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Abstract

The Last Glacial Period is characterised by a strong climate variability,
where millennial-scale warming events identified in paleoclimatic data
from the Greenland ice sheet have interrupted the cold glacial climate.
These abrupt climate changes are a typical example for pre-historic tip-
ping points in the climate system with global consequences. Presumably
initiated in the North Atlantic region, atmospheric and oceanic inter-
hemispherical coupling result in fingerprints of the Northern Hemisphere
warming events to modulate the temperature in Antarctica. According
to the bipolar seesaw hypothesis, the hemispheres are in distinct an-
tiphase, with Antarctic temperature decreases lagging Greenland abrupt
warming. Despite being related to oscillations in the strength of the
Atlantic Meridional Ocean Circulation, the physical mechanisms under-
lying the climate fluctuations, however, are not yet fully understood.
With progressive modern climate change, the need for a comprehensive
understanding of the processes behind abrupt changes has increased in
order to drive climate models predicting possible tipping points. As one
main feature of the pre-historic temperature fluctuations, this study ap-
proaches the bipolar phasing between Antarctica and Greenland over
stadial-interstadial transitions. For this purpose, the onsets of 33 Green-
land interstadials associated with Dansgaard-Oeschger (DO) events dur-
ing the entire last glacial are defined in the NGRIP stable oxygen isotope
record. This enables the determination of the Antarctic response time
relative to Greenland temperature rises. Based on bipolar volcanic syn-
chronisation, the Antarctic average response time is reduced compared to
previous studies. Investigating the climate across different groups of DO
events classified by the time of occurrence and size, possible processes
provoking the abrupt changes are assessed. The climate interpretation
is further extended by a comparison between the ice core records and
temperature profiles provided by a global climate model simulating DO
events under distinct CO, forcing. This suggests a tight connection be-
tween abrupt temperature rises and rapid sea ice retreat in the North
Atlantic and Northern Seas. Therefore, this work discusses the potential
for future abrupt climate changes as experienced during the last ice age
under ongoing anthropogenic climate change.
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1. Introduction

In the past few decades, climate change has become a prominent topic in scientific research as
well as in society. It is beyond dispute that human-induced alterations to the climate system have
exceeded natural variability. Since the year 2000, the observed global temperature rise can very
likely exclusively be attributed to human-induced warming, accounting for natural influences
from solar and volcanic activity. Anthropogenic greenhouse gas emissions from predominantly
fossil fuel combustion, deforestation, and agricultural practices have led to a global temperature
increase of about 0.8-1.2°C respective to pre-industrial levels, where the rate of warming has
more than doubled (on average 0.18°C per decade) in the last 50 years (NOAA National Centers
for Environmental Information (2022)). Due to important climate feedbacks, the poles are par-
ticularly vulnerable to temperature rises and are currently experiencing a temperature gradient
about twice as high as the rest of the world (e.g. Ballinger et al. (2021); Stuecker et al. (2018);
Masson-Delmotte et al. (2006)). Both the sea ice and the ice caps at the poles retreat, further
amplifying atmospheric temperature increases, and continental glaciers around the world are
melting. As a consequence, the global mean sea level is rising, and the oceans are freshening
in return leading to a change in large-scale ocean circulations. This has impacts on the Earth’s
climate system with the potential of driving the system across a tipping point with unknown
global consequences.

During the last glacial period, covering more than hundred thousand years before the onset
of the current climate period, the Holocene at 11.7 thousand years before 2000 CE (ka b2k),
the temperatures are believed to have been up to 6°C colder and the global mean sea level
around 120 m lower at the Last Glacial Maximum (around 21 ka b2k) than during pre-industrial
conditions (Tierney et al. (2020)). However, this period was characterised by a highly fluctuating
climate, where the cold glacial climate was interrupted by millennial-scale milder periods. Within
a few decades or shorter, the local temperatures in North Greenland abruptly rose by five to 16°C
(Steffensen et al. (2008); Rasmussen et al. (2014); Kindler et al. (2014)) subsequently decreasing
more gradually back to full glacial conditions. The full circle of the transition into a warm
interstadial and back into the cold stadial are referred to as Dansgaard-Oeschger (DO) events.
The climatic variations have been most pronounced in the North Atlantic, as can be seen from
Greenland ice cores, unveiling the characteristics of the stadials and interstadials. Here, stable
water isotopes used as a proxy for temperature, reveal the abrupt changes of several degrees.
Figure 1.1 presents the §'%0 record of the NGRIP ice core, showing 25 main DO events, where
some of them comprise several interstadials during the last glacial period.

In addition to distinct temperature increases, Greenland interstadials experienced about
twice the amount of snow accumulation (Alley et al. (1993); Cuffey and Clow (1997)) in corre-
spondence to warmer temperatures. The increase in precipitation is owed to the atmospheric
saturated water vapour pressure scaling positively with higher air temperatures (Robin (1977);
Wallace and Hobbs (2006)), and a reduction in sea ice cover decreasing the distance to the
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moisture source. The stadials, on the contrary, are marked by a cold and dry climate with
stronger winds driven by a higher temperature gradient between high and low latitudes (Ras-
mussen et al. (2014)). Generally, this reveals that the impact of DO events extends beyond the
North Atlantic and the signal even might propagate across hemispheres. In fact, expressions
of the Northern Hemisphere DO events are found in ice cores drilled in Antarctica, designated
as Antarctic Isotope Maxima (AIM) (Figure 1.1). Based on previous bipolar synchronisation,
Antarctic ice cores exhibit gradual millennial-scale warming and cooling periods temporarily
offset to each of the Greenland transitions, emphasising a strong interhemispheric coupling of
ocean and atmosphere (Pedro et al. (2018); Buizert et al. (2015); Stocker and Johnsen (2003)).

