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ABSTRACT

Precise synchronization of paleoclimate records is essential for inferring the dynamics and past evolution of the
climate system. For the last glacial period, the time scales of ice cores from the Greenland and Antarctic ice sheets
have been synchronized by the use of cosmogenic radionuclides, atmospheric gas concentrations, and traces of
large volcanic eruptions. Here we identify the sulfate deposition signatures of the same 300 volcanic eruptions in
different Greenland and Antarctic ice cores to obtain an inter-hemispheric volcanic ice-core synchronization of
the entire last glacial period and the early Holocene (10-110 ka). Compared to earlier bipolar volcanic syn-
chronizations, we close a gap in the period 16.5-24.5 ka and extend the synchronization to cover the 10-12 ka
and 60-110 ka intervals. Furthermore, we increase the density of bipolar match points and make updates and
corrections of the existing bipolar and unipolar synchronizations. The volcanic synchronization is in agreement
with existing bipolar synchronizations from independent '°Be and methane matching. The bipolar volcanic
synchronization allows us to determine the precise phasing of interhemispheric abrupt climate events throughout
the last glacial period, particularly those associated with Dansgaard-Oeschger (D-O) events. Our improved
synchronization and extended time period allow us to show that at the time of the D-O warming transitions, the
average Antarctic temperature reaches a maximum within decades after the Greenland temperature maximum.
This rapid Antarctic warming is superimposed on the well-known millennial-scale thermal bipolar-seesaw
warming in Antarctica commonly attributed to oceanic heat transport and confirms earlier work that the
abrupt change observed in Greenland is associated with a direct atmospheric circulation change at a global scale.
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The exception to this pattern occurs for the EDML ice-coring site located in the Atlantic sector of Antarctica,
potentially related to sea-ice conditions in the Weddell Sea. Comparison to state-of-the-art climate model sim-
ulations shows excellent agreement in the overall bipolar climate phasing at the warming transitions and allows
for analysis of the climate-system behavior at those transitions. The model simulations suggest that the abrupt
Antarctic warming response observed is connected with an interhemispheric atmospheric response involving a
global scale reorganization of the zonal mean atmospheric circulation. The abrupt D-O surface warming signal in
the Northern Hemisphere is teleconnected into an abrupt Antarctic surface warming through changes in the
Southern Hemisphere eddy-driven jet and anomalous circulation changes in the associated Ferrel and Polar cells.

1. Introduction

The quest for synchronization of paleoclimate records covering the
last glacial period is an ongoing effort that involves a number of different
natural archives, such as marine and lake sediments, corals, speleo-
thems, tree rings, and ice cores. With their high temporal resolution,
complete coverage of the last glacial cycle, and precise linking to climate
records from many other paleoclimate archives, ice cores from
Greenland (Kalaallit Nunaat) and Antarctica provide a unique oppor-
tunity to determine the coupling of the last glacial climate evolution in
the two hemispheres at decadal precision. In particular, the climatic
evolution of the last glacial period, for which bipolar ice-core records
exist, is of greatest importance to study abrupt climate events, known as
Dansgaard-Oeschger (D-O) events that have different expressions in the
two hemispheres (Buizert, 2023; EPICA community members, 2006).
Abrupt climate-change events in the past are relevant for the study of
future global-warming scenarios where some of the major elements of
the climate system may experience ‘tipping’ or abrupt changes of similar
magnitude and speed as those observed in the last glacial period (McKay
et al., 2022; Wang et al., 2023).

Existing synchronizations of the Greenland and Antarctic climate
signals in the last glacial period include those based on methane con-
centrations (Blunier et al., 1998; EPICA community members, 2006;
Lemieux-Dudon et al., 2010; Martin et al., 2023; Rhodes et al., 2015;
WAIS Divide Project Members, 2015), isotopic composition of O3 in air
bubbles (Bender et al., 1994; Capron et al., 2010b), cosmogenic radio-
nuclides (Raisbeck et al., 2007, 2017; Sinnl et al., 2023), and global
volcanism (Svensson et al., 2013, 2020). All synchronization methods
have their strengths and weaknesses. The methane approach enables
synchronization at the abrupt warming transitions where the global
atmospheric concentration changes abruptly, but it suffers from un-
certainties related to the age difference between gasses and the ice at the
same depth, known as the gas-age-ice-age difference, or Aage
(Schwander and Stauffer, 1984). Bipolar cosmogenic synchronization is
precise, but limited by weather/climate noise affecting the radionuclide
data and the quasi-cyclic nature of solar activity changes, leaving a
repeated pattern in the cosmogenic isotope fluxes that may allow for
multiple non-unique matches. Further, most cosmogenic isotope records
do not possess sufficient resolution to resolve annual or even decadal
events during the glacial. The matching is therefore most reliable during
periods of significant and rare events such as the Laschamps event or
strong solar energetic particle events (e.g., Sigl et al. (2015)) or in
combination with stratigraphic information. The volcanic bipolar syn-
chronization approach can be applied when a series of large volcanic
eruptions can be identified as peaks in acidity or sulfate concentration at
both poles from their relative temporal separation. To obtain precise
bipolar synchronizations, all of the methods require the availability of
high-resolution records from both Greenland and Antarctica.

The coupling of inter-hemispheric climate evolution related to the
last-glacial abrupt climate events is a topic of particular interest, as it is a
prerequisite for deciphering the global dynamics of those climate events.
Greenland and Antarctic ice cores provide a unique opportunity for
studying this coupling of global climate at a decadal scale over the entire
last glacial cycle (Landais et al., 2015). Existing bipolar ice-core syn-
chronizations have supported the existence of an ocean-driven thermal

bipolar seesaw mechanism (Stocker and Johnsen, 2003) in which the
state of North Atlantic deep-water formation and the associated Atlantic
Ocean circulation alters the delivery of heat to higher latitudes of the
two hemispheres on a centennial-to-millennial time scale. The thermal
bipolar seesaw leads to a characteristic interpolar climate pattern, in
which Antarctic records are gradually warming when Greenland is in a
cold climatic period (Greenland stadial, GS) and Antarctica is cooling
when Greenland is in a mild period (Greenland interstadial, GI). Math-
ematically, on millennial timescales, Greenland temperature is strongly
anti-correlated with the time derivative of Antarctic temperature. The
idea of a thermal bipolar seesaw involving mean ocean temperature
(MOT) has been recently proposed as a conceptual model of the ocean
teleconnection between the poles (Buizert, 2023; Pedro et al., 2018).

Going beyond the millennial-scale expression of D-O cycles at both
poles, increased precision in the bipolar synchronization fostered studies
on the immediate Antarctic temperature signal associated with the rapid
Greenland D-O warmings, which is superimposed on the multi-
centennial to millennial bipolar seesaw warming. WAIS Divide Project
Members (2015) used bipolar methane concentration matching of the
Antarctic WD and the Greenland NGRIP ice cores to determine an
average 210 + 100 yr time-lag for West Antarctica to reach the transi-
tion from a warming to a cooling trend, relative to the midpoint of
Greenland warming. Based on the same synchronization but looking at
the Deuterium excess (Dx) record rather than 8180, Markle et al. (2016)
found a faster Antarctic response time compared to that of 5'80. The
onset of the WD Dx change is essentially synchronous to the onset of the
D-O warming in the North but takes longer to reach its maximum than
the corresponding D-O warming in Greenland. Using the same bipolar
methane synchronization, and a new volcanic synchronization between
Antarctic ice cores, Buizert et al. (2018) showed that the synchronous Dx
response is seen across Antarctica, and that several East Antarctic cores
exhibit an abrupt 580 response that is synchronous with Northern
Hemisphere D-O activity and superimposed on the millennial-scale
thermal bipolar seesaw signal. These general ideas tend to explain
much of the variability and correlation between ice-core data from
Greenland and Antarctica on millennial timescales. With the introduc-
tion of more precise bipolar volcanic synchronization in the 12-60 ka
period, Svensson et al. (2020) refined the Antarctic time lag for the onset
of Antarctic average 5'%0 cooling relative to the midpoint of Greenland
warming via the thermal bipolar seesaw to be 120 + 24 yr. When
making a composite (or stack) of Dx from multiple D-O events, the
reconstructed Antarctic response is much more abrupt in the bipolar
volcanic synchronization than in the methane synchronization, sug-
gesting that in the latter method, individual events are not as well
aligned due to the lower precision of the method. In both bipolar syn-
chronization methods, the Atlantic—facing EDML ice-coring site repre-
sents an exception to Antarctic-wide §!80 trends, showing a cooling
trend at the time of the Greenland warming.

A gradual Antarctic warming and century-long time-lag in the
Antarctic-wide bipolar seesaw §'80 response to the Greenland abrupt
warming events suggests an oceanic transfer of the climate signal from
the northern to the Southern Hemisphere. In contrast, an immediate
response in Dx suggests an atmospheric teleconnection for example by a
shift in the Intertropical Convergence Zone (ITCZ) and the Southern
Hemisphere westerly wind belt (Buizert et al., 2018; Markle et al.,
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2016), which is also observed in coupled climate models (Pedro et al.,
2018).

