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The last glacial period exhibited abrupt Dansgaard-Oeschger cli-
matic oscillations, evidence of which is preserved in a variety of
Northern Hemisphere palaeoclimate archives'. Ice cores show that
Antarctica cooled during the warm phases of the Greenland
Dansgaard-Oeschger cycle and vice versa™, suggesting an inter-
hemispheric redistribution of heat through a mechanism called the
bipolar seesaw**. Variations in the Atlantic meridional overturn-
ing circulation (AM OC) strength are thought to have been import-
ant, but much uncertainty remains regarding the dynamics and
trigger of these abrupt events’~. Key information is contained in
the relative phasing of hemispheric climate variations, yet the
large, poorly constrained difference between gas age and ice age
and the relatively low resolution of methane records from
Antarctic ice cores have so far precluded methane-based synchron-
ization at the required sub-centennial precision™>'°. Here we use a
recently drilled high-accumulation Antarctic ice core to show that,
on average, abrupt Greenland warming leads the corresponding
Antarctic cooling onset by 218 = 92 years (24) for Dansgaard-
Oeschger events, including the Bolling event; Greenland cooling
leads the corresponding onset of Antarctic warming by
208 £ 96 years. Our results demonstrate a north-to-south direc-
tionality of the abrupt climatic signal, which is propagated to the
Southern Hemisphere high latitudes by oceanic rather than atmo-
spheric processes. The similar interpolar phasing of warming and
cooling transitions suggests that the transfer time of the climatic
signal is independent of the AMOC background state. Our find-
ings confirm a central role for ocean circulation in the bipolar
seesaw and provide clear criteria for assessing hypotheses and
model simulations of Dansgaard-Oeschger dynamics.

Net heat transport by the Atlantic branch of the global ocean over-
turningcirculation is northwards at all latitudes, resulting in a heat flux
from the Southern Hemisphere (SH) to the Northern Hemisphere
(NH)*. Variations in this flux act to redistribute heat between the
hemispheres, a mechanism commonly invoked to explain abrupt
sub-orbital climatic variability and the asynchronous coupling of
Greenland and Antarctic temperature variations on these timescales>®.
Millennial-scale AMOC variability is corroborated by North Atlantic
proxies for deep-water ventilation and provenance that suggest
decreased North Atlantic deep water production and the intrusion
of southern-sourced water masses during stadial (that is, North
Atlantic cold) periods'"". The oceanic instabilities are accompanied
by shifting atmospheric transport patterns. Proxy data and climate
models consistently indicate northward and southward migrations
of the intertropical convergence zone in response to abrupt NH warm-
ing and cooling, respectively'*'*. Abrupt NH events may also induce
changes in the strength and position of the SH mid-latitude westerlies.
Strengthened and/or southward-shifted westerlies during NH stadials
have the potential to warm the Southern Ocean and Antarctica by
enhancing the wind-driven upwelling of relatively warm circumpolar
deep waters, providing a direct atmospheric pathway for the bipolar
seesaw to operate'®. Climate model simulations further suggest that
atmospheric readjustment in response to decreased North Atlantic

deep water formation can induce inhomogeneous temperature
changes over the Antarctic continent'®', possibly by means of
wind-driven changes in sea-ice distribution®.

Atmospheric teleconnections operate on seasonal to decadal time-
scales because of the fast response time of the atmosphere®'®'”. By
contrast, oceanic teleconnections can operate on a wide range of time-
scales from decadal to multi-millennial, depending on the processes
and ocean basins involved'*~". Climatic signals can be rapidly propa-
gated from the North Atlantic to the South Atlantic via Kelvin waves’,
but models suggest a more gradual (centennial timescale) propagation
from the South Atlantic to the SH high latitudes as a result of the
absence of a zonal topographic boundary at the latitudes of the
Antarctic circumpolar current (ACC)"”?. The timescale on which
newly formed North Atlantic deep water is exported to the Southern
Ocean is similarly around several centuries™. The bipolar seesaw rela-
tionship observed between ice core records potentially bears the
imprint of both atmospheric and oceanic teleconnections; precise con-
straints on the interhemispheric phasing can help distinguish which
mode dominates, and can also identify leads and lags'®'"**".

Completed in December 2011, the West Antarctic Ice Sheet (WAIS)
Divide ice core (WDC)"” was drilled and recovered to a depth of
3,405m. Here we present results from the deep part of the core
(Fig. 1), extending back to 68kyr before 1950 (before present; BP).
The WDC climatic records show no stratigraphic disturbances (such
as large-scale folds) that are commonly encountered near the base of
ice cores, a fact we attribute to basal melting at the site that removes old
ice before such disturbances can develop and that decreases shear
stress by lubricating the bed. The Greenland NGRIP core similarly
has strong basal melting and an undisturbed stratigraphy'. WDC
3'%0 ofice, a proxy for local condensation temperature, exhibits clear
millennial-scale variability as observed across the Antarctic continent
(Fig. 1c, d). We evaluate the phasing of WDC millennial variability
relative to §'®0 of the Greenland NGRIP core (Fig. 1a). For each
Greenland Dansgaard-Oeschger (DO) event we can identify a corres-
ponding Antarctic Isotopic Maximum (AIM) event’, although AIM 9
is only very weakly expressed in WDC (we adopt the naming conven-
tion whereby AIM x is concomitant with DO x).