NGRIP §'%0 [%o]

EDC §'%0 [%]

o b b b b b b b b b b b b bewwn b b b v b bwen Luw s

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110

GICCO5modelext Age [ka b2k]

Figure 1.1 | Climate during the Last Glacial Period. Stable oxygen isotope records
from NGRIP, Greenland revealing more than 25 distinct abrupt warming events numbered
as Greenland Interstadials (GIs) with their corresponding Southern Hemisphere counterparts
visible as Antarctic Isotope Maxima (AIM) in the EDC §'80 profile. Grey vertical bars mark
the approximate temporal positions of Heinrich events detected in North Atlantic sediment

cores (Heinrich (1988); Rasmussen et al. (2003); Rashid et al. (2003)).

Even though DO events are one of the best-studied rapid climate fluctuations, a comprehensive
explanation of their cause has not yet been provided. Supported by the antiphase behaviour
between Greenland and Antarctica, the most important component behind the dynamics is
thought to be the Atlantic Meridional Overturning Circulation (AMOC), driving the inter-
hemispherical heat distribution. The concept is based on the instability of the thermohaline
circulation expressed in a simple box model described by Stommel more than half a century
ago (Stommel (1961)). During phases of strong overturning, more heat is transported from the
Equator towards the north, warming the ocean around Greenland, while a weaker circulation
reduces the meridional heat transport resulting in lower temperatures in the North Atlantic.
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In the Southern Hemisphere, a weakening of the overturning results in warmer temperatures
as the heat transport towards the north is reduced and the energy is predominantly stored in
the Southern Ocean, and vice versa during periods of strong overturning. Owed to the high
heat capacity of the (Southern) Ocean and the ocean circulation occurring on longer timescales,
this so-called bipolar seesaw results in in the Southern Hemisphere temporally lagging Northern
Hemisphere climate changes (Stocker and Johnsen (2003)). Further, this causes the temperature
to change less abruptly than during Greenland warming transitions. Figure 1.2 demonstrates
the temperature change of the heat reservoir induced by the bistability of the AMOC.

0 5 10 15 20 25 30 35 40
Age (1000 years BP)

Figure 1.2 | The bipolar seesaw. Synthetic palaeoclimatic time series to mimic the bipolar
seesaw. Signal a reveals the on-off changes in the AMOC, where the system spends approxi-
mately 2000 years in the on-state, and 5000 years in off-state. Curve b represents the simulated
temperature of the heat reservoir, increasing nearly logarithmically when the AMOC is shut
off, and decaying exponentially after the AMOC is reactivated. Curve c depicts red noise of
half the variance, which is added to the temperature of the heat reservoir. Figure adapted
from Stocker and Johnsen (2003).

Freshwater perturbation is the most invoked trigger of overturning circulation variations by
modulating the density, which is the main driver of deep ocean circulation. Based on this, the
key factor behind the oscillations is thought to be changes in the sea ice cover of the Arctic
Ocean, which is closely coupled to the AMOC and regulates the heat exchange between ocean
and atmosphere (e.g. Vettoretti et al. (2022)).

Potential mechanisms behind the AMOC oscillations include among others solar and orbital
forcing (Braun et al. (2008)) driving natural climate variability in the Earth’s history such
as glacial-interglacial changes. However, the frequency of DO events is not consistent with
any solar cycle. Alternative hypotheses related to DO oscillations refer shifts in the Southern
Hemisphere westerly winds (Buizert et al. (2018)) as well as volcanic short-term cooling influence
on the ocean (Lohmann and Svensson (2022)). However, the oscillating AMOC remains the
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predominant driver as it can capture most of the spatial patterns observed during these rapid
climate changes. Since the 1960s, the theory has evolved, now considering a complete shutoff of
the AMOC as an additional state to the previous simple bistability dynamic between weak and
strong circulation (e.g. Rahmstorf (2002), Sarnthein et al. (1994), Clark and Mix (2002)).

A shutoff of the AMOC is said to be responsible for colder anomalies occurring during several
stadial periods. From distinct layers of coarse-grained material in marine sediment cores, sev-
eral so-called Heinrich Events have been identified (Figure 1.1). The layers were matched with
carbon-rich sediments in Eastern Canada, and could therefore be concluded to originate from
ice-rafted debris most likely from the Laurentide ice sheet, indicating enhanced iceberg discharge
carrying the eroded material as far as to the Portuguese coast. The fact, that the icebergs were
able to travel this far before melting, points towards a southward-expanded cold-water pool as
well as larger ice mass stored in the Northern Hemisphere ice sheets (Bond et al. (1992); Heinrich
(1988)). Since their frequency does not agree with the reoccurring stadials, Heinrich Events can
not simply be linked to DO events. However, the mechanisms behind the dynamics might be
similar, as being related to freshwater influx to the North Atlantic, consequently altering the
thermohaline circulation. In return, the behaviour of the DO events succeeding a Heinrich event

might be influenced by the exceptionally strong cooling during this period.