All of these studies attest to the need for the best possible bipolar
synchronization to get robust estimates of leads and lags as well as
inferring the timescales of climate change. In Svensson et al. (2020)
(referred to as S2020) the period 12-60 ka was matched by identifica-
tion of volcanic eruptions in Greenland and Antarctic ice cores with a
gap during the 16.5-24.5 ka period where high dust levels and small
annual layer thickness complicate the bipolar matching. Here, we up-
date and extend the bipolar volcanic matching to cover the entire
10-110 ka period providing a complete record of global climate phasing
of the last glacial period. The new volcanic matching allows us to reveal
the phasing of the climate signal in the two hemispheres at the D-O
warming and cooling transitions with very high temporal precision. All
reported ages are on the GICCO5modelext time scale (Wolff et al., 2010)
using the year 2000 CE as datum (‘b2k’ notation) unless otherwise
stated.

2. Materials and methods

In this study, we apply records from the Greenland NGRIP, GRIP,

GICCO5 age (ka b2k)
20 22 24 26 28
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GISP2 and NEEM ice cores, and from the Antarctic EDML, EDC, Dome
Fuji (DF), TALDICE (TAL) and WD ice cores (see Table S0). The time
scales of these ice cores are synchronized by identification of large
volcanic acidity deposition events that are present in several or all of the
cores. For the bipolar synchronization, NGRIP and EDML are used as
master records in which all bipolar match points have been identified.
The other cores are then matched up to NGRIP or EDML whenever
possible. The applied records and their references are specified in
Table S5.

All of the Greenland ice cores continuously cover the investigated
period (10-110 ka), except for the interval 105-110 ka that is only
covered by NGRIP and NEEM. NGRIP is the only record that preserves an
annual resolution at the centimeter scale throughout the last glacial
period. This is due to the basal melt occurring at this site, which reduces
flow-based layer thinning in the deeper part of the record (North
Greenland Ice Core Project members, 2004). The other applied
Greenland cores are frozen to bedrock and have extensive thinning and
folding of the deepest layers.

The Greenland ice-core time scales are synchronized (internally)
using mostly existing electrical conductivity measurements (ECM) and
dielectric profiling (DEP) based match points (Rasmussen et al., 2013;
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Fig. 1. Ice-core depth-depth relations between Greenland and Antarctica (a, b) and within Greenland (c, d) for selected periods. Small colored crosses show the depth
of identified volcanic match points in this study and grey crosses show the depth of match points identified in previous studies. (a) and (c) show the age interval from
GI-1 to GI-4 for which the 16.5-24.5 ka interval is matched up by volcanic matching for the first time. In (a) the large green crosses show the position of the bipolar
NGRIP-WD '°Be synchronization of Sinnl et al. (2023), and grey curves show the bipolar volcanic matching of $2020. (b) and (d) show the age interval 52-58 ka for
which the bipolar volcanic matching is revised compared to that of $2020. In (b), colored curves show the present matching and grey curves show the matching of
$2020. In (c) and (d) colored curves show the Greenland matching of this work whereas grey curves show the Greenland matching of Seierstad et al. (2014) (52014
for GRIP and GISP2) and Rasmussen et al. (2013) (R2013 for NEEM). The middle panels show the NGRIP 5'%0 record for reference.
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Seierstad et al., 2014), but here additional match points are included
applying continuous flow analysis (CFA) records that were unavailable
at the time, thereby improving the overall match-point density. The new
match points are in agreement with those published (Fig. 1c+d), except
for the matching of the NEEM ice core in GS-19.2 (Fig. 2¢) and for ice
older than 95 ka (in GI-23, Fig. 2d). The matching of the GISP2 ice-core
time scale has been improved during the last glacial maximum (LGM)
from 17.2 to 18.4 ka and in the interval from GI-5.2 to GI-12 by applying
a new high-resolution sulfur record (Table S5). Due to the lack of
common volcanic fingerprints around GI-18 in the Greenland ice cores,
the large increase in calcium concentration associated with the GI-18
warming transition in all Greenland cores has been used for the
Greenland synchronization here (Rasmussen et al., 2014).

The EDML, EDC and DF ice cores continuously cover the entire
investigated period whereas WD covers the period 10-67 ka and TAL is
applied for the 10-61 ka interval below which the temporal resolution is
very low and insufficient for precise synchronization. The records with
highest temporal resolution are WD and EDML in the younger and older
half of the last glacial period, respectively, due to their relatively high
snow accumulation rates. On the other hand, the EDC and DF ice cores
have rather constant temporal resolution in the 10-110 ka interval due
to the lower accumulation and the location of the ice from the last glacial

GICCO5 age (ka b2k)
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period in the upper (weakly thinned) part of the ice sheet at those
locations.

The Antarctic EDML, EDC and WD ice cores have been synchronized
internally in the last glacial period by identification of common acidity
match points (Buizert et al., 2018; Ruth et al., 2007; Severi et al., 2007;
Veres et al., 2013). Additional match points between EDML, EDC and
WD have been introduced in this study in order to increase the
match-point density and improve the matching precision. The internal
Antarctic synchronization is important for periods where past accumu-
lation patterns changed in different ways at the drilling locations, for
example between West and East Antarctica towards the end of the last
glacial period (WAIS Divide Project Members, 2013). For the linking of
the DF and TAL ice cores, existing synchronizations have been applied
(Buizert et al., 2018; Fujita et al., 2015; Oyabu et al., 2022; Severi et al.,
2012) and additional EDML-DF match points have been introduced. All
EDC depths reported here are on the EDC99 depth scale (Parrenin et al.,
2012).

2.1. Bipolar linking methods

A first step in obtaining the bipolar synchronization is to establish an
approximate bipolar depth-depth relation. This can be obtained from
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Fig. 2. Ice-core depth-depth relations between Greenland and Antarctica (a, b) and within Greenland (c, d) of selected periods. Small colored crosses show the depth
of identified volcanic match points in this study and grey crosses show the depth of match points identified in previous studies. (a) and (c) show the age interval
covering the major GI-19.2 and GI-20 events. In (a) grey curves show the bipolar volcanic matching of Svensson et al. (2013), related to the Toba 74 ka super
eruption. (b) and (d) show the oldest section of the bipolar synchronization, 86-110 ka. In (c) and (d) colored curves show the Greenland matching of this work
whereas grey curves show the Greenland matching of Seierstad et al. (2014) (S2014 for GRIP and GISP2), and Rasmussen et al. (2013) (R2013 for NEEM). The middle

panels show the NGRIP §'%0 record for reference.
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existing synchronizations based on gasses, cosmogenic isotopes or vol-
canoes, or from ‘wiggle matching’ at abrupt climate transitions
assuming the bipolar seesaw pattern in the early last glacial is similar to
that of the late glacial where a bipolar synchronization is established.
The next step is then to fine-tune the synchronization by identifying
identical patterns of volcanic eruptions in both Greenland and
Antarctica. This is an iterative process, where different potential
matches are tested for consistency with the methods discussed in the
following sections.

2.1.1. Depth-depth relations among all cores

Compared to the study of S2020, where the main bipolar synchro-
nization approach was parallel annual layer counting between match
points in NGRIP and EDML, the approach in this study is different,
because annual layers are too thin to be counted reliably in the deepest
ice and over longer sections. Here the bipolar synchronization is to a
higher degree based on the Greenland-Antarctic depth-depth relation
inferred from the suggested bipolar match points of the ice cores (Fig. 1
+ 2). The method is similar to that used to synchronize ice cores within
Greenland (Seierstad et al., 2014) and within Antarctica (Severi et al.,
2007). Between Greenland ice cores, the depth-depth relationship is
generally a smooth function (Fig. 1c + d), because accumulation pat-
terns change simultaneously over Greenland in a consistent manner and
because ice-core thinning functions vary slowly with depth except in the
very deepest ice-core sections (Fig. 2d). The same is to some extent true
for Antarctic ice cores although their greater distance of separation (e.g.
between East and West Antarctica and between coastal and central re-
gions) leads to relative accumulation differences that give rise to larger
variations in the depth-depth relationships (Fig. 1a). For the case of
bipolar ice-core matching, depth-depth relations will show ‘kinks’ at
depths of abrupt climate change in Greenland, such as the D-O warming
and cooling transitions. At the D-O warming transitions, Greenland
accumulation is known to increase abruptly by approximately a factor of
two whereas the change in Antarctic accumulation is much smaller and
more gradual (Bouchet et al., 2023). This gives rise to a characteristic
zig-zag shape of the bipolar depth-depth relation across the Gl-events
(Fig. 2a). Because the kinks are a characteristic feature across GI
events, the interpolar depth-depth relation can be applied to constrain
suggested bipolar match points. In the deepest section of the ice cores,
the thinning function typically is no longer smooth or even monotonous
for ice cores that are frozen to bedrock or that have experienced folding.
For this reason, the smooth depth-depth relation is interrupted for GRIP,
GISP2 and NEEM in the earliest part of the last glacial (Fig. 2d).