To investigate the phasing of the bipolar seesaw, we have synchro-
nized WDC to the Greenland NGRIP core by means of globally well-
mixed atmospheric methane (CHg; Fig. 1b)**. WDC allows CH,4
synchronization at unprecedented, sub-centennial precision as a
result of the small difference between gas age and ice age (Aage)
and continuous, centimetre-scale resolution CH, record (Extended
Data Figs 1 and 2). Because uncertainties in the relative phasing of
CH, and Greenland climate’™ are smaller than uncertainties in
Greenland Aage, we synchronize WDC CH, directly to NGRIP
8180 (rather than to NGRIP CH,)?.

As pointed out by several authors®”, a strong anti-correlation exists
between Greenland 8'°0 and the rate of change (that is, the first time
derivative) of Antarctic 8'®0. This relationship is consistent with a
simple thermodynamicmodel of the bipolar seesaw in which A ntarctic
temperature variations are moderated by the large thermal mass of the
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Figure 1 | Records of glacial abrupt millennial-scale climatic variability.

a, Greenland NGRIP 60 record! on GICCO05 X 1.0063 chronology
(Methods). b, WDC discrete CH,4 record on the WD2014 chronology, which is
based on layer counting (0-31.2 kyr) and CH, synchronization to NGRIP

Southern Ocean®. In evaluating this relationship at WAIS Divide
(Fig. 2a, blue curve), we find the strongest anti-correlation at a NH
lead of about 170 years (blue dot in Fig. 2a). This timingis distinct from
the zero-year lead commonly assumed in mathematical descriptions of
the bigolar seesaw. The analysis is repeated using an ensemble of
4 X 10° alternative WDC chronologies (Methods), showing that the
centennial-scale timing is a robust result (Fig. 2d) with an estimated
uncertainty of 69 years (2¢ uncertainty bounds are used throughout
this work). Evaluation of the cross-correlations using WDC CH,
instead of NGRIP §'°0 gives almost identical results (Fig. 2a, green
curve), in line with the notion that CH, is a good proxy for Greenland
climate

Next we analyse the DO-AIM coupling in more detail. The bipolar
seesaw theory suggests that during Greenland stadial periods heat
accumulates in the SH, causing gradual warming of Antarctica; during
interstadial periods Antarctica is cooling. The abrupt stadial-intersta-
dial transitions in Greenland are accompanied by a breakpoint in the
WDC §'°0 record, where the warming trend changes to a cooling
trend. Although the timing of abrupt transitions can be established
unambiguously in both CH, and Greenland 5'%0O records, the smaller
signal-to-noise ratio of Antarctic §'®0 time series complicates break-
point identification for individual AIM events. To overcome this lim-
itation, we stack and average the AIM events to detect their shared
climatic signal (Methods and Extended Data Figs 3 and 4). We align
WDC records at the midpoint of the DO CH, transitions, which is set
to lag the midpoint in the NGRIP §'®0 transition by 56 + 38 years™.
The relative timing of the WDC 8'°0 and CH, curves is determined by
Aage, which is the largest source of uncertainty (Methods).

We find that Antarctic cooling is delayed relative to abrupt NH
warming by 218 *92years on average (Fig. 2b, e); similarly,
Antarctic warming lags NH cooling by 208 = 96 years (Fig. 2c, f).
The robustness of this result is demonstrated with a Monte Caro
analysis in which we randomly perturb the relative alignment of the
individual AIM events, in combination with an ensemble of 4 X 10

(31.2-68kyr)”.c, WDC 8'0 record. d, Antarctic temperature stack (ATS)® in
degrees Celsius relative to the present day on AICC12 X 1.0063 chronology.
DO/AIM events are indicated with orange vertical bars, numbered at the
bottom of the figure.

alternative WDC chronologies. The timing of the WDC §'°0 break-
point (orange dots in Fig. 2b, c) is determined by using an automated
fitting algorithm (Methods and Extended Data Fig. 5). Performing the
analysis separately on a stack of only the major AIM events (AIM 4, 8,
12, 14 and 17), only the minor AIM events or stacks of eight randomly
selected AIM events gives nearly identical phasing (Extended Data Fig.
6), excluding the possibility that the result is dominated by the timing
of a few prominent events. We repeat the stacking procedure for the
WDC sea-salt sodium record (Extended Data Fig. 7), and find that this
tracer, which has been interpreted as a proxy for sea-ice production®,
changes almost synchronously with WDC §'®*0—possibly reflecting a
common forcing by Southern Ocean temperatures®.

At the onset of the NH Bolling warm period (DO 1; 14.6 kyr) we find
a north-south phasing comparable to that of the glacial period, with a
256 + 133-year lag of the Antarctic 5'®0 response (Fig. 3 and
Extended Data Table 1). The interpolar phasing at the onset and
termination of the Younger Dryas stadial is ambiguous in our record
(Extended Data Table 1), mostly because of the relatively gradual
nature of the Younger Dryas onset and the presence of two local
maxima in the WAIS-D 8'®0 record around the Younger Dryas-
Holocene transition (possibly reflecting regional climate). A recent
study using a CHy-synchronized stack of five near-coastal Antarctic
cores spanning the deglaciation suggested a near synchrony of
Antarctic breakpoints and Greenland transitions within a dating
uncertainty of 200years'. Our result overlaps with this range.
However, the much smaller dating uncertainty at WDC and our use
of the full sequence of glacial AIM events shows that a centennial-scale
Antarctic lag is a systematic feature of DO-AIM coupling throughout
the glacial period.