Understanding the physical mechanisms and how they have controlled the Earth’s prehistorical
climate variability is crucial to simulate future climate changes. Even though the rapid changes
during the last glacial period have been naturally driven and were triggered by mechanisms dif-
ferent from anthropogenic climate change, the rapidity and magnitude of the temperature swings
is comparable to prognoses of ongoing modern climate change (Jansen et al. (2020)). According
to the IPCC, with global warming of > 2°C small alterations in the climate system can exceed a
critical threshold resulting in abrupt and/or irreversible changes with catastrophic consequences
(Arias et al. (2021)). These tipping points are suspected to exist in processes related to the
Greenland and West Antarctica Ice Sheet (WAIS), the AMOC, as well as permafrost thawing,
the Amazon rainforest, and the El Nino-Southern Oscillation (Lenton et al. (2019)). DO events
are an example of prehistoric tipping points well represented in palaeoclimate archives (Ditlevsen
(2017)), setting the motivation for this study.

Modelling the well-dated past and comparing the results to data collected from the ice core
records, is an important tool to predict the outcome of the current alteration of the planet’s
coupled climate system. An important process in the global system is the interplay between the
Northern and the Southern Hemisphere. Particularly, how Antarctica responded to the transi-
tioning climate mostly pronounced in the North Atlantic. This project, therefore, focuses on the
bipolar phasing between the Antarctic climate respective to Northern Hemisphere DO events.
The phasing determination is based on volcanic synchronisation, utilising volcanic marker hori-
zons existing in both Greenlandic and Antarctic ice cores to link individual timescales and
establish a common chronology for the different ice cores of both hemispheres. Comparing local
temperatures simulated by a global climate model reconstructing DO events to ice core data,
this work further addresses possible mechanisms behind the abrupt events in order to contribute

to an assessment of the potential for abrupt climate change in the future.
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2.1 Ice Sheet Dynamics

Over the course of the Eocene and Oligocene around 40 million years ago, when the Drake’s
Passage opened, Antarctica was isolated from other continental mass. Completely surrounded by
the ocean and a strong circumpolar current, the local temperatures drastically decreased allowing
glaciation of the continent (Vincze et al. (2021); Zachos (2007)). Ice sheets modulate the global
climate system predominantly through feedback mechanisms by changing the Earth’s albedo,
reflecting solar energy and perturbing atmospheric circulation, among others. This further
promoted extensive global cooling which finally resulted in the formation of the Greenland
Ice Sheet (Thiede et al. (2011); Thomas (2008). The extent of the Northern and Southern
Hemisphere ice sheets significantly varied under glacial-interglacial oscillations driven by changes
in the incoming solar radiation, which in return is regulated by the Earth’s orbit around the
Sun. In particular, the eccentricity of the orbit, and the obliquity and precession of the rotation
axis determine the distance between Earth and Sun and thereby the insolation. These periodic
parameters are thought to drive the occurrence and termination of global ice ages, where the
eccentricity has the dominating influence on this cycle (Milankovitch (1941)). However, local
short-term variations such as Northern Hemisphere DO events during the Last Glacial Period
do not coincide with either of the frequencies of the orbital parameters.

2.1.1 Densification

An ice sheet forms when the climatic conditions favour the snow accumulation to exceed the
amount ablated from the ice mass through for example surface melting of calving at the margins.
In the accumulation zone, in the centre of the ice sheet, over time newly deposited snow buries
previously accumulated masses, increasing the pressure and finally compressing older snow layers
to ice. New accumulated snow on the surface of an ice sheet has a density of about 50-70 kg m 3.
Under favourable conditions, i.e. when the temperatures are cold enough for the snow not be
melted, it is gradually compressed by the overlying weight. Recrystallisation, rearrangement,
and growth of grains, the porous material reaches an intermediate state, where the pores are still
in contact with the atmosphere. Sintering, i.e. plastic and elastic deformation at the interface
between the grains, finally results in a sealing of the pores Herron and Langway (1980). This way,
all air bubbles are locked up in the ice, containing information on the atmosphere composition
at the close-off time (e.g. Blunier et al. (1998); Blunier and Brook (2001)). Compressing the
air bubbles, the density increases to a maximum of 917kgm™2, the density of pure glacial ice
(Shumskiy (1960)). Thus, at about 150 m depth, added weight at the surface will result in layer

thinning rather than further densification.
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2.1.2 Ice Flow and Layer Thinning