2.1.2. Annual layer counting

Whenever possible, the bipolar matching is supported by annual
layer counting in the NGRIP, EDML and/or WD ice cores as was done for
$2020. This approach works when the high-resolution visual stratig-
raphy, dust or chemistry records resolve the annual layering between
identified bipolar match points. The approach is generally not feasible
across longer sections of Greenland stadial periods older than 60 ka,
where the annual layer thickness are less than 1 cm. Annual layer
counting in those sections may still be possible if analytical methods are
optimized to resolve thin annual layers, such as was done for GS-22,
84.5-88.0 ka (Vallelonga et al., 2012), and for short intervals in the
early last glacial and last interglacial periods (Svensson et al., 2011).
Over longer intervals in the early glacial period, the depth-depth rela-
tion method outlined above is, however, a more robust approach than
the annual layer counting that has typical uncertainties of 5 % (Svensson
et al., 2008). In this study, annual layer counting has been applied be-
tween closely spaced bipolar match points to support the matching and
around the D-O warming and cooling transitions in order to improve the
bipolar synchronization of abrupt climate change events, but no
continuous annual-layer counted time scale has been produced for the
matched intervals.

Quaternary Science Reviews 375 (2026) 109755

2.1.3. 1%Be concentrations/fluxes

High-resolution continuous records of cosmogenic radionuclides
such as 1°Be or *6Cl, primarily reflecting geomagnetic and solar activity
variations, provide another means of synchronizing ice cores between
the two hemispheres. We performed a bipolar matching of selected
sections using 10Be records from GRIP (Muscheler et al., 2004; Wagner
et al., 2001; Yiou et al., 1997) and EDML (Beer et al., 2025). The
matching is challenging because there are few significant features to be
matched at the resolution of the °Be records and because the volcanic
matching of the GRIP record to the other Greenland ice cores is rather
sporadic over longer sections of the early last glacial (Seierstad et al.,
2014). Furthermore, additional noise is introduced into the °Be record
by deposition processes, where the low glacial/stadial accumulation
rates lead to a reduced dilution of dry-deposited aerosol compared to
interglacial/interstadial =~ conditions and, thus, we observe
climate-related changes in the !°Be concentration that are difficult to
correct for accurately. Nevertheless, the bipolar 1°Be matching approach
led to the discovery of an erroneous bipolar volcanic match in the 53-56
ka section that was published in S2020 and that is revised in the present
work (see results section).

2.1.4. Tephra in bipolar sulfate spikes

The identified bipolar match points are checked against identified
tephra deposits in the ice cores. The majority of ice-core tephra deposits
are related to regional volcanic eruptions, making them less likely to
have a bipolar imprint. For example, in Greenland most tephra deposits
are of Icelandic origin (Abbott et al., 2012; Bourne et al., 2015; Cook
et al., 2022), and the majority of those are associated with
smaller-magnitude volcanic eruptions. The Antarctic WD match points
have been screened for heavy metals that would support a regional
volcanic source (Mason et al., 2022; Zreda-Gostynska et al., 1997).
However, there are examples of very large eruptions with sulfate
deposition at both poles that have deposited tephra at one pole. Exam-
ples of such eruptions are the Icelandic Vedde ash layer (12.2 ka), the
Japanese Towada eruption (15.7 ka), the New Zealand Taupo eruption
(25.5 ka) (those eruptions were included in the $2020 study), and the
North Atlantic Ash Zone II (NAAZ II, 55.4 ka, see results section).

2.1.5. Bipolar methane matching

The bipolar volcanic matching has been applied to empirically
determine the age difference between the ice and the encapsulated gas
(Aage) in Antarctic ice cores (Buizert et al., 2021). In this study, the
opposite approach was taken by applying the precise WD-GISP2 bipolar
methane matching of Martin et al. (2023) to guide the search for a bi-
polar volcanic link in the period 16-20 ka. Informed by the bipolar gas
matching and empirical estimates of GISP2 Aage, a bipolar match of
closely spaced volcanic spikes was identified close to 18 ka which
allowed a match across this section (Fig. 1a) where time scale syn-
chronization has proven notoriously difficult both in Greenland
(Seierstad et al., 2014) and between the hemispheres (52020).

2.1.6. Stratospheric signature in sulfur isotopes

Since the identified bipolar sulfur depositions are generally not
associated with tephra in the ice, there is a risk of identifying false
positives of synchronously deposited sulfate at the two poles from
regional volcanic eruptions that did not reach the stratosphere. From
analyzing the sulfur isotopic composition of the ice-core sulfate it is,
however, possible to determine whether the sulfate has been in the
stratosphere via the mass-independent fractionation taking place there
(Burke et al., 2019; Gautier et al., 2019; Savarino et al., 2003). This
method can identify sulfate peaks that are due to regional volcanism if
there is no stratospheric mass-independent fractionation sulfur isotopic
signal. So far, ice-core sulfate isotope analyses have been carried out
only for around 20 large glacial eruptions (Wolff et al., 2023), such as
those associated with the Toba 74 ka eruption (Crick et al., 2021), but
the method has potential to investigate the robustness of the bipolar
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volcanic matching of the last glacial. All of the last-glacial global vol-
canic eruptions identified via sulfur isotopes are applied as bipolar
volcanic match points in this study.

2.2. Identifying Greenland warming and cooling transitions

To investigate the bipolar phasing of climate variability around the
Greenland abrupt D-O warming transitions from stadial to interstadial
periods, a precise definition of the timing of those events is needed. We
investigate the 33 major warming events as defined by Rasmussen et al.
(2014) ranging from the Holocene onset to the warming related to the
GI-24.2 onset.

The warming transitions are defined as the 530 transition mid-point
in terms of amplitude, similar to the approach taken in WAIS Divide
Project Members (2015) and S2020. Here, however, we apply the
method to the average of the synchronized NGRIP, GRIP and NEEM 580
records, rather than the NGRIP record only, thereby reducing the %0
noise level. The GISP2 record is not included as it is measured at lower
resolution (Table S4). To further reduce the noise, the averaged 5%
record is smoothed by a 20-yr running mean for the mid-point deter-
mination. The identified NGRIP depths and ages of the warming tran-
sitions are mostly very similar to those applied in §2020, with an age
difference of less than 10 years for 18 out of 21 transitions (Table S2).
The exceptions to this are the warming transitions into the Holocene and
into GI-13 and GI-15.2 that show an age difference of 15, 18, and 12
years, respectively.

The Greenland cooling transitions from interstadial to stadial periods
are defined using a similar approach as the warming transitions using
the average 5'®0 of NGRIP, GRIP and NEEM. Because the cooling
transitions are generally less abrupt than the warming transitions, they
are more difficult to identify and there are larger differences to the
transitions identified in S2020 based on NGRIP only (Table S3). Most
notably, the Greenland cooling from GI-16.1 has been shifted by 144 yr
towards younger ages.

2.3. CCSM4 model configuration

To compare with observations, we use the low-resolution version of
the Community Climate System Model, version 4 (CCSM4) (Shields
et al., 2012). The model couples atmosphere, ocean, land, and sea ice
and is a computationally efficient alternative to the intermediate and
standard resolution versions. This version of CCSM4 is ideally suited for
long paleoclimate simulations. The model has an atmospheric horizontal
grid of 3.75° x 3.75° and includes 26 vertical levels with a spectral
dynamical core (T31). The oceanic component of the model has a
nominal 3° resolution (higher in the tropics) with 60 levels in the ver-
tical. The T31x3 model has been validated for modern climate but has
been modified to capture millennial-scale variability during the glacial
period (see Vettoretti et al. (2022)). The model has slightly excessive
Northern Hemisphere sea-ice extent and thickness, but generally simu-
lates the modern climate with good fidelity. The model's representation
of maximum zonal wind-stress magnitude in the Southern Hemisphere
matches well with observational estimates over the ocean, and the
model shows good agreement with observed variability, particularly for
the El Nino-Southern Oscillation (ENSO). Surface-temperature anomaly
trends for the twentieth century in the T31x3 model also align well with
observations, but there is a general cold bias in the model. The glacial
boundary conditions in Vettoretti et al. (2022) use ICE-6G (Peltier et al.,
2015) ice-sheet reconstructions and orbital insolation for 21 ka BP. In
Vettoretti et al. (2022) eight separate experiments were conducted with
atmospheric CO; varying between 170 ppm and 240 ppm. Modifications
were made to the ocean vertical mixing. In particular, the tidal mixing
and overflow parameterizations were removed (as these are not known
during the glacial period). A generic vertical mixing profile (Bryan and
Lewis, 1979) from CCSM3 was used instead, and is crucial for the model
to simulate D-O oscillations (Peltier and Vettoretti, 2014).
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3. Results

In Table S1 the 300 bipolar volcanic match points obtained in this
study and that of $2020 are listed together with five bipolar 1°Be match
points related to the Laschamps geomagnetic excursion (Raisbeck et al.,
2017). All of the match points are identified in the NGRIP and EDML
cores that are the master records for the bipolar synchronization with
their high-resolution sulfate concentration records. Whenever possible,
the match points are also identified in the other cores. Despite the
overall tight internal synchronization of the Greenland ice cores, only
about half of the bipolar volcanic match points are identified in the
NEEM, GRIP and GISP2 ice cores (56 %, 43 %, 53 %, respectively,
Table S1 bottom). The Greenland synchronization is for a large part
based on Icelandic volcanic reference horizons that are rarely present in
Antarctica, and only NGRIP has high-resolution sulfate data, that most
of the bipolar matching is based on, available across the full glacial
period. The majority of the bipolar volcanic match points are identified
in the EDC, WD (10-67 ka period only), DF and TAL (10-60 ka period
only) ice cores (88 %, 95 %, 72 % and 68 %, respectively).