The lead of NH climate revealed at WDC (Fig. 2) provides clues
about DO climate dynamics. The simplest interpretation is that the
abrupt phases of the DO cycle are initiated in the NH, presumably in
the North Atlantic. This is consistent with several proposed DO
mechanisms, such as North Atlantic sea-ice dynamics’, freshwater
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Figure 2 | Interhemispheric phasing of the bipolar seesaw. a, Lagged
correlation between NGRIP §'*0 and WDC d(8'®0)/dt (blue), and between
WDC CH, and d(8'°0)/dt (green). Millennial-scale variability is isolated by
using a fourth-order Butterworth bandpass filter (500-10,000-year window);
the CH,-synchronized part of the records is used (31.2-68 kgr). b, DO3-18
stack of NGRIP §'%0 (blue), WDC CH, (green) and WDC §'®0 (orange with
curve fit), aligned at the midpoint of the DO warming signal. Events are
averaged with their original amplitudes and normalized after stacking for

forcing® or ice shelf collapse’. We acknowledge, however, that the
abrupt North Atlantic events could be the response to a remote process
not visible in the ice core records; therefore, although we cannot ascer-
tain the location of the elusive DO ‘trigger’ (if such a concept is even
meaningful in a highly coupled dynamical system), our results clearly
indicate a north-to-south directionality of the abrupt phases of the
bipolar seesaw signal

The centennial timescale of the NH lead demonstrates the dom-
inance of oceanic processes in propagating NH temperature anomalies
to the SH high latitudes. Any atmospheric teleconnection would be
manifested within at most a few decades after the abrupt NH event'®;
on this timescale the WDC 820 stacks (Fig. 2b, c) show no discernible
temperature response above the noise. We estimate the noise level by
subtracting the fitted curves from the 8'%0 stacks; the remaining signal
has a 2¢ variability of 0.14%o, or about 0.18 °C assuming an isotope
sensitivity of 0.8%0 K '. We therefore estimate an upper bound of
0.18°C on an atmospherically induced Antarctic temperature res-
ponse (for comparison, millennial Antarctic temperature variations
are on the order of 1-2 °C). A readjustment of atmospheric transport
may induce spatially inhomogeneous temperature changes™'® that
may be (partly) responsible for the heterogeneity in expression, or
shape, of AIM events across Antarctica’.

We find that on average the DO cooling signal is transmitted as fast
to Antarctica as the DO warming signal is (our sensitivity study sug-
gests a difference in propagation time of 10 = 89 years). This implies
that the north-to-south propagation time is independent of the AMOC
background state; that is, it is independent of whether the AMOC is in
the weak or strong overturning state. Modelling work suggests that the
meridional propagation time across the ACC latitudes depends prim-
arily on ACC strength®; our inference of similar propagation times
may thus reflect a stability of the ACC on millennial timescales. There
is also a conspicuous synchronicity between the phasing of the bipolar
seesaw and the duration of the abrupt increase in CO, at 14.6 kyr
(Fig. 3d); if the former does indeed reflect the timescale of the oceanic
response, this may hold clues about the (unidentified) source of this
CO, (ref. 26).
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convenience of visualization. ¢, As in b, but for NH abrupt cooling events (that
is, the interstadial terminations). d-f, Histograms of NH lead time associated
with a-c, respectively, generated by binning solutions from the sensitivity
study. The total number of solutions is 4 X 10% in d, and 4 X 10° in e and

f. Distribution mean and 2¢ probability bounds are listed in the panels. Shaded
vertical yellow bars (upper panels) show NH lead time; the error bar represents
20 as defined for the lower panels.

Proxy records of North Atlantic ventilation and overturning
strength during Marine Isotope Stage 3 typically show the most prom-
inent excursions during Heinrich stadials'*'’, periods of extreme
cold in the North Atlantic associated with layers of ice-rafted
debris in ocean sediments that represent times of massive delivery of
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Figure 3 | Timing of the last deglaciation. a, NGRIP 8'%0 on GICCO05
chronology'. b, WDC CHs. ¢, WDC 5180 with breakpoints as orange dots and
error bars showing the 2¢ uncertainty bounds (Extended Data Table 1).

d, WDC CO, data (dots) with spline fit (solid line)*. Period abbreviations: OD,
Oldest Dryas; B-A, Belling- Allerad; ACR, Antarctic Cold Reversal; YD,
Younger Dryas; Holoc., Holocene. Vertical orange lines correspond to the
midpoints of the WDC CH, transitions. NGRIP and WDC chronologies are
both based on annual-layer counting, and are fully independent.



debris-laden icebergs (Heinrich events). This suggests that there may
be a difference between climate dynamics during Heinrich and non-
Heinrich stadials. We find no anomalous NH lead time for DO transi-
tions directly after or before Heinrich stadials (Extended Data Fig. 6),
and thus no evidence that Heinrich stadials are unusual from the
perspective of the oceanic teleconnections that dominate the bipolar
seesaw. Similarly, previous work has shown that an increase in
Antarctic temperature is linearly related to Greenland stadial duration,
irrespective of the occurrence of Heinrich events during these stadials®.
Recent studies suggest that decreases in AMOC strength precede the
Heinrich events, allowing the possibility that the latter are a response
to AMOC variations rather than their cause’’”*. The main influence of
Heinrich events on the bipolar seesaw may thus be to lengthen the
stadial periods during which they occur by suppressing the AMOC by
means of iceberg-delivered freshwater, allowing large amounts of heat
to build up in the Southern Ocean.