When the density of pure glacial ice is reached, the ice will deform under the applied stress of
the overlying ice masses added in the accumulation zone. With a general ice flow downward and
towards the margins the layers gradually thin in the vertical direction and elongate laterally.
The thinning rate is therefore strongly dependent on the ice flow, which is most commonly de-
scribed by the Dansgaard-Johnsen model determining the vertical velocity as a function of depth
(Dansgaard and Johnsen (1969)). Related to deformation in pure shear, the incompressibility
of ice requires continuity of the system, i.e. conservation of mass, and thus, simply relates the
two-dimensional velocity components at any point in the ice sheet, namely compression and ex-
tension of the ice (Cuffey and Paterson (1994b)). Here, the horizontal flow is said to be uniform
from the surface to a certain depth, where the velocity results from the surface mass balance.
At greater depth, the velocity decreases linearly towards the bedrock as visualised in Figure 2.1.
The flow is further idealised by assuming a perfectly horizontal bedrock and a constant mean
annual accumulation rate Dahl-Jensen et al. (1993). Based on the continuity equation, integra-
tion of the horizontal flow over depth yields the vertical velocity profile of the ice, which in turn,
gives a depth-age relationship depending on the accumulation rate and total ice thickness when
integrated (Nye (1963); Dahl-Jensen et al. (1993)) and describes the thinning rate profile with
depth.

-
X

Figure 2.1 | Idealised cross section of an ice sheet with perfectly horizontal
bedrock. Thick arrows indicate the main flow through the ice sheet described by the hori-
zontal velocity component, V,, (horizontal arrows), and the accumulation rate at an arbitrary
location, C' — C’. Horizontal lines around the ice divide, I — I’, represent annual layers under-
going horizontal thinning. Figure adapted from Dansgaard et al. (1969).

In reality, the flow often is disturbed by uneven bedrock topography. Moreover, the accumulation
rate strongly depends on the atmospheric temperatures as anticipated by the Clausius-Clapeyron
relation (Wallace and Hobbs (2006))) and the geographical position, as for instance elevation
and distance to moisture source, and can therefore not be considered uniform. Close to the ice
divide, I, where the ice flows in opposing directions, the horizontal flow velocity is negligibly
low. Consequently, the flow disturbance of the layers is minimal since the ice on the horizontal
plane originates from approximately the same location near the divide. Therefore, an ice core
record is ideally constructed from ice close to the ice divide.
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2.2 Ice Cores and Palaeoclimatology

In palaeoclimatology, past climatic conditions often are reconstructed by analysing ice cores for
physical characteristics related to another variable, which can not be measured directly, known
as climate proxies. These proxies comprise an isotopic composition of, among others, oxygen and
carbon from ice or sediment core records, and chemical impurities. Atmospheric reconstructions,
on the other hand, can be directly extracted from gas concentration measurements of ancient
atmosphere enclosed in the ice.

The air sealed during the firn-ice transition (Section 2.1.1) preserves information about past
atmospheric composition, such as greenhouse gas concentrations. Due to the proximate distance
to terrestrial sources, the Greenlandic ice cores show a strong methane (CHy) signal. Antarctic
ice cores, however, reveal reliable data about the carbon dioxide (CO2) concentration due to the
surrounding Southern Ocean storing vast amounts of carbon, which is released to the atmosphere
as CO5 during periods with a low atmospheric partial pressure of COs.

Moreover, airborne impurities transported to the ice sheet accumulate in the stratigraphy as
wet or dry deposition. Insoluble particles, such as terrestrial dust, are seen as indicators of an
arid climate since fewer particles are washed out by precipitation when transported through the
atmosphere during these periods. Enhanced dust levels further suggest a lower sea level exposing
larger terrestrial areas being a source of dust as well as higher intrahemispheric temperature
variations characterised by stronger wind intensity. Thus, higher dust concentrations in the ice
core are indicative of a colder climate and give information about the atmospheric circulation
when analysing its mineral composition for source determination (Ruth et al. (2003)).

Increased storminess further enhances the seawater aerolisation, which can be seen in the
elevated ionic particle levels, as for instance sea salt (Fischer et al. (2007)). This, again, points
to generally lower temperatures rather than periods with smaller sea ice cover giving rise to
aerolisation from wave action at the open sea-air interface, as might be expected.

Biogenic signals can be used as a proxy for continental ice extension since larger areas
covered with ice suppress biological emissions from vegetation and soil respiration as well as
decomposition and reduce large-scale (mainly boreal) forest fires visible as short-term signals in
the ice core record (Kreutz (2007)).

Another continental signal is attributable to explosive volcanic eruptions, releasing acids and
fragmented lava into the atmosphere. While tephra deposits are rare, the conductivity of the
ice is affected by the sulphate and occasionally fluorides (Langway et al. (1988)). Greenland ice
cores are mostly impacted by Icelandic and Alaskan volcanoes, whereas Antarctica receives the
strongest signals from Southern Hemisphere eruptions. However, if the eruption is large enough
to eject particles into the stratosphere the signal can be distributed across hemispheres (e.g. Lin
et al. (2022)). Volcanic evidence in combination with other climate proxies can this way describe
the impact of large eruptions on the global climate system. They are further an important tool
to date and synchronise ice cores as they can be utilised as marker horizons in the ice cores.

One of the most essential proxies for prehistoric climate conditions is the isotopic composition
of the ice. More precisely, stable isotopes of the water molecule can be utilised as a temperature
proxy revealing both seasonal and perennial temperature variations. They, further, indicate the
moisture source composition and thereby can avail to reconstruct sea ice extent and atmospheric
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circulation patterns.

