMOC becomes more
stable with increasing size of the NH ice sheets, meaning that an increasingly larger
freshwater flux is needed to collapse the AMOC and trigger convection in the SO.

The robustness of the proposed bipolar convection seesaw with respect to different
climate and boundary conditions suggests that it could also operate as a response
to a possible future collapse of the AMOC under global warming, with potentially
large impacts on regional and global climate and the Antarctic ice sheet. We suggest
that Southern Ocean convection should be considered as a tipping element in the
Earth system, with the bipolar convection seesaw forming a previously unidentified
potential cross-hemispheric link between different tipping elements and more generally
connecting ocean circulation, carbon cycle and ice sheets.
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6 Methods

6.1 Earth system model

We use the CLIMBER-X Earth system model [52, 53], including the frictional-
geostrophic 3D ocean model GOLDSTEIN [63, 64] with 23 vertical layers, the
semi-empirical statistical-dynamical atmosphere model SESAM [52], the dynamic-
thermodynamic sea ice model SISIM [52], the land surface model with interactive
vegetation PALADYN [65] and the ocean biogeochemistry model HAMOCC6 [66—
68]. The comprehensive carbon cycle in the model allows to interactively compute the
atmospheric CO4 evolution. Here we employ the 'closed’ carbon cycle setup, in which
marine sediments and chemical weathering on land are ignored. In this setup carbon is
conserved in the atmosphere-ocean-land system, which is a reasonable assumption on
millennial scales. All components of the model have a horizontal resolution of 5°x5°.
Ice sheets are prescribed at their modern state and the net freshwater flux from ice
sheets is zero. The model is described in detail in ref. [52] and ref. [53] and in general
shows performances that are comparable with state-of-the-art CMIP6 models under
different forcings and boundary conditions. Notably, the model has been shown to
reproduce DO-like variability under mid-glacial conditions [16] and the stability of the
AMOC in the model has been thoroughly explored [69].

6.2 Experiments

The main model experiment is designed to simulate realistic millenial-scale climate
variability during glacial times, i.e. Marine Isotope Stage 3. The boundary conditions
for this simulation include mid-glacial ice sheets from the GLAC-1D reconstruction
[70], a CH4 concentration of 450 ppb, a NoO concentration of 240 ppb and present-
day orbital parameters. Similarly to ref. [16] we apply noise in the surface freshwater
flux in the northern North Atlantic so that the model produces robust internal DO
cycles. We first perform a model spinup of 10,000 years with a prescribed atmospheric
CO3 concentration of 205 ppm, to allow the climate and carbon cycle to reach an
(oscillating) equilibrium state. Starting from that we then run a 8,000 years long simu-
lation with interactive COs,. In this simulation we introduce a plausible Heinrich event
starting in the year 2200, during a DO Interstadial phase. The prescribed temporal
shape of the freshwater flux associated with the Heinrich iceberg discharge event is
derived qualitatively using results of different ice sheet model simulations [17, 19, 71],
with a peak freshwater flux of 0.13 Sv, followed by a gradual decline until the event
ends around 1200 years later (Fig. 2a). Spatially, the freshwater flux is added uni-
formly to the IRD belt in the North Atlantic, between 40 and 60°N and between 10
and 70°W. No compensation of the freshwater flux is applied and the average ocean
salinity decreases by ~0.1 psu by the end of the H event.

In addition to this reference model simulation we have performed a number of
simulations to explore the sensitivity of the results to the amplitude (half and double),
timing (H event starting at the beginning and in the middle of a Stadial) and duration
of the H event (idealized constant 0.1 Sv freshwater flux for 1000, 2000, 3000 and 4000
years).
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We also run an ensemble of simulations with perturbed parameters to assess the
robustness of the results with respect to changes in ocean model parameters (minimum
and maximum diapycnal diffusivities, Gent-McWilliams diffusivity and the maximum
slope of the isopycnals). In order to avoid having to run a spinup of the carbon cycle for
each of the ensemble members, these experiments are run with a prescribed constant
COs of 205 ppm, starting from the same initial condition as the reference run and the
H event is applied starting from the year 3000.

To investigate the robustness of our results to changes in boundary conditions,
we have performed additional simulations with present-day and last glacial maximum
(LGM) ice sheets and with different constant COg concentrations (180, 220 and 280
ppm). These simulations are run for 10,000 years and the H event is applied starting
in the year 5000, to give the system enough time to equilibrate with the different
boundary conditions. The initial condition for these experiments is a pre-industrial
equilibrium state. We have also repeated these simulations with halving and doubling
of the amplitude of the H event.

To separate the effect of changes in wind stress over the ocean on the model
response to DO and H events, we have run an additional simulation in which the
seasonal wind stress fields are kept constant at their initial (non-Heinrich Stadial)
state.

To quantify the effect of CO4, fertilisation on the increase in CHy emissions following
the onset of SO convection, we have performed an additional simulation with the same
boundary conditions as the reference model run, but in which atmospheric COs is
prescribed at a constant value of 205 ppm.

13



347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

Acknowledgements. MW is funded by the German climate modelling project
PalMod supported by the German Federal Ministry of Education and Research
(BMBF) as a Research for Sustainability initiative (FONA) (grant nos. 01LP1920B,
01LP1917D, 01LP2305B). CK is funded by the Bundesgesellschaft fiir Endlagerung
through the URS project (research project no. STAFuE-21-4-Klei). BL is supported by
the German palaeoclimate modelling initiative PalMod (grant number: 01LP2328A).
TT is supported by the European Union’s Horizon 2020 research and innovation pro-
gramme (ESM2025 - Earth System Models for the Future - grant no. 101003536),
the Deutsche Forschungsgemeinschaft (Germany’s Excellence Strategy - EXC 2037
“CLICCS - Climate, Climatic Change, and Society” - project no. 390683824, contribu-
tion to the Center for Earth System Research and Sustainability (CEN) of Universitét
Hamburg), as well as the European Union’s Horizon 2020 research and innovation
programme 4C (grant no. 821003). The authors gratefully acknowledge the European
Regional Development Fund (ERDF), the German Federal Ministry of Education and
Research and the Land Brandenburg for supporting this project by providing resources
on the high performance computer system at the Potsdam Institute for Climate Impact
Research.

Declarations

Competing interests. The authors declare no competing interests.

Data availability. The output of the reference model simulation is available on
Zenodo at: https://doi.org/10.5281/zenodo.14710066.

Code availability. The CLIMBER-X model code is available at
https://github.com/cxesmc/climber-x. For this study we used the tagged version
v1.3.0 of the model.

Author contribution. M.W. and A.G. conceived the study. M.W. designed and
performed the model simulations. All authors contributed to the analysis and
discussion of the results and the writing of the paper.

14



= Appendix A Extended Data Figures

15



E g A(nHS -IS) A(HS pre-conv -nHS) A(HS conv -HS pre-conv)

% 3 )

<07 =

0.4 o5

€ 02

2 00.1

5§-0.1

= -02

£ 04

&-07

8 -1

£ -2

a3 i
-

i\

0 =
8
0 G
-10 9
-20 2
-30 &
-50 =
-70 4

~ -100

L -150

s %§ -200

N‘E 12

=~ &8

g 8@‘2‘

S 0.2

s Q.

o g1

2 206

E

~ -1.4

S 14

g -n
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