Although both the data® and the models'*?' suggest a fast temper-
ature response in the South Atlantic (decadal-scale in models), there is
currently no consensus in existing model studies on the physical
mechanisms and timescales of the processes that propagate temper-
ature signals between the South Atlantic and the Southern Ocean;
complicating factors to consider include the lack of a zonal boundary
to support the propagation of Kelvin waves™, the large thermal inertia
of the Southern Ocean®, the complexity of eddy heat transport across
the Antarctic circumpolar current, and the coupling between the
extent of Antarctic sea ice and the overturning circulation®. In this
context, our precise phasing observations provide a new constraint
with which to test future model simulations seeking to capture the
dynamics of millennial-scale climate variability.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version ofthe paper; references unigue
to these sections appear only in the online paper.
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METHODS

Core recovery and processing. The location of the WAIS Divide ice core
(79.48°8,112.11° W) was selected to provide the highest possible time-resolution
record of Antarctic climate during the past 50kyr or more, and to ensure that the
record from the last deglaciation would notbeinice from the lower-quality brittle-
ice zone". The site has a present-day ice accumulation rate of 22 cmyr ™, divide
flow and an ice thickness 0f 3,460 m (J. Paden, personal communication 2011). No
stratigraphic irregularities were detected in the core using visual observation,
multitrack electrical conductivity measurements or gas stratigraphy. Coring was
stopped 50m above the bed to prevent contamination of the unfrozen basal
environment. Drilling of the main core (WDCO06A) started during the 2006/
2007 field season and finished during the 2011/2012 field season, at the final depth
of 3,405 m. Drilling was done with the US Deep Ice Sheet Coring (DISC) drill, a
new drill designed and operated by the Ice Drilling Design and Operations group
(engineering team at University of Wisconsin, Madison). Core handling and
distribution of ice samples were performed by the National Ice Core Laboratory
(US Geological Survey) and the Science Coordination Office (University of New
Hampshire and Desert Research Institute). The drill and core handling methods
had many innovations that improved core quality, especially in the brittle ice.
These induded improved mechanical characteristics of the drill, better control
of the drilling operation, core handling procedures that minimized thermal and
mechanical shock to core, netting to contain the brittle ice, and temperature
tracking of all ice samples from the drill to the laboratories.

Data description. Water '*0/'°0 composition (5'°0) was measured at IsoLab,
University of Washington, Seattle, Washington. Measurement procedures for
WDC have been described elsewhere'™!, In short, measurements were made at
0.5m depth averaged resolution, using laser spectroscopy (Picarro L2120-i water
isotope analyser). 8'®0 data are reported relative to the VSMOW (Vienna
Standard Mean Ocean water) standard, and normalized to the VSMOW-SLAP
(Standard Light Antarctic Precipitation) scale.

Two separate data sets of atmospheric methane exist for WDC. The firstis based
on discrete sampling of the core; it was measured jointly at Penn State University
(0-68 kyr, 0.5-2 m resolution) and at Oregon State University (11.4-24.8 kyr,
1-2m resolution). For this record the air was extracted using a melt-refreeze
technique from ~50 g ice samples, and analysed on a gas chromatograph with a
flame ionization detector’®. Corrections for gas solubility, blank and gravita-
tional enrichment for the Oregon State University data were performed in
accordance with ref. 33; corrections to the Penn State University data are described
inref. 17. A second data set (R. H. Rhodes, E.]J. Brook, J. C. H. Chiang, T. Blunier,
0.]. Maselli, J.R. McConnell, D. Romanini and J. P. Severinghaus, unpublished
observations) is based on continuous flow analysis (CFA) in combination with
laser spectroscopy****. This data set, which is of higher temporal resolution, was
used to determine the timing of the abrupt DO transitions (Extended Data Fig, 2).
All CH; data are reported on the NOAAO4 scale™.

WDC Na concentrations were measured at the Ultra Trace Chemistry

Laboratory at the Desert Research Institute, Reno, Nevada, by means of CFA.
Sticks of ice were melted continuously on a heated plate. Potentially contaminated
meltwater from the outer part of the ice stick was discarded. Two inductively
coupled plasma mass spectrometers were used to analyse the stream of melt-
water”. The CFA chemistry and CH, data were measured simultaneously on
the same ice samples, and all measurements are co-registered in depth.
Age scale and Aage. For WDC we use the WD2014 chronology, which is based on
annual-layer counting down to 2,850 m (31.2 kyrsp), and on stratigraphic match-
ing by means of globally well-mixed methane for the deepest part of the core
(2,850-3,405 m)®. The deep section of the WD2014 chronology has been syn-
chronized to a linearly scaled version of the layer-counted Greenland ice core
chronology (GICCO05). Multiplying the GICCO05 chronology by 1.0063 brings
the ages of abrupt DO events as observed in Greenland ice core records in agree-
ment with the ages of these events observed in the U/Th-dated Hulu Cave spe-
leothem record (which provides better absolute age control)”. The NGRIP data in
Fig. 1a have similarly been placed on the 1.0063 X GICCO5 age scale; NGRIP data
in Fig. 3a are plotted on the original GICCO05 chronology.