In this work, volcanic signals and oxygen isotope composition, will play a dominant role and
are therefore discussed in more detail in Section 2.2.1 and Section 2.2.3.3, respectively. Rapid
temperature variations seen in the isotope data characterise DO events in the Greenland ice
cores and corresponding isotope maxima are revealed in the Antarctic ice cores. To study the
influence of these Northern Hemisphere events on the Southern Hemisphere, bipolar eruptions
are used to synchronise ice cores from Greenland and Antarctica as elucidated in Section 2.2.3.3.

2.2.1 Stable Isotope Records

Atoms from the same chemical species have an identical number of protons and electrons, but
the number of neutrons in the nucleus can vary. Consequently, these so-called isotopes of the
element have different atomic masses. This, in return, results in different physical and chemical
properties (Sharp (2017)). The isotopes belonging to the water molecule are 1H (99.984 %) and
deuterium (D), 2H (0.016 %) for hydrogen, and three stable oxygen isotopes, 1$O (99.76 %), 11O
(0.04%), and §O (0.2%) (Bradley (2014)). The most abundant molecules consisting of these
isotopes are Hy 10, H, 160, and HDO.

2.2.1.1 Isotopic Fractionation

In the three states of water, solid (ice), liquid (water), and gaseous state (vapour), the propor-
tions of the isotopic molecules deviates due to isotopic fractionation mainly occurring during
phase change. The relative abundance of the rare, usually heavier isotope compared to the more
common isotopes is expressed by the rate, R, in Equation 2.1.

R_Nl

(2.1)
Here, N; and N; denote the number of isotopically heavier and lighter atoms, respectively.
During phase change, the relative abundance of the isotopes changes on account of their mass
distinction having an influence on the mobility of the atoms. For a molecule, mass, m, and
velocity, v, are inversely related as can be seen from the expression for kinetic energy, Exp, in
Equation 2.2.

Exin = =1 fET (2.2)
2 2

The mobility of the molecule is described by the degrees of freedom, f, k is the Boltzmann
constant, and T refers to the temperature. In order to obtain the equal amount of energy
isotopologues of higher mass, hence, have lower velocity than their lighter counterpart at the
same temperature. This reduces diffusion and the collision frequency and thereby the possibility
of reaction. Consequently, heavier molecules tend to evaporate less rapidly and conversely,
condensate more easily. The effect of atomic mass differences is further visible in terms of
their bond energy, which is increased for isotopically heavier molecules. Thus, for the heavier
molecules, a slightly higher energy input is required to overcome the higher bond strength.
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Considering evaporation, the higher average translational velocity of the lighter favours the
diffusion at the boundary between liquid and gaseous water, leaving the reservoir enriched in
heavier molecules. The difference in vapour pressure, i.e. the tendency to change into a gaseous
state, between the lighter and the heavier isotope in equilibrium is described by the fractionation
factor, o in Equation 2.3.
R,

st (2.3)
with the subscript ¢ and v denoting the isotopic ratio of the condensate and vapour, respec-
tively. Due to the general low abundance of the heavier isotopes, R is given by a small number.
Therefore, the isotopic composition is mostly quantified by comparing the isotopic ratio to a
standard rate, Rgq, and determining its deviation to unity. This normalised ratio is referred to
as the §-value presented in Equation 2.4.

R

6 p—
Rstd

—1 (2.4)

According to this expression, the § value of a standard is defined to be zero. As a ratio, the
value is unitless, but owing to its small magnitude often given in permille. The §-notation
usually specifies the isotopologues by the heavier isotope. In climate studies, often 630 values
are represented by comparing the isotopic composition of the sample to Standard Mean Ocean
Water (SMOW) used as standard, as defined in Equation 2.5.

180
0

6180 = [ 1ot 1| -10° (%] (2.5)
80 smMow

2.2.1.2 Temperature Dependency of §'20

The isotopic composition of oxygen and hydrogen is highly dependent on temperature. Gener-
ally, isotope effects are less significant at higher temperatures, caused by atoms occupying higher
energy levels, which diminishes the difference in binding energies of different isotopologues. The
atmospheric vapour pressure decreases with temperature leading to condensation when humid
air masses cool (Wallace and Hobbs (2006)). Due to the tendency of heavier isotopes to con-
densate preferably, the condensate is enriched in '#O, while the vapour progressively is depleted
in heavier isotopes with increasing degree of condensation. This results in the § value of both
the vapour and the subsequent condensate becoming more negative by a rate defined by the
fractionation factor, &. When the condensation occurs under so-called Rayleigh conditions, i.e.
when no back exchange with the reservoir takes place after the separation, fractionation can
cause a strong depletion in the heavier isotopes of the water vapour when travelling through the
atmosphere. This isotopic fractionation process is illustrated in Figure 2.2.
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Figure 2.2 | Rayleigh destillation. Simplified illustration of oxygen isotope fractionation
during evaporation from the moisture source (6 =0) and subsequent condensation due to
cooling as the air is transported towards higher latitudes or ascends higher altitudes over an
ice sheet. With the heavy components precipitating faster the -value decreases towards higher
latitudes/altitudes. The upper panel shows summer conditions. The lower panel presents
winter conditions, where generally lower temperatures result in a stronger depletion of the
heavy components and thus, lower d-values compared to summer. This results in distinct
annual layers in the ice cores. Figure adapted from Dansgaard et al. (1973).