Fig. 3 shows the long-term bipolar climate evolution of the last
glacial period along with the bipolar match points. It is noted that the
match points are fairly evenly distributed over the investigated period
with an average spacing of less than 330 yr (as compared to 500 yr for
the S2020 study). Fig. 3 is expanded into the higher-resolution
Figs. SO1-S16 to provide more detail of the bipolar matching. Even more
detailed zoom Figs. S17-S20 are provided for specific time intervals that
have been synchronized for the first time in this work or that have been
revised compared to the matching of S2020 (see discussion below.)

The matching of the 16.5-24.5 ka section has been a challenge. This
is around the coldest part of the last glacial, referred to as the Last
Glacial Maximum (LGM), where low snow accumulation probably re-
sults in poor sulfate-peak preservation in the ice cores. There is a
reduced number of match points within Greenland (Seierstad et al.,
2014), and the low annual-layer thickness limits the number of ice-core
records with sufficient resolution to resolve the acidity peaks. Further-
more, the high dust content of the Greenland cores during the LGM
mutes the acidity signal in the ECM records. The LGM volcanic matching
was guided by the precise bipolar methane matching of Martin et al.
(2023), and it is in agreement with the recent '°Be bipolar match points
between NGRIP and WD in GS-2, at circa 20.5 and 21.5 ka (Sinnl et al.,
2023)(Fig. 1a). Fig. S17 shows a section of the LGM matching that covers
the 192-yr long eruption of Mt. Takahe in West Antarctica (McConnell
et al., 2017). This eruption is dominated by halogen emissions that are
strongly reflected in the WD acidity profile and that will not have made
it to Greenland.

The bipolar volcanic synchronization presented here includes the
bipolar volcanic synchronization obtained for GI-20 including the
period of the Toba 74 ka eruption, 74.0-76.5 ka (Lin et al., 2023;
Svensson et al., 2013), except for minor adjustments. Twenty of the
identified bipolar match points have been analyzed for sulfuric isotopic
composition (Crick et al., 2021; Wolff et al., 2023), and they all show a
stratospheric signature except for the 74.5 ka ‘T4’ Toba-related event
(NGRIP depth 2551.45 m). The ‘T4’ event remains in the bipolar
match-point list, however, as it is well constrained by annual layer
counting and the bipolar depth-depth relation (Fig. 2).

For the first time, tephra from a large glacial volcanic eruption has
now been identified in both Greenland and Antarctica. A limited number
of micrometer-sized tephra grains from the Los Chocoyos (LCY) super-
eruption from Atitlan Caldera in present-day Guatemala have recently
been identified in the Greenland NEEM and the Antarctic EDC ice cores
providing an independent bipolar tephra link (Innes et al., 2025). This
exceptional tephra finding was made independently from the work
presented here and the tephra confirms the bipolar link of very signifi-
cant acidity spikes identified in all investigated cores situated in GI-21.1
at 80.1 ka (NGRIP depth 2619.14 m).

Table S2 shows the ice-core depths corresponding to the Greenland
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Fig. 3. Bipolar volcanic ice-core synchronization of Greenland (NGRIP) and Antarctic (EDML, DF, EDC) climate records (5'%0) at decadal-scale precision. Grey
vertical lines are the identified global volcanic eruptions (Table S1). Purple-shaded intervals denote Greenland interstadial periods according to the definition of
Rasmussen et al. (2014). The records are shown in higher temporal resolution in Figs. SO1-S16.

D-O warming transitions in all investigated ice cores, as defined from the
Greenland 5'%0 warming transition midpoint (Methods), and Table S3
shows the depths corresponding to the Greenland D-O cooling transi-
tions. The Antarctic depths are found by applying the bipolar volcanic
synchronization between NGRIP and EDML and the volcanic synchro-
nization of the Antarctic ice cores. The number of years between the
nearest bipolar volcanic match point and the warming transition is
denoted ‘distance’ in the table and the uncertainty of the bipolar tran-
sition matching is estimated to be 10 % of this number (denoted ‘match
uncertainty’). The 10 % combines an estimated 5 % counting uncer-
tainty in both NGRIP and EDML as it was done for S2020. For most
warming and cooling transitions this distance is less than 200 years. The
distance is obtained from layer counting for transitions younger than
100 ka and from the modelled GICCO5modelext and AICC2023 (Bouchet
et al., 2023) time scales for transitions older than 100 ka.

3.1. Changes made to the existing bipolar volcanic synchronization

Since the publication of the bipolar volcanic match points for Marine
Isotope Stages (MIS) 2 and 3 in S2020, some updates and revisions to the
synchronization in this time period have been made. Some match points
have been fine-tuned at the centimeter scale, and the higher density of
bipolar match points in the present work has led to an increased preci-
sion of the bipolar synchronization. The change between the present
study and that of $2020 in terms of shifts in NGRIP and EDML depths
and ages at the abrupt Greenland transitions are indicated in Tables S2
and S3. For the Greenland cooling transitions most of the changes are
related to the revised identifications of the midpoints of the Greenland
5120 transitions.

For the Greenland warming transitions, the most important revisions
of the bipolar matching have been made for the transitions into GI-5.1,
GI-7, GI-11 and GI-14. At the GI-7 warming transition, the Antarctic
cores have been shifted some 83 years towards older ages supported by
11 match points in the 34.5-36.5 ka interval (Figures S03, S13 and S18)
compared to 3 match points over the same interval in the $2020 match
(S2020 Fig. S6A + B). For the GI-5.1 and GI-11 warming transitions, an
increased number of bipolar match points close to the transition is the
reason for the shifts of 63 years towards older ages and 57 years toward
younger ages, respectively.

For the GI-14 warming transition, an issue with the bipolar matching

was first discovered for the construction of the DF2021 time scale, where
the match led to inconsistent results of the Antarctic time scale (Oyabu
et al., 2022). Subsequent comparison of '°Be fluxes between Greenland
(GRIP) and Antarctica (EDML) made it clear that the relative matching
for the warming transitions into GI-14 as published by $2020 was offset
by approximately 200 years with Antarctica being too young compared
to Greenland. A revised synchronization with 12 bipolar match points
has been obtained for the 53-56 ka interval (Figures S05, S15 and S19)
as compared to 5 match points over the same interval for the S2020
match (52020 Fig. S12A + B and S13A + B). A comparison of the °Be
fluxes at the GRIP and EDML sites is shown in Fig. S21. In the revised
version, the Antarctic counterpart to the GI-14 warming transition is
shifted 152 yrs towards older ages (Fig. 1b). The warming transition of
GI-14 is fixed by two volcanic events separated by 16 years that are
clearly identified in both Greenland and Antarctica (Figure S19 and 54.2
ka).