WDC permits precise interhemispheric synchronization for two reasons. First,
as a result of the high accumulation rates, Aage remains relatively small. WDC
Aage is about an order of magnitude smaller than Aage in cores from the East
Antarctic Plateau, and about one-third of Aage at other coastal sites that cover the
last glacial period (Extended Data Fig. 1a). As the uncertainty in Aage is pro-
portional to Aage itself, this leads to smaller dating uncertainties at WDC. Second,
recent technological developments in coupling laser spectrometers with ice core
continuous-flow analysis™ have resulted in a WDC CHy; record with the highest
temporal resolution of all Antarctic ice cores so far. Extended Data Fig. 2c com-
pares the WDC CH, record (grey, ~2-year sampling resolution) with the EDML

CH, record (orange, ~100-year sampling resolution). The estimated uncertainty
in WDC Aage (ref. 23) is shown in Extended Data Fig. 1b-e.

Note that the transition between the layer-counted and CH,-synchronized
sections of the WD2014 chronology at 31.2 kyr does not influence our analysis
of the bipolar seesaw phasing. In the stacking procedure we align each of the
individual Antarctic events at the midpoint of the associated DO CH, transition.
In doing so, we effectively synchronize all the WDC events to NGRIP 3'%0, not
just the events between 68 and 312 kyr. In performing the cross-correlation
between NGRIP and WDC (Fig. 2a), we only analyse the CH,-synchronized part
of the record.

A dynamical version of the firn densification model* is used to calculate the
Aage of the WD2014 chronology™. We furthermore calculated WDC Aage using
an alternative fim densification model™***° (Extended Data Fig. 1b, blue curve).
Using this alternative Aage scenario gives a NH lead time of 242 and 247 years for
abrupt DO warmingand DO cooling, respectively, in good agreement (within the
g uncertainty bound) with results presented in the text.

Identification of abrupt DO transitions. We use the midpoint of the abrupt
transitions as time markers to align individual events. The method for finding the
midpoint isidentical to thatused in ref. 23, where further details can be found. The
method is shown in Extended Data Fig. 2a, b for DO 17 and 16 (we use a recently
proposed DO nomenclature®). For each transition we define a pre-transitionlevel
and a post-transition level (horizontal orange markers), and use linear interpola-
tion to find the depth at which the tracer of interest (5'*0 or CH,) has completed
25%, 50% and 75% of the transition from the pre-transitional to post-transitional
value. The 50% depth (red dots) is used to define the timing of the abrupt event; the
25% and 75% depths (blue dots) provide an uncertainty range on the midpoint™.

It has been suggested that interhemispheric CH, synchronization is compli-

cated by the fact that gas bubbles in ice cores have a gas age distribution, rather
than a single age®. To investigate this effect at WDC, we construct a hypothetical
gas age distribution (Extended Data Fig. 2d), using a (truncated) log-normal
distribution as suggested elsewhere'>®, in which we conservatively set ¢ =1
and p = In(50). The spectral width (or second moment) of this age distribution™
is 24.3 years; for comparison, the gas-age spectral width for present-day WDC firn
is only 4.8 years™. Applying this filter to an atmospheric ramp in CH, (Extended
Data Fig, 2e) shifts the midpoint of the transition (as recorded in the ice core)
forwards by 5 years. Because we have conservatively chosen the age distributionto
be very wide, this 5-year shift should be considered an upper bound. The influence
ofthe gasage distribution on the transition midpoint identification is very smallin
comparison with other sources of uncertainty, and is neglected in the remainder of
the manuscript.
Stacking procedure. We define a time vector 7 that runs from time t = —1,200 to
t = 1,200 in 1-year increments. Next, for each of the DO/AIM events, we set the
midpoint of the NGRIP §'®0 transition to t =0, and use linear interpolation to
sample the different records onto time vector 1. For each individual DO/AIM
event this results in a record that spans from —1,200 to +1,200years relative to
the abrupt transition, at annual time steps; we shall refer to these as the contrib-
utory records. To align the WDC records we set the midpoint in the WDC CH,
transition to t = 56 years, using the observation that the CH, transition slightly
lags the Greenland §'®0 signal>24647 (the uncertainty in this time lag is evaluated
in the sensitivity study). With all the individual events synchronized and
resampled to identical time spacing, we can average them to obtain the stacked
record.

The spacing between DO events varies widely over time, ranging from several
thousands of years to only hundreds of years. This means that in several cases the
2,400-year window we use contains more than a single event. We crop the con-
tributory records whenever an adjacent event occurs within the sampling window
(Extended Data Fig, 3). For widely spaced (that is, long-duration) events such as
DO/AIM 12, no adjacent events fall within the time window, and no cropping is
required (Extended Data Fig. 3a). For closely spaced events, suchas DO/AIM 17.1,
we need to crop neighbouring events (Extended Data Fig, 3b). The cropped parts
ofthe contributory records are replaced with constant values that equal the bound-
ary values (50-year averages) of the uncropped part of the record. The number of
contributory records available as a function of time is shown in the bottom half of
Extended Data Fig. 4. The shortest contributory record is the AIM 17.1 record,
which is 700 years long,

Determining the breakpoint in the WDC §'®0 stack. We use an automated
routine that is similar to the BREAKFIT algorithm*®, the main difference being
the use of a second-order polynomial (rather than a linear) fit to the data, to
account for the fact that the WDC 8'®0 stack is curved rather than linear. The
algorithm finds the breakpoint that minimizes the root mean square deviation
(r.m.s.d.) between the stack (that is, the data) and the polynomial fit in the —600
to +700years time interval (Extended Data Fig. 4); the interval was chosen



asymmetrically around zero to account for the fact that the breakpoint is always
found at positive values. The routine operates as follows.