The reconstruction of palaeoclimate avails the temperature dependency and uses isotopes as
a temperature proxy. In ice cores, more negative 00 values measured by isotope rate mass
spectrometry, reveal colder climate conditions at the time of precipitation because the air masses
arriving at the ice sheet have experienced a higher amount of condensation and thus, are depleted
in the heavier isotopes. Accordingly, warmer climate conditions are evidenced by less negative
5180 due a higher abundance of isotopically lighter molecules.

However, the interpretation of the stable oxygen isotope record in an ice core related to ab-
solute temperature is not always straightforward, but rather complicated by their correlation to
meteorological conditions. Hence, general temporal and spatial variations have to be accounted
for when drawing comparative conclusions about palaeoclimatic fluctuations at different loca-
tions. The 6'80-value is namely affected by the elevation of the drilling site, which governs local
temperatures as defined by the lapse rate. Further, both transport mechanisms and distance to
the moisture source influence the isotopic composition, as more precipitation events can occur
the larger the distance to the originating reservoir, which results in a lower §'80-value. Fur-
thermore, the isotopic composition of the moisture source sets the initial conditions. This, in
return, is modulated by glacial growth and retreat during glacials and interglacials, respectively.
Being depleted in the heavy isotopes, the 680 value of the ocean water decreases when glacial
meltwater returns to the ocean. During glacials, on the contrary, the ocean §'80 is higher as
the heavy isotopes precipitate earlier, while the isotopically lighter molecules are stored in the
ice sheets (Cuffey and Paterson (1994a)).

10



2. Scientific Background

Empirically, a general, linear relationship between oxygen isotopes and temperature has been de-
termined, which, however, needs to be tuned for different ice cores to account for the site-specific
variations. With a change of 0.62 %0/°C representing fractionation during moist-adiabatic cool-
ing of air masses as predominantly experienced in Greenland at higher altitude and taking
into account the isotopic latitude effect (~ 1 %o/ °C), among others, the relationship found for
NGRIP can be expressed as in Equation 2.6 (Dansgaard et al. (1973)).

6180 = 0.62T — 15.25 %] (2.6)

This relationship would imply DO temperature amplitudes of approximately 7°C. However, this
spatial gradient is not uniformly applicable throughout Earth’s history. Nevertheless, §'80 is
a robust proxy for palaeoclimatic reconstructions, especially when quantifying relative climate
fluctuations rather than absolute temperatures. In this way, the Northern Hemisphere ice cores
reveal a distinct signal of the rapid temperature increases during the last glacial period (see
Figure 1.1). In the same way as oxygen isotopes the hydrogen isotopic composition, dD, rep-
resents local temperatures. The differences between the records, accounting for the relative
mass difference of factor 8, store additional information about the moisture source temperatures
rather than the air temperature at the time of precipitation. This second-order parameter re-
ferred to as Deuterium excess, d = dD — 8580 (Dansgaard (1964)), is, therefore, an important
supplementary proxy for reconstructing palaecoclimatic environments.

2.2.2 Ice Core Dating Methods

The interpretation of a climate signal obtained from ice core measurements requires an accurate
and precise ice core chronology. More precisely, the climate record corresponding to a certain
depth segment of the ice core needs to be assigned to a specific age in order to describe the
Earth’s climate history. The currently longest continuous ice core record comprises a high-
resolution deuterium profile from the Antarctic EPICA Dome C ice core extending more than
800ka back in time (Jouzel et al. (2007)). Greenland ice cores, on the other hand, cover the
prehistorical glacial period in some cases reaching back into the Eemian interglacial period
(Dahl-Jensen et al. (2013)). A chronology for a single ice core can be compiled by applying
different techniques including the use of well-dated reference markers, annual layer counting
based on stable isotopes and impurity seasonality, glaciological modelling of the ice flow and
deformation, and orbital tuning.

2.2.2.1 Annual Layer Counting

The upper part of an ice core reveals a visible annual signal, as seasonal refrozen surface or melt
layers distinctly seperate winter and summer layers. The signal is, however, weakened after the
snow and firn layers have been compressed to ice. Here, the isotopic composition of the ice
reveals a distinct annual cycle.

11
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Since the stable hydrogen and oxygen isotopes are closely related to the local temperature at
the time of precipitation, the isotope records depict a seasonal variance (Figure 2.3). Due
to lower air temperatures and following more condensation, the water is depleted in heavier
isotopes during winter, while higher air temperatures and a consequently increased water vapour
pressure favour evaporation, resulting in an enrichment of isotopically heavier water molecules
(see Section 2.2.1). According to the isotope ratio and the definition of the J-value in Equation

2.1 and Equation 2.5, §'%0 is lower in winter than in the summertime.

-31 T T T T
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Figure 2.3 | Seasonal isotope signal. Stable oxygen isotope record (6'®0) of the upper
part of the GRIP ice core in central Greenland showing a distinct seasonality. Warm summer
layers and cold winter layers are indicated by red and blue shading, respectively. One year

extends approximately from a minimum in 6'¥O to the next minimum.