4. Bipolar phasing of glacial climate
4.1. Stacking of warming and cooling transitions

With the purpose of investigating the more general bipolar climate
pattern associated with the abrupt Greenland warming events, we
investigate a stacked isotopic signal averaged over the D-O warming and
cooling transitions (WAIS Divide Project Members, 2015; S2020). For
both Greenland and Antarctic cores, the stacked isotopic signal is con-
structed by taking 1600 yr periods centered at the GI warming or cooling
transition of each D-O cycle, aligning the individual events at the 5'80
transition midpoint, and subsequently averaging over the individual
events to obtain the mean climatic response. For each event, the 1600 yr
period is truncated in time to exclude neighboring events — i.e., if the
stadial or interstadial periods on each side of the transition have a
duration of less than 800 years. The truncation intervals of individual
transitions are specified in Tables S2 and S3. The isotopic level of each
event is shifted to a mean value of zero over the 1600 yr interval before
truncation and averaging. The stack thus represents the isotopic
anomaly across the transition rather than absolute values. This pro-
cedure is applied to both Greenland and Antarctic records. As specified
in Table S4, the depth resolution of the 5'80 records vary from core to
core and in some cases also with depth in the core.
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Fig. 4 shows the stacked 50 records at the abrupt Greenland
transitions for the NGRIP ice core and for each of the Antarctic ice cores.
All the Antarctic stacked 5'%0 signals except EDML show the same
temporal pattern at the Greenland warming transitions (Fig. 4c). In
accordance with the bipolar seesaw pattern, there is an Antarctic in-
crease in 8'%0 during the stadial periods that leads up to the Greenland
warming. Thereafter, with the exception of EDML, a small abrupt
warming occurs synchronously with the Greenland warming (Buizert
et al., 2018). Importantly, in our improved synchronization the aver-
aged Greenland warming reaches its maximum at 22 years (95 % con-
fidence interval 16-27 years) and the averaged Antarctic warming
reaches its maximum at 60 years (95 % confidence interval 39-146
years) after the midpoint of the Greenland warming (Fig. 5, Table S6).
After the maximum, both Greenland and Antarctic records cool over the
following centuries. The EDML stack shows a distinctly different
behavior with the isotope signal showing a fairly constant level before
the Greenland warming. At the time of the Greenland warming transi-
tion, the EDML record initiates a gradual cooling trend that lasts for
several centuries. This Antarctic 5'0 response is qualitatively similar to
that described by Buizert et al. (2018) based on bipolar methane
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synchronization, and by S2020 based on an earlier bipolar volcanic
synchronization (Fig. 6). However, in the new synchronization the
abrupt and immediate warming response is more pronounced. It has a
larger magnitude, is spatially more widespread, and is now also clearly
visible in the Antarctic-mean response.

Fig. S22 shows the Antarctic 5'%0 signal related to the D-O warming
transitions separated into stacks of ‘major’ and ‘minor’ events as defined
in Table S4. ‘Major events’ refers to the 12 most significant Greenland
warming events, and ‘minor events’ are the remaining 21 events. The
major Gl-transitions include those following Heinrich stadials in MIS 3
(GI-1, GI-2, GI-4, GI-8, GI-12, GI-14, GI-17.2) and those associated with
longer interstadials in the early glacial (GI-19.2, GI-20, GI-21.1, GI-23.1,
GI-24.2). Generally, the Antarctic peak following the Greenland warm-
ing transition has larger amplitude for the major events than for the
minor events, and for the DF core this difference is very pronounced.

Similarly, Fig. $23 shows the Antarctic 580 signal related to the D-O
warming transitions separated into stacks of ‘younger’ and ‘older’
events, where the age separation is at 65 ka. In general, the older events
reach maximum warming sooner after the Greenland warming transi-
tion than the younger events. This is in accordance with the longer
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Antarctic warming transition times identified in earlier studies con-
cerned with younger events only (Buizert et al., 2018; S2020). Inter-
estingly, the EDML record changes behavior over time: for the younger
events, EDML shows a cooling at the time of the Greenland warming
transition whereas for the older events EDML shows a warming at this
time — though its magnitude is similar to that of the internal climate/-
signal variability at the site, making it hard to draw a robust conclusion.

The reason for the deviating EDML pattern is not understood, but it is
a local phenomenon as the same pattern is not seen at the DF site that is
also located in the Queen Maud Land sector. We stress that DF is at much
higher altitude and located more than 30° west of EDML. Thus, it is
much less influenced by air masses originating from the Weddell Sea
sector with permanent sea-ice cover also at present times. We therefore
speculate that the EDML signal is related to the sea-ice extent and
possibly polynya dynamics in the Weddell Sea being out of phase with
the general Antarctic climate at the Antarctic Isotopic maxima, but other
reasons may also be at play. For example, 580 may capture effects other
than local site temperature. Much of the vapor in EDML precipitation is
sourced from the South Atlantic north of the Antarctic Circumpolar
Current. This region experiences abrupt sea surface temperature (SST)
decrease during D-O warming, which increases the source-to-site tem-
perature difference leading to isotopically more depleted precipitation
at EDML even in the absence of site-temperature changes; however, DF
also receives a substantial portion of its vapor from the South Atlantic,
making this explanation less likely than the aforementioned local
Weddell Sea effects. We furthermore speculate that the temporal
development of the EDML record over the last glacial period (Fig. 523),

and the emergence of the EDML §'®0 anomaly in the younger events
(<65 ka) could be related to upstream effects, as EDML is not situated on
a dome. The deeper and older EDML ice originates from locations in the
direction of Dome Fuji with the ice from the last interglacial period
originating from about 150 km upstream (Huybrechts et al., 2007). In
comparison the DF — EDML distance is around 1300 km along the flow
line.

The Antarctic stacks of dj, records for the Greenland abrupt climate
transitions are shown in Fig. 4e + f. For the WD, DF and TAL cores, d,
data are only available for a subset of the abrupt climate transitions of
the last glacial, and for TAL the resolution of dj, is lower than that of
5180 (see Table S4 for specifications). The di, parameter is a logarithmic
variant of the deuterium excess parameter, introduced for Antarctica by
Uemura et al. (2012), and applied in previous bipolar stacking exercises
(Buizert et al., 2018; Markle et al., 2016; Svensson et al., 2020). For
reference, the corresponding Deuterium excess (Dx) stacks are shown in
Fig. S25.

At the Greenland warming transitions, all the Antarctic dj, records
show an abrupt increase starting close to the Greenland warming tran-
sition, with the duration of the transition lasting for about 160 years
(Fig. 5¢c-Table S6), followed by a gradual decay occurring over several
centuries. The EDML dj, shows a weaker response to the Greenland
warming compared to the other Antarctic records. For the average of the
Antarctic dj, records, the increase occurring after the Greenland
warming reaches a maximum at around 135 yr and is thus less abrupt
than the increase in the Antarctic 5'0. The observed dj, response is
again qualitatively similar to earlier work based on both methane and
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volcanic bipolar synchronization (Buizert et al., 2018; Markle et al.,
2016; S2020). Fig. S24 shows that the d, stacks for ‘major’ and ‘minor’
events are quite similar overall.

As mentioned, the Greenland cooling transitions related to D-O
events are more difficult to pinpoint than the warming transitions and
the stacks of the corresponding Antarctic isotope signal are therefore
expected to be less well defined for the cooling events than for the
warmings. Nevertheless, there is a clear change in both the Antarctic
5180 and dy, signals related to the Greenland cooling transitions (Fig. 4b
+d+ 1.

Earlier work on bipolar phasing (Buizert et al., 2018; Svensson et al.,
2020) derived a bipolar climate phasing for both the abrupt (atmo-
spheric) mode, and the slower (oceanic) mode. Fig. 6 summarizes the
evolution of these estimates over time, focusing on the D-O warming
transitions. In the bipolar seesaw theory, the breakpoint in the Antarctic
5180 time series going from a warming to a cooling trend is mechanis-
tically linked to the abrupt warming transition in Greenland. Earlier
work (WD2015, S2020) applied a line fitting algorithm with a single
slope break to the Antarctic 580 stacks, which made sense in the
absence of a clear abrupt 5'%0 response. In the stacks presented here, to
account for the abrupt 580 we instead apply a piece-wise linear fitting
curve with two breakpoints (Fig. 5b), and interpret the peak 5'%0 (or the
second breakpoint) as the bipolar seesaw phasing in Antarctica. Over the
last decade, estimates of the Antarctic time lag have decreased from 218
+ 100 years to our current estimated range of 39-146 years, with a best
estimate of 60 years (Table S6). This trend reflects both the shift from
bipolar methane synchronization to volcanic synchronization, as well as
the inclusion of older (>65 ka) D-O events. We want to emphasize that
all these times are relative to the Greenland D-O transition midpoint,
chosen because its identification has the least degree of ambiguity. A

10

dynamically more meaningful value for this delay would be derived
from the onset of the Greenland D-O transition, which occurs at t = —26
years in our stacks (Table S6).

The phasing of the abrupt mode (suggested to reflect an atmospheric
teleconnection) has been identified both through the onset of the dj,
response and through the onset of the abrupt component of the stacked
Antarctic 8'80 signal. The inferred phasing of these elements has
changed less over time (Fig. 6), though the general trend is likewise a
shift toward earlier times such that the best estimates available now
suggest that it is synchronous with the onset of the Greenland D-O
transition in 5'%0.