First, the user selects the range in which the algorithm is to look for the break-
point, as well as a time step. For example, if the user selects 0-400years at a 100-
year time step, the algorithm will test the possibilities t= 0, 100, 200, 300 and
400 years. We shall refer to this one-dimensional array of values as the input
vector.

Second, at each of the values in the input vector, the 880 stackis split into two
pieces, and a second-order polynomial curve is fitted to data on each side sepa-
rately. The two fitting curves are merged at their point of intersection. Note that
the point of intersection can differ from the point where the data series were splitin
two.

Third, for each fit thus obtained, we calculate the r.m.s.d. to the stacked data
over the —600 to +700 years time interval, and we select the best fit. The point of
intersection of the two curves, rather than the point where the data series were split
into two (that is, the valuesin the input vector), is considered the breakpoint in the
8'%0 stack.

For most of the results in this work we let the algorithm search in the 0-400-year
range, at a 2-year time step. The exception is the stacks of randomly selected DO
events (Extended Data Fig. 6), for which we used a wider range (—100 to
+500years) to account for the larger spread in solutions. Note that the effective
range of breakpoint detection is wider than the input range, because the point of
intersection of the fitting curves is permitted to lie outside the range specified by
the input vector. The fitting curves generated by the algorithm are plotted in dark
orange lines in Fig, 2b, c and Extended Data Figs 4a, b, 6a—d and 7b, ; the break-
point is indicated with an orange dot. The MATLAB code implementing the fitting
procedure is provided in Supplementary Information.

The reason for using a quadratic rather than a linear fitting procedure is that
Antarctic temperatures do not change in a linear fashion either before or after the
abrupt transitions. As a test, we apply our fitting procedure to the WDC "0 stack
(Fig. 2b), using either linear or quadratic fitting functions, in which we change the
size of the data window from 300years to 1,600 years. The window is applied
symmetrically, meaning that equal numbers of years are used before and after
the detected breakpoint (800 years on each side for a 1,600-year window). Data
falling outside this window are ignored in the fitting procedure.

We find that the performance of the quadratic fitting procedure is superior in

two important aspects (Extended Data Fig. 5). First, by using a quadratic fit, the
breakpoint we detect is independent of the window size, which is not true for the
linear fit. Second, the quadratic method provides a better approximation to the
data, as expressed by the r.m.s.d. between the data and the fitting curve. At small
window sizes of <<700 years, both methods agree very well, and the fit to thedata is
comparablein terms of the r.m.s.d. This is due to the fact that at small window sizes
the curvature of the time seriesis not very pronounced and is well approximated by
a linear trend. We have also tested the BREAKFIT routine®®, which uses a linear fit
on both sides of the breakpoint. We find a very good agreement between the
breakpoints identified using the BREAKFIT routine and our linear fitting routine,
witha mean difference of 0.2 years between them. Using a moving block bootstrap
analysis®®, the BREAKFIT algorithm suggests a 2¢ uncertainty of 50.8 years in
breakpoint identification.
Monte Carlo sensitivity study. To assess how the different uncertainties in our
method affect our conclusions, we perform a Monte Carlo sensitivity study. The
largest source of uncertainty is the difference between gas age and ice age, or Aage
(ref. 49). Aage determines the relative timing of the WDC CH, and §'%0 records,
and thereby the phasing we infer for WDC AIM events relative to Greenland
climate™. Increasing Aage shifts WDC ice ages towards older ages, thereby
decreasing the NH lead time that we infer; vice versa, decreasing Aage will shift
the ice ages younger, increasing the observed NH lead time. The Aage reconstruc-
tion we use here is obtained from a dynamical firn-densification model****'=>*
constrained by 8'°N-N; data, a proxy for past firn-column thickness™. The firn-
densification model results are in good agreement® with the alternative Adepth
method developed recently®. For our current purpose we use an ensemble of 1,000
Aage histories (Extended Data Fig, 1b-e) generated by varying a suite of input
parameters of the firn-densification model”. We furthermore use four different
depth-age interpolation strategies™*, providing a total of 1,000 X 4 = 4,000
alternative WDC chronologies.

For each of these 4,000 potential WDC chronologies we further perform a
Monte Carlo simulation (100 realizations) in which we perturb the alignment of
the contributory records. The rationale behind the Monte Carlo study is that there
is an uncertainty in the synchronization of the contributory records, and we want
to assess how this uncertainty impacts our conclusions. In the Monte Carlo study,
a random timing error is assigned to each of the contributory records, and thereby
they are effectively shifted relative to one another in time. We distinguish between
systematic and non-systematic errors, in which the former are correlated between

the different AIM events, and the latter are not. Sensitivity tests with the firn
densification model show that Aage is a systematic error; if we have overestimated
glacial Aage by, for example, 50 years, this will probably be true for all of the ATM
events. We consider five independent sources of uncertainty in the synchroniza-
tion procedure.