The isotope signal is, however, strongly attenuated by the compression of the ice with depth.
Before the sealing of the porous material, molecular diffusion along the pressure gradient results
in the water vapour moving into open pores. As pressure is controlled by the temperature
gradient, vapour from warmer snow will diffuse towards colder areas in the firn disturbing the
isotope-related temperature signal. The diffusion length is directly linked to the diffusion rate
and has therefore shown to completely erase the isotope profile in layers thinner than 15-20 cm
(Kahle et al. (2018)). Deeper in the ice, when the pores are occluded, the diffusion depends
on the glacial flow and the diffusivity of solid ice. Higher temperatures, occurring for instance
closer to the bedrock due to geothermal heat flux, and the chemistry of the isotopologues can
enhance diffusion. The original record can be reconstituted by mathematically correcting for
diffusion. However, this is only possible at high accumulation sites.

At sites with low annual accumulation, the glaciochemical record achieved from a Continuous
Flow Analysis (CFA) can preserve an annual signal longer back in time. Impurities, enclosed
in the ice matrix and thereby unaffected by diffusion, may contribute to annual layer counting
when experiencing seasonality. Greenland dust, mostly indicated by calcium (Ca?*), shows a

maximum during spring, whereas sodium (Na?*) used as a proxy for sea salt peaks during winter
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as a result of higher storminess (Capron et al. (2021)). Ammonium (NH}) increases in summer

perhaps owed to enhanced soil and vegetation emissions (Kellerhals et al. (2010)).

In order to avoid misinterpretation, multiple records are analysed separately for annual signals.
In a short-term period with constant climate conditions, the annual layer thickness is expected
to be rather uniform. Therefore, when counting annual peaks, a year not clearly pronounced in
the profile can be recorded if it agrees with the periodicity of the annual signal. These uncertain
layers are counted as 0.5 £+ 0.5 years and give rise to an uncertainty of 0.5/N for N uncertain
years on the age determination, referred to as the maximum counting error (MCE). Uncertainties
directly arising from the CFA measurements or handling of the ice core (e.g. removing contam-
inated segments) are neglectable compared to the MCE. This way multi-proxy layer counting
can establish a chronology also at low-accumulation sites (Rasmussen et al. (2014)).

2.2.2.2 Glaciological Modelling and Orbital Tuning

Flow-based thinning of the annual layers as well as surface melt and basal flow over uneven
bedrock undulation can disturb the stratigraphy and complicate the development of an ice core
chronology. When annual layers are difficult to identify, glaciological modelling can be used to
establish a time scale. Accounting for the surface and basal mass balance, i.e. accumulation
rate, sublimation, and surface as well as basal melt, a depth-age relationship can be determined
(Dansgaard and Johnsen (1969)) (see Section 2.1.2). More sophisticated models also include
physical properties of the ice itself; for instance the ice crystal structure, impurity concentrations,
and temperature (Ritz et al. (2001)).

Additionally, palaeoclimatic records can be dated by so-called orbital tuning (Bazin et al.
(2015); Bender (2002)) under the assumption of the Northern Hemisphere summer insolation
driving long-term fluctuations governed by the Earth’s orbital parameters (Milankovitch (1941)).
Isotope measurements of atmospheric oxygen trapped in the ice, for example, have revealed a
coherence with insolation variations lagging the precession cycle by 5-6 ka (Bender et al. (1994)).
However, poorly constrained linking between orbital forcing and ice core records implies large

uncertainties of thousands of years (Bazin et al. (2013)).

Often multiple techniques are combined to create an individual and precise ice core chronology.
The chronology can further be complemented by integrating diverse palaecoenvironmental records
from for example marine sediment cores or dendrochronology studies (e.g. Rasmussen et al.
(2014); Hoek et al. (2008)). However, in order to interpret regional differences or similarities, or
describe the coupling of the two hemispheres by the climate system, records from different ice
cores have to be synchronised.

2.2.3 Synchronisation of Ice Cores

Exploiting the observed differences in the individual ice core records to understand past climate
dynamics, the ice cores are cross-dated to transfer the individual chronologies to a common
multi-core timescale. First, the synchronisation of ice cores within Greenland and Antarctica,

respectively, is performed by identifying layers of exactly the same age in at least two different
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ice cores. Most commonly, distinct layers with volcanic signatures, meaning higher electrical
conductivity signals compared to the mean or even tephra deposits (Rasmussen et al. (2013)),
detected in two or more profiles are used as reference horizons for stratigraphic linking. Linearly
interpolation between these matchpoints creates a common chronology framework, essential for
direct comparison of climate records. Analysing the interhemispherical coupling can be achieved
by identifying striking bipolar marker horizons or global signals in Greenland and Antarctic ice
cores. Synchronous global events can be visible in well-mixed greenhouse gas profiles such as
carbon dioxide (CO32) and methane (CHy4) (e.g. Blunier et al. (1998); Buizert et al. (2015)),
cosmogenic isotope records (Raisbeck et al. (2006); Steinhilber et al. (2010)), and extensive
volcanic eruptions (Sigl et al. (2015); Svensson et al. (2013); Svensson et al. (2020)).