4.2. Bipolar phasing in simulations of MIS 3 glacial climate

We investigate bipolar phasing in four D-O oscillation simulations
using the NCAR CCSM4 (Vettoretti et al., 2022), which exhibit regular
and quasi-cyclic D-O cycles spanning a select range of constant atmo-
spheric CO3 levels (200, 210, 220, and 225 parts per million (ppm)) (see
Fig. 7). For each of these CO; levels, the 8000-year long model simu-
lations contain three to four simulated D-O warming events. Notably,
simulated Greenland interstadials tend to last longer at higher CO,
levels, while the stadials last for more extended periods at lower COy
concentrations, in agreement with observations (Buizert and Schmitt-
ner, 2015). Long interstadials in Greenland in the experiment with at-
mospheric [CO2] at 225 ppm have a corresponding clearly visible
cooling in Antarctica (Fig. 7a). Conversely, at lower CO5 levels, Ant-
arctic warming during steady, cool Greenland stadials exhibits an initial
sharp increase, which then tapers off as the stadial progresses (Fig. 7d).
This observed simulated behavior is consistent with that observed in the
Stocker and Johnsen (2003) conceptual model of the bipolar seesaw,
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which exhibits a convolution of the Greenland temperature signal with
an exponential factor expressed as a characteristic timescale. At inter-
mediate CO; levels, the Antarctic cooling and warming phases appear
more triangular, likely due to the shorter durations of both the inter-
stadial and stadial stages (Capron et al., 2010a). In all simulated D-O
Greenland warming events, a unique feature occurs over Antarctica at
the abrupt warming in the Northern Hemisphere. Specifically, there is a
noticeable change in the slope of stadial warming over Antarctica that
corresponds precisely to the warming in Greenland. This pattern is
particularly evident in the lower CO; simulations (Fig. 7c and d) and is
consistent with the observed changes (Fig. 4).

The magnitude of the model-simulated stadial minimum to inter-
stadial maximum in Greenland temperatures in the simulations is
approximately 9 K, while those in Antarctica are about 1.5 K in
magnitude, aligning well with temperature inferred from ice-core ob-
servations associated with warming events (e.g. Kindler et al. (2014)).

Rapid climatic anomalies near D-O warming events observed in both
the model and the ice-core observations suggest the operation of an
interhemispheric atmospheric teleconnection between the poles during
Northern Hemisphere warming events. There is some indication that
this also occurs during the transition from interstadial to stadial in the
model (most clearly apparent in Fig. 7a and b).

We select twelve out of fourteen Greenland warming events from the
four CCSM4 glacial simulations because the stacking analysis requires
600 years on either side of the D-O warming events. We then use this set
of events to create a temperature stack in the same way as we did for the
ice-core observations (Fig. 8a). The simulated temperatures from the
core locations exhibit similar behavior across each of the model simu-
lations, although this is not entirely consistent with ice-core observa-
tions. Specifically, the simulated stacked EDML temperature (Fig. 8a),
looks like the simulated stacks for the other core locations, which is not
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the case for the EDML ice-core stack of 8*%0 (Fig. 8b). This discrepancy
could be due to several factors. One may be the model's inability to
resolve and/or capture the correct changes in the extent of sea ice in the
Weddell Sea. Other factors may be related to ocean—ice-shelf feedbacks
that are not represented in the model, unaccounted temperature effects,
incorrect moisture pathways and insufficient topographic resolution in
this region. However, overall, the NGRIP and Antarctic temperature
stacks appear very similar to the ice-core 5!°0 stack. Both the observed
ice-core stack and the simulated temperatures at the ice-core locations
demonstrate minimal lag between the midpoint of Greenland warming
and the peak of the Antarctic Isotope Maximum (AIM) in the Antarctic
temperatures. In the simulation stack, the lag in the midpoint of the final
increased gradient of warming in the Antarctic temperature signal,
relative to the midpoint of the NGRIP warming event, is at most one to
two decades. The model — data comparison becomes most convincing
when only the ‘major’ ice-core warming events are compared to the
model stack (Fig. 8¢ + d), suggesting that the model best captures this
type of events. This may be a consequence of each model simulation
using constant external and internal forcing, which prevents it from
capturing the degree of signal variance seen in the ice-core data. The
overall good agreement between model and observations strongly sug-
gests that the model is capturing the global-scale dynamics associated
with the Greenland warming events.

4.3. Bipolar atmospheric and ocean teleconnections

The role of the atmosphere and ocean in driving bipolar tele-
connections between the poles is thought to involve several processes in
the atmosphere and ocean on different timescales (see Buizert (2023) for
an overview). For the oceanic connection, changes in the net transport of
heat by the Atlantic between the southern and Northern Hemisphere is
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Fig. 8. Comparison of Greenland and Antarctic stacks of model temperature anomalies and ice-core 5'80 anomalies at the Greenland abrupt warming transitions. (a)
shows a stack of modelled temperature records of 12 simulated D-O warming events out of the 4 simulations shown in Fig. 7. The Greenland NGRIP stack (green) and
Antarctic stacks (red and blue) have the phasing set by the transition midpoint for each of the simulated NGRIP D-O warming events. The red curve shows the mean
temperature at the four drilling locations. (b) shows stacked Greenland and Antarctic 8'80 ice-core records across the Greenland warming transitions (same records
as in Fig. 4a + ¢). In (c) the stack of Greenland model temperature anomalies across the Greenland warming transitions is compared to the stack of Greenland NGRIP
520 anomalies divided into ‘major’ and ‘minor’ events as specified in Table S4. (d) shows the same as (c) but for Antarctic temperatures and 5'0 records. In figures
(a) and (b), the green and red curves are scaled to have similar maxima and minima. In figures (c) and (d), the black and colored curves are scaled to have similar
maxima and minima. A 50-yr running average has been applied to all shown records for clarity.

critical (Trenberth and Fasullo, 2017). During stadials, the AMOC
transports less heat, and conversely more heat during interstadials
(Pedro et al., 2018; Vettoretti and Peltier, 2018). A conceptual model of
the bipolar seesaw with oceanic origins was presented by Stocker and
Johnsen (2003) that convolves the Northern Hemisphere temperature
signal with characteristic exponential timescale, thought to be approx-
imately 1000 years (Buizert, 2023; Stocker and Johnsen, 2003).

A fast synchronous atmospheric signal between the poles has also
been observed during D-O warming and cooling events (Buizert et al.,
2018; Markle et al., 2016). From the proxy records of the ITCZ, the ITCZ
and the associated precipitation bands shift to the warmer hemisphere
during D-O warming events and southwards during cooling events (e.g.
Ramirez et al. (2023)). The shifts are, however, not independent of the
changes in ocean heat transport and AMOC strength as the position and
strength of the Hadley cell are controlled by energetic constraints from
the SSTs. Shifts in the ITCZ are thought to act in concert with shifts in the
Southern Ocean winds. The southern eddy-driven jet is known to follow
shifts in the ITCZ in modern climate (Ceppi et al., 2013), affecting the
southern annular mode phase which is thought to be an important
component in propagating changes to the high Southern latitudes during
the glacial (Pedro et al., 2018).

In Fig. 9, we show a time sequence of a D-O warming event at model
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year 8000 from a simulation with a CO, concentration of 200 ppm. We
investigate the anomalies from the mean climatology spanning 100
years surrounding the simulated D-O warming event. We focus on the
zonally-averaged global ocean and zonally-averaged global atmosphere.
The zonal-mean ocean temperature (Fig. 9a) shows the typical ther-
mocline structure which matches the density structure of the ocean. The
water-mass properties of the ocean tend to follow adiabatic pathways on
neutral density surfaces (Marshall and Speer, 2012) and therefore
interhemispheric ocean teleconnections would require a transport of
heat between hemispheres via ocean processes that are mostly adiabatic
in nature. These include the effect of mesoscale eddies mixing heat and
salt along neutral density surfaces. The time variation of the zonal ocean
anomalies is shown in Fig. 9b-g, from 40 years before the mid-point of
the NGRIP D-O warming event to 60 years after. During the late stadial
period (Fig. 9b), the interior ocean is anomalously warm and a thermal
reservoir is visibly present in the global southern oceans as seen in
CCSM4 and other models (Kuniyoshi et al., 2022; Pedro et al., 2018).
The reduced AMOC during the cold phase of the D-O cycle is one major
component that is responsible for this increase in ocean heat content
(OHQ). There is an especially large amount of thermocline OHC in the
subpolar North Atlantic at 60°N (Vettoretti and Peltier, 2016) which is a
source of the initial warming at NGRIP during the D-O warming (the
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AMOC later contributes). The positive sub-surface anomaly in the
mid-latitude Southern Ocean which reaches the glacial Southern Ocean
sea-ice edge is thought to warm Antarctica during the stadial through
radiative balance adjustments and atmospheric heat transport due to
changes in sea-ice extent and albedo during the progression of the sta-
dial (Pedro et al., 2018). During the Greenland warming transition (the
100-year period in Fig. 9b-g), the ocean gradually loses its heat content
to the atmosphere, mostly in the North Atlantic and through northward
transport by the AMOC. The loss of heat through the disappearance of
sea ice in the North Atlantic is seen at 60°N as the warming event occurs
(Fig. 9e). The reinvigoration of the AMOC and warmer North Atlantic
Deep Water (NADW) production are visible as the warming event pro-
gresses (Fig. 9f and g).