First, the midpoint detection in the abrupt NGRIP §'®0 transitions has an
uncertainty; we shift the record by a value drawn from a Gaussian distribution
of zero mean and a width that equals the midpoint uncertainty as defined above.
This error is non-systematic.

Second, as in the first point above, but for the midpoint in theabrupt WDC CH,
transition.

Third, although all four interpolation strategies synchronize the abrupt NH
warming events between NGRIP and WDC, only two of them synchronize the
NH cooling events®, For stacks of NH cooling we added an additional uncertainty
drawn from a Gaussian distribution of zero mean and a width corresponding to
the age difference between the cooling event as detected in NGRIP 8'*0 and WDC
CH,. This error is non-systematic.

Fourth, a recent extensive analysis suggests a lag of CH, behind Greenland 3'*0
of 56 * 38years (2a)*. There are two types of uncertainty to consider: first, the
CH, lag can differ between individual DO events (non-systematic error), and
second, the central estimate of 56 years has an inherent uncertainty (systematic
error). We here assume that both are equally large, and in the stacking procedure
we assign both a 27-year systematic error and a 27-year non-systematic error to the
CH, lag time. Both are drawn independently from a Gaussian distribution, and
their combined uncertainty is therefore @7+ 279" = 38years (that is, the 20
uncertainty bound™).

Fifth, the breakpoint fitting procedure has an intrinsic uncertainty. Weestimate
this by using the moving-block bootstrap analysis of the BREAKFIT algorithm*®,
which suggests a 1¢ uncertainty of 25.4 years (Extended Data Fig, 5a). We there-
fore apply a 50.8-year (20) systematic uncertainty (systematic becauseit applies to
the full 5'®0 stack rather than to individual events).

Each contributory record is then individually shifted by an amount that corre-
sponds to the sum of the randomly assigned non-systematic errors. After realign-
ing the contributory recordsin this manner, the entire stack is shifted in time by an
amount that corresponds to the sum of randomly assigned systematic errors. We
detect the breakpoint by using the fitting algorithm. For each of the 4,000 chro-
nologies we test 100 realizations of the Monte Carlo realignment, thus obtaining a
total of 4 X 10° (1,000 X 4 X 100) estimates of the WDC 8'%0 breakpoint. No
statistical methods were used to predetermine the sample size used in the
Monte Carlo analysis. The outcome of the sensitivity study is presented in the
histograms of Fig, 2e, f and Extended Data Fig. 6e-h.

The non-systematic errors, because they are independent of each other, accu-
mulate slowly when added in quadrature. The systematic errors (such as the Aage
uncertainty or the breakpoint fitting procedure) therefore dominate the final
uncertainty estimate. Running the Monte Caro experiment with Aage uncertain-
ties withheld gives a 26 uncertainty bound on the interpolar phasing of 60 and
68 years for the DO onset and DO termination stacks, respectively; using only
Aage uncertainties gives a 26 uncertainty bound of 69 years. The Aage uncertainty
is therefore as important as all other sources of uncertainty combined.

Code availability. The MATLAB code used to stack the records and perform the
Monte Carlo analysis are provided in Supplementary Information.

Alternative stacks. To exclude the possibility that timing of the WDC §'%0 stack
is dominated by a few prominent AIM events we perform the following tests.

First, we distinguish between major AIM events that are very prominent in the
record, and minor events. The major AIM events are AIM 17, 14, 12,8 and 4; all of
these are preceded by NH Heinrich events. These large events have historically
been called A-events,and are clearly visible even in low-resolution Antarctic cores
(AIM 8, 12, 14 and 17 have been referred to in earlier work as Al, 2, 3 and 4,
respectively)**. The minor events are the remaining ones (AIM 3,5.1,5.2,6, 7,9,
10,11,13, 15, 16 and 18). When we compare a stack consisting of only the major
AIM events with a stack of only the minor AIM events, we find no statistically
significant difference in their timing (Extended Data Fig. 6a, b). The NH lead time
for the major and minor AIM stacks is 230 = 93 and 211 * 94 years, respectively
(Extended Data Fig. 6e, f); the timing of the full stack (218 * 92years) is inter-
mediate to these values, as expected (Fig. 2b).

In a second experiment we randomly selected eight DO/AIM events in the
stacking procedure for each of the 4 X 107 realizations of the Monte Carlo experi-
ment; one such realization is shown in Extended Data Fig 6c, d for abrupt
NH warming and cooling, respectively. The NH lead time we find in this experi-
ment is 210 =113 years and 208 * 108 years for abrupt NH warming and
cooling, respectively (Extended Data Fig. 6g, h). These mean values differ by
only a few years from those found for the full WDC 3'°0 stack (Fig. 2). Note that
the distribution width of NH lead times in this experiment is wider than the



distribution width found for the full 5'%0 stacks. The reason for this may be
threefold: first, a stack with fewer contributory records has a smaller signal-to-
noise ratio, making the breakpoint detection less certain; second, if the NH lead
time differs slightly between the AIM events, the average timing of a randomly
selected subset may differ from the average timing of the full set; and third, in the
Monte Carlo procedure the contribution of non-systematic uncertainties scales
roughly in proportionto IN, again suggesting a narrower distribution for higher N
(the number of events in the stack). The wider distribution found on decreasing
the number of events in the stack therefore does not represent a more realistic
uncertainty bound on the phasing of the bipolar seesaw.