2.2.3.1 Greenhouse Gas Synchronisation

The global greenhouse gas concentrations (e.g. CO2 and CHy) have changed in accordance with
climate variations in the past. Since COs and CHy are relatively well-mixed and long-lived
gases, large-scale concentration changes can be observed approximately synchronous in both
hemispheres (Stauffer et al. (1998). During the process of densification, air bubbles get sealed
in the ice preserving the atmospheric composition at this time (see Section 2.1.1). In a CFA,
the gas bubbles can be extracted and the concentrations of the components determined. This
enables correlating ice core chronologies and linking climate and environmental changes globally.
Due to Antarctica being surrounded by oceans, the gas record reveals a strong COs signal as a
result of carbon sink dynamics of the ocean. Being a well-mixed gas, the CO4 is rather uniform
around the globe. However, Greenland is largely influenced by terrestrial carbon sources caused
by its proximity to land masses distorting the atmospheric reconstruction. In contact with the
air in the ice, organic carbon can oxidise affecting the total CO9 concentration measurable in
the ice. Therefore, mostly CHy records are used to synchronise ice cores with a precision of a
few hundred years (Blunier and Schwander (2000)). The largest uncertainty and challenge when
synchronising ice core records from gas profiles arise from the age difference between the trapped
air bubbles and the surrounding ice. The full close-off occurs at roughly 80 m where, depending
on accumulation rate, surface temperature, and to a minor extent on ice flow, the ice already has
achieved a certain age while the air is still in contact with the atmosphere (Section 2.1.1). The
age difference between the enclosed gas and the surrounding ice denoted Aage, therefore, highly
varies between drilling sites in a range of a few hundred to a few thousand years with Aage
increasing with decreasing temperature and consequently lower accumulation rate (Blunier and
Schwander (2000); Buizert (2021)).

Firn densification models and measurements of the temperature-depending oxygen-isotope
gradient (Severinghaus and Brook (1999)) can be used to quantify the age difference. This re-
quires a precise understanding of the physical firn processes, accumulation rate and temperature
conditions at this time and thus, the determined values are often fraught with uncertainties in
the order of a few hundred years (Blunier and Brook (2001)). Consequently, defining the absolute
timing of a particular climate event is rather uncertain. Nevertheless, an internal comparison
can be forwarded by the methane data series. After linking the gas records from different ice

cores the other profiles (e.g. §'80) can be aligned.
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2.2.3.2 Cosmogenic Isotope Synchronisation

In the upper atmosphere, high-speed interactions between cosmic ray particles and atomic nu-
clei lead to the production of cosmogenic isotopes. The production rate is determined by the
solar activity and the strength of the magnetic field, in return, reacting to the strength of the
solar winds to shield the Earth from cosmogenic particles. More precisely, higher solar activity
increases the strength of the magnetic field and consequently lowers the production of cosmo-
genic isotopes. Therefore, cosmogenic isotope records can be used to relate past climate signals
to solar activity. Interactions of cosmogenic rays with nitrogen and oxygen in the atmosphere
produce radioactive carbon-14 (12C) and beryllium-10 (1°Be) isotopes. In the lower atmosphere,
14¢ oxidises to 1*COy (Lal and Peters (1967)), whereas 1°Be gets attached to aerosols and washes
out with precipitation after an average residence time in the stratosphere of one to two years
(McHargue and Damon (1991)). While the latter is attributable to the production rate alone,
14 is affected by the carbon cycle. In ice cores, significant in-situ production requires sufficient
biogenic material for the abundance of *C to be adequately detectable. On the contrary, °Be
show measurable concentrations and thus, can be used to date the ice based on its radioactive
decay rate.

Due to its short lifetime in the atmosphere, larger variations in the '°Be content are recorded
synchronously over the globe enabling the synchronisation of Greenlandic and Antarctic ice cores.
Prominent geomagnetic excursions such as the Laschamp Event at around 41 ka b2k doubling
the production rate of *Be (Raisbeck et al. (2006)) are important matchpoints for bipolar
ice core synchronisation. However, similar significant events are rare in recent Earth history
focusing on shorter timescales, such as the Last Glacial Period. Advantageously, compared to
greenhouse gas matching, 1°Be is captured in the ice matrix itself and thus, no age difference
between the atmosphere in the air bubbles and the ice needs to be accounted for. Nevertheless,
despite a proven independence of the °Be production rate on §'80 (Muscheler et al. (2000)),
the radionuclide data are marked by climate-induced influences on the transport and deposition
of 19Be. As bound to aerosols, the accumulation rate can interfere with the total radioisotope
deposition (Fischer et al. (2007)). Further, sampling “Be is highly ice-expensive and the record
is often impeded by a noisy signal, and, therefore, high-resolution data series are difficult to
accomplish (Raisbeck et al. (2006)).

2.2.3.3 Bipolar Volcanic Synchronisation

Well-dated volcanic eruptions traceable in an ice core record provide information about the total
age of the ice at the time of the eruption. This is especially possible when the chemical composi-
tion of the ash can be traced back to its origin. Elevated acidity levels, mainly due to sulphuric
acid indicated in the electric conductivity record, and sometimes even layers of ash particles
or