The Southern Ocean mid-latitude thermocline (0-1000m depth)
loses heat after the transition, which is consistent with longer timescale
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bipolar seesaw (Pedro et al., 2018). However, in this model, the ocean in
higher southern latitudes (as well as over Antarctica) experiences a
slight warming after the high northern latitude surface warming
(Fig. 9e-g and 91-n). Whether this ocean warming and atmospheric
warming at high southern latitudes are connected is difficult to assess. It
is unlikely that the temperature signal from the surface of Antarctica is
subducted with deep water formation off the coast of Antarctica as the
ocean has a much higher heat capacity and the signal would be damped.
It is more likely that this observed high-southern-latitude ocean warm-
ing is associated with mixing and transport between mid-to-high
southern latitudes from the Southern Ocean residual circulation which
moves water masses counter clockwise at these latitudes. SH cooling is
only visibly present in the simulations on the multi-decadal or centen-
nial timescale well after the NGRIP warming event has occurred
(Fig. 10). Ocean processes might be attributed as a fast teleconnection
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mechanism for the large interhemispheric synchronous temperature
signal observed in the bipolar ice-core synchronization presented here,
but they would have to be transmitted by fast interhemispheric propa-
gating coastally and equatorially trapped Kelvin waves (Johnson and
Marshall, 2002). However, coarse ocean models, such as the one used in
this study, may fail to support a coherent Kelvin wave mode, leading to
spurious along-coast pressure variations and distorted phase velocities.
Therefore we propose an explanation related to atmospheric dynamics.
Here we present an alternative scenario for an atmospheric mecha-
nism to connect synchronous temperature signals between the poles that
rests on atmospheric angular momentum balance, rather than on a
meridional shift in the SH westerlies as proposed earlier-although a
meridional shift in the SH westerlies does occur in these simulations.
This theory has been previously presented by Shin and Kang (2021)
as a basis in understanding how high-latitude thermal forcing can affect
the opposite hemisphere on a decadal timescale. Shin and Kang (2021)
place part of the motivation of their study in a paleoclimate context to
understand the bipolar seesaw, however they do not make the connec-
tion with the observed fast-timescale warming that we have shown here
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in the observations and model simulations.

Here we investigate if the fingerprints of this dynamical tele-
connection operate in the glacial model simulations to explain the rapid
synchronous temperature changes during a D-O warming event. The
zonally-averaged atmospheric temperature (shading) and zonal wind
(contours) over the 100-year period centered on the NGRIP D-O
warming event is shown in Fig. Sh. Like the progression we see in the
ocean anomalies, the zonally-averaged atmospheric temperature shows
the clear switch from the Northern Hemisphere stadial conditions to
interstadial conditions (Fig. 9i-n). During the late stadial (Fig. 9i), the
Northern Hemisphere is cold in the troposphere and warm in the
stratosphere. This effect is due to indirect effects where the increased
water vapor in the upper troposphere/lower stratosphere due to
warming increases longwave absorption, but the stratosphere trace
gases continue to emit longwave radiation (Goessling and Bathiany,
2016). As the climate progresses toward the D-O warming transition, the
Northern Hemisphere high-latitude troposphere warms (between 850
and 400 mb) and the Antarctic stratosphere also warms. As the warming
event progresses (Fig. 91-n), the positive temperature anomaly in the
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northern high latitudes strengthens and appears to migrate equatorward
and upwards towards the tropopause. Rather than the warming signal
propagating at low levels, there is an atmospheric reorganization at high
Southern latitudes over Antarctica. The atmosphere is reorganized with
warm anomalous air mass descent over the South Pole and a cold
anomalous ascent at southern mid-latitudes. By the end of the sequence,
the atmosphere has established a pattern of both northern high-latitude
warming and southern high-latitude warming. The stratospheric signal
eventually synchronizes between the poles but appears slightly delayed
compared with the tropospheric signal. The sequence of warming events
suggests that the high-latitude atmospheric teleconnection is operating
with a lag of a decade or two from the initial rapid warming observed at
NGRIP in the climate model (Fig. 4a). The (Southern Hemisphere) zonal
wind anomalies show slight equatorward migration of the combined
subtropical and subpolar jet streams during the warming event. The
Southern Hemisphere jets (Fig. 9h) are not separately resolved in the
figure because of the zonal averaging and temporal smoothing
(Fig. 9i-n).

The dynamical nature of the synchronous Antarctic warming re-
quires further description. Fig. 90 shows the zonal mean mass transport
(stream function, contours) by the atmosphere (Hadley, Ferrel and Polar
cells) and the latitudinal convergence and divergence of eddy mo-
mentum covariance (shading). The zonally averaged eddy momentum
covariance represents the areas of transport (positive northwards)
where momentum is transported by eddies such as meridionally prop-
agating Rossby waves or by atmospheric waves generated during bar-
oclinic instability in midlatitude low-pressure systems. The poleward
transport of eddy momentum is responsible for driving the sub-tropical
zonal mean winds (eddy-driven jet) at altitude (Held and Hou, 1980).
This positive convergence occurs in the upper atmosphere at the edges of
the Hadley cell (where the Hadley cell descends). The Ferrel cell is
mechanically driven by divergence of the eddy covariance as observed
at mid-latitudes. The polar indirect cell is again in part a result of the
eddy convergence. The stream function anomalies through the D-O
warming event are characterized by a strengthening of the Southern
Hemisphere Hadley cell and a weakening of the Northern Hemisphere
Hadley cell (the negative anomalies from 20 ° S to 20° N in Fig. 9t and u).
The anomalies in the eddy covariance convergence and divergence, that
appear at elevation in the southern mid-to-high latitudes (Fig. 9r-u)
after the warming event has started, are due to a shift in the southern
subpolar and subtropical jets equatorward (Fig. 9i-n), a result of the
strengthened Southern Hadley cell. The positive eddy anomaly at 55 ° S
and negative anomaly at 40° S between 200 and 400 mb both contribute
to an anomalous northward flow at altitude (see equation below).

The sequence of factors that result in the warming over Antarctica
during the D-O warming event are as follows. The high-latitude lower-
troposphere warming in the North Atlantic, sourced from the stored
ocean heat, is spread hemispherically by the mean westerlies. The
spreading to mid-latitudes is further propagated equatorwards by the
lower branch of the Hadley cell and the extratropical trade winds (Shin
et al., 2021). The northward surface direction of the lower branch of the
Hadley cell south of the ITCZ causes a blocking effect. The warm
anomalies rise to elevation in the tropics (Fig. 91-n). With the ITCZ
shifted northwards (Fig. S26) to the warmer hemisphere due to energetic
constraints, the Southern Hemisphere branch of the Hadley cell in-
creases in intensity (Fig. 9s—u) (Schneider et al., 2014). This strength-
ened Hadley cell south of the equator moves more equatorial angular
momentum aloft and southwards (vu), accelerating the southern
sub-tropical jet (Ceppi et al., 2013; Held and Hou, 1980; Lindzen and
Hou, 1988; Shin and Kang, 2021). Here vu is the mean meridional
advection of mean angular momentum. A strengthened subtropical jet
increases vertical wind shears through the thermal wind relation,
increasing baroclinicity in the southern extratropics, moving the
southern eddy-driven jet northwards (Lee and Kim, 2003). This equa-
torward shift induces anomalous eddy momentum convergence aloft at
southern mid-latitudes and divergence poleward (Fig. 9s-u). The zonal
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momentum budget (Vallis, 2017) is

1 d(cos(p)vm)
P~ acos@ o

Hereu and v are the zonal and meridional wind respectively and a is
the radius of the Earth. The overbars denote the zonal mean. Eddy (u,v)
momentum convergence d(u,v')/ dy results in southward flow at the
edge of the upper southern Hadley Cell and divergence results in
northward flow at the upper southern Ferrel Cell (fthe Coriolis param-
eter, is negative in the Southern Hemisphere) (Fig. 90). The equatorward
shifted eddy-driven jet due to the NGRIP D-O warming event results in
anomalous northward flow aloft over the southern Ferrel and Hadley
cells (Fig. 9s—u). This anomalous upper-level flow forces a counter-
clockwise circulation over the Southern Ocean and Antarctica (red ar-
rows in Fig. 9s—u). The descending motion over Antarctica adiabatically
warms the South Polar troposphere (Shin and Kang 2021). The anom-
alous surface warming over Southern high latitudes then propagates
equatorward. The motion in the southern mid-to-high latitudes re-
sembles a “lava-lamp”-like indirect circulation (Fig. 9i-n). This overall
adjustment of the atmosphere explains the rapid teleconnection seen
between Greenland and Antarctica in both the ice cores and the climate
model at the onset of a D-O warming event.

We want to emphasize that the mechanism we present here is not
incompatible with the hypothesized shift in the SH westerlies proposed
in earlier studies. Rather, it provides a mechanistic explanation for the
observed abrupt warming signals over Antarctica. The proposed obser-
vational evidence for a shift in the SH westerlies during D-O variability is
the Antarctic Dx signal, consistent with isotope-enabled climate model
simulations that use the modern-day Southern Annular Mode as an
analogue for such shifts in the past (Landais et al., 2021; Schmidt et al.,
2007). How the mechanism by Shin and Kang (2021) impacts Antarctic
isotope records of 580 and Dx is not known and should be investigated
in subsequent work.