Stacking the WDC Na record. Last, we investigate the phasing of the WDC sea-
salt Na (ssNa) record relative to Greenland and Antarctic climate. The sea-ice
surface is a major source of sea-salt aerosols to the atmosphere around Antarctica,
and consequently ssNa has been interpreted as a proxy for the production and
extent of regional sea ice™**, Sea-salt Na is strongly anti-correlated with
Antarctic climate on both orbital and millennial timescales®*

Measured ssNa concentrations can be converted to a ssNa flux by multiplying
with the accumulation rates at the site. Onthe East Antarctic plateau, theNa fluxis
expected to provide a better metric for atmospheric concentrations, because dry
deposition dominates as a result of the very low accumulation rates®.
Accumulation rates are much higher at WAIS Divide, however, and Greenland
ice cores provide a better analogue than those on the East Antarctic plateau. It has
been shown at Greenland Summit® that sea-salt concentrations in the ice reflect
the atmospheric variations within 5%, whereas the sea-salt flux underestimates the
atmospheric variations by about 50%. Thus, the observed variationsin WDCssNa
concentrations should to first order reflect variations in the atmospheric loading,

Weinvestigate the relative timing of the ssNa record with the same tools asthose
that we applied to the WDC 8'%0 record. An evaluation of the lagged correlation
between NGRIP §'°0 and the time derivative of the various WDC records is
shown in Extended Data Fig. 7a. For ssNa we obtain a centennial-scale NH lead
time, comparable to that observed for WDC 8'°0. Stacking of the WDC impurity
records yields the same picture (Extended Data Fig. 7b, c); the breakpoint in the
ssNa stacks coincides with the breakpoint in the WDC §'°0 stack, and lags the
abrupt NH transition by roughly two centuries. Note that because 8'°0 and ssNa
are both measured in the ice phase, the uncertainty that we estimate for the timing
of the 3'°0 breakpoint (2 of about 90 years) also holds for the impurity records.

The synchronicity of WDC ssNa and §'°0 variations suggests that Antarctic
climate and sea-ice extent are closely linked on centennial, or perhaps even sub-
centennial timescales. This may reflect a common forcing and/or a feedback
between Southern Ocean surface temperatures and sea-ice extent. The sea-ice
extent may furthermore be important in forcing Antarctic temperatures (and
5130)“’2, particularly at the WAIS Divide site, where the marine influence is
stronger than on the East Antarctic plateau'.
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Extended Data Figure 1 | Difference between gas age and ice age (Aage) at
WAIS Divide. a, Comparison of WDC Aage with other Antarctic cores. Ice
core abbreviations: EDC, EPICA Dome Concordia; EDML, EPICA Dronning
Maud Land; TALDICE, Talos Dome; WDC, WAIS Divide. Aage values are
taken from refs 23, 63-65. The vertical axis is on a logarithmic scale. b, Aage
uncertainty bounds obtained from an ensemble of 1,000 alternative Aage
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Extended Data Figure 2 | Determining the timing of the abrupt DO
transitions. a, b, DO17.2,17.1, 162 and 16.1 (from oldest to youngest'') as
recorded in NGRIP §'*0 (a) and WDC CH, (b). Horizontal orange bars denote
pre-transition and post-transition levels; the transition midpoint (50% of signal
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atmospheric record in the firn column.
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detection algorithm. a, Breakpoint detection as a function of data window size
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visualization. e-h, Histograms of NH lead time associated with

a-d, respectively, generated by binning the 4 X 10° solutions from the
sensitivity study. The distribution mean and 2¢ uncertainty bounds are listed in
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Extended Data Table 1 | Phasing of the bipolar seesaw during the last deglaciation

Transition wDC 60 WDC CH, Aage Greenland— CH, Lead of NH
breakpoint Transition phasing climate
oD -B/A 14,350 £ 110 14,576 £ 29 228 + 62 30+32 256 + 133
B/A-YD 12,778 + 80 12,764 £ 53 218 £ 68 30+32 16+122
12,881 + 30t 216 £ 67 30+32 133 £ 113+t
YD - Holoc. 11,842 + 90+ 11,542 £33 195 + 52 30+£32 -270 + 114%

For the deglaciation we use a Greenland-CH, phasingthat isthe average of the 56 = 38-year CH, lag observed forthe glacial period®*, and the near-synchronous phasing (4.5 = 24-year CH, lag) observed forthe
Balling transition®®. All stated errors represent 20 uncertainty bounds; uncertainty in the WDC 520 breakpoint is determined using the BREAKFIT algorithm*®; uncertainty in the CHy transition is defined as the
25-75% range of the CHa transition (Extended Data Fig. 2); Aage uncertainty is found by using afim densification model sensitivity study™ (Extended Data Fig. 1); uncertainty in the Greenland-CHa phasing is
taken to be the root mean square of the uncertainties in the cited studies®#%; the uncertainty in the NH climate is the root sum square of the uncertainties in the preceding columns. The potential role of COz in

delaying Antarctic cooling at the Balling onset is discussed in ref. 69.

+ This estimate uses the onset, rather than the midpoint, of the Balling-Allerad to Younger Dryas transition in WDC CH, in determining the phasing.
{ This estimate may be unreliable because of adouble peak in WDC 5'20 at about this time that may reflect local climate, aswell as a unique and pronounced accumulation anomaly starting at about 11.9 kyr r.
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