On a longer timescale the same diagnostics analysis presented above
(Fig. 9) of the progression of the atmosphere and ocean anomalies before
and after the D-O warming event is consistent with the theory of the
bipolar seesaw in temperature that has been extensively documented in
the literature (Fig. 10). In the centuries following a D-O warming event,
when the Northern Hemisphere is warm, a strengthened AMOC en-
hances oceanic heat transport from the Southern Hemisphere to the
Northern Hemisphere, leading to cooling in the Southern Ocean, a
signature of the bipolar seesaw mechanism. This removal of heat from
the Southern Ocean and global intermediate-depth oceans results in a
series of knock-on effects. For example, the cooling over Antarctica in
the centuries following the D-O event manifest itself through changes in
surface radiation balance associated with increases in sea-ice albedo and
extent. The southern surface ocean cools and the poleward atmospheric
transport in the atmosphere transmits the signal over the Antarctic
continent (Pedro et al., 2018).

In Fig. 10a-g, the zonal average global ocean displays this classic
bipolar signal and is typical of that seen in other modelling simulations
(Kuniyoshi et al., 2022; Pedro et al., 2018). The sequence of figures
shows time steps of 200 years from 400 years before the D-O warming
event to 600 years after the event. Note that the anomalies right at the
D-O warming event are biased towards the 1200 year mean in the
selected sequence (—600 to +600 years of the simulation surrounding
the D-O event) and are mostly positive (Fig. 10d). However, 200 years
after the warming event, the global ocean begins to cool in both the
Southern and Northern Hemisphere. The Northern Hemisphere has a
more pronounced cooling because the AMOC is in a strong state and the
North Atlantic has released its anomalously warm subsurface heat to the
atmosphere that was present before the onset of the D-O warming event.
If the sequence of figures were continued, the Northern hemisphere cool
ocean anomaly (in the Atlantic) would begin to warm as the AMOC
weakens. While we show the Global Ocean anomalies here, the Atlantic
Ocean anomalies shown in Figs. 528-529, are of similar structure but are
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of much greater amplitude, which highlights the role of the Atlantic in
the bipolar seesaw.

The atmospheric zonal temperature anomalies (Fig. 10h-n) have an
Antarctic temperature warm anomaly that peaks around 100 years after
the D-O warming event (Fig. S27). The Southern Ocean cooling anom-
alies appear synchronous with the surface air temperature changes over
Antarctica, as the bipolar seesaw establishes its characteristic pattern.
We see also an anomalous northward migration of the Northern Hemi-
sphere westerly jet (Fig. 10k-m). There is a slight equatorward shift in
the Southern Hemisphere eddy-driven jet in the first 100 years following
the D-O warming event (Ceppi et al., 2013; Shin and Kang, 2021). The
anomalies in the convergence of eddy momentum flux over Antarctica
and the Southern Polar Ocean appears to remain in place for up to 400
years after the D-O warming event at which point they begin to reverse
(Fig. 10r—u). The strong impact from the cooling of the Southern Ocean
likely dominates any downward adiabatic warming from the mechanism
described above, but cooling over Antarctica may be slightly enhanced
with this mechanism 600 years after the warming event with a reversal
of the adiabatic decent changing to accent (Fig. 10u). The Hadley cell
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moves northward after the D-O warming event while the anomalous
circulations in the Southern Hemisphere Ferrel cell appear to dissipate
as the warming event progresses (Fig. 10r—u).

The phasing of atmospheric variables at specific latitudes and heights
in the atmosphere are shown in Fig. 11. The warming at high northern
latitudes shows the onset of the D-O warming event at 850 mb and 60°N
(Fig. 11a). The corresponding warming over Antarctica at 850 mb and
75°S follows a similar pattern of warming at the D-O warming onset. The
magnitude of the anomaly in the eddy momentum convergence corre-
sponds to a generation of anomalous northerlies when the values go
positive at the onset of the D-O event (see Shin and Kang (2021), Fig. 4).
The Southern Hemisphere eddy-driven jet and Hadley Cell both show
in-phase northward movement at the onset of the D-O warming event
(Fig. 11b). However, both the Southern jet and eddy momentum
convergence display a high degree of variability, so although the
divergence of eddy momentum appears to lead the warming in the
northern hemisphere, they may be synchronous.

Temperature Anomalies and Southern Eddy Momentum Convergence
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Fig. 11. a) The zonal average temperature anomalies at high northern (60°N) and southern latitudes (75°N) near the surface (850 mb) showing the D-O warming
event (blue) in the north and the Antarctic warming (orange) in the south. The anomalous eddy momentum divergence (positive) induces anomalous upper level
troposphere northerlies. b) The anomaly in the mass streamfunction at the equator and 500 mb (green) shows a northward migration of the Hadley Cell (and
therefore ITCZ) when the streamfunction anomaly starts decreasing. The Southern Hemisphere eddy-driven jet is marked by anomalies in the zonal average winds at

55°S and 300 mb (purple).
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5. Conclusions

A volcanic matching of Greenland and Antarctic ice cores has been
generated for the last glacial period, 10-110 ka, by identification of 300
large volcanic eruptions with sulfate distribution in both Polar Regions.
Together with five bipolar cosmogenic match points, the average
spacing between match points of less than 330 years allows to determine
the phasing of inter-hemispheric climate at decadal precision
throughout the last glacial period.

On the centennial-to-millennial time scale, the bipolar climate
phasing confirms the existence of an ocean-driven bipolar seesaw. The
general behavior of the bipolar climate phasing associated with the
abrupt Greenland climate transitions is investigated by stacking the
climate record across all of the warming and cooling transitions of the
last glacial. The stacking of the warming transitions shows a pattern
where Greenland and Antarctica warm over a circa 22-yr and 60-yr long
period, respectively, following the Greenland warming transition
midpoint. The peak in Antarctic warmth lags the Greenland warming
transition midpoint by 39-146 years (60 yr best estimate).

This pattern is seen in all the investigated Antarctic ice cores except
the EDML core and it is consistent for both stronger and weaker
Greenland warming transitions. At the EDML site located in the coastal
Atlantic sector and receiving air masses from the Weddell Sea, a distinct
pattern is observed in relation to the Greenland warming events in
agreement with earlier studies. At EDML the stacked record shows a
cooling (i.e., more negative 5'%0) across the Greenland warming tran-
sition. The reason for this deviating pattern is not understood, but it is a
local phenomenon as the same pattern is not seen at the DF site that is
located on the boundary between the Atlantic and Indian Ocean sectors,
but at higher elevation on the Antarctic plateau. The EDML exception
requires further model and ice-core investigations in the future.

A comparison is made to a stack of unforced D-O-like oscillations
generated by the NCAR CCSM4 model under MIS 3 climate conditions.
The stacked ice-core data and model simulations show very comparable
bipolar climate evolutions across the Greenland warming events in
terms of timing and relative amplitudes suggesting that the model
captures the main features of the events. However, the distinct behavior
observed for the EDML site is not reproduced in the model as the model
shows a climate pattern for EDML similar to that of the other modelled
Antarctic ice-coring sites. Thus the climate model is not able to explain
the EDML exception and lacks the feedbacks, mechanisms or resolution
required to explain the Atlantic sector anomaly.

The climate model allows us to explore the dynamics of synchronous
temperature changes during D-O warming events, where we focus on
atmospheric teleconnections as observed in the glacial model simula-
tions. The study reveals a distinct shift from Northern Hemisphere sta-
dial to interstadial conditions and rapid corresponding atmospheric
changes in the Southern Hemisphere. This pattern indicates a bipolar
atmospheric teleconnection in the climate model. Notably, the warming
sequence demonstrates a unique atmospheric reorganization, particu-
larly over Antarctica, where warming occurs over Antarctica through
adiabatic descent in the Southern polar latitudes as an indirect result of
the abrupt D-O warming in the lower troposphere at high northern
latitudes.

There are several applications of the bipolar volcanic matching
presented here. One is for the construction of ice-core time scales that
are consistent for Greenland and Antarctica (Bouchet et al., 2023; Oyabu
et al., 2022). Because accumulation patterns change differently between
Greenland and Antarctica, the bipolar synchronization provides tighter
constraints for both modelled and layer-counted bipolar time scales
compared to those based on ice cores from one Hemisphere only. It also
refines the phasing between changes in temperatures and atmospheric
gas concentrations as Aage is constrained by the bipolar matching
(Buizert et al., 2021). Once the bipolar ice-core time scales are consis-
tent, any paleo-information that can be linked to a polar ice core can be
put in a global climatic context.
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Another application of the bipolar volcanic matching is for the
quantification and occurrence rate of last-glacial large volcanic erup-
tions (Lin et al., 2022). The bipolar linking allows us to discriminate
large volcanic eruptions with stratospheric sulfate injection and global
climatic impact from regional volcanism where sulfate is mostly trans-
ported in the troposphere. Because the ice cores provide continuous
records of sulfate deposition, they offer more complete volcanic occur-
rence records than those obtained from geological approaches in a
100-ka time frame (e.g. Crosweller et al. (2012) and Schindlbeck-Belo
et al. (2024)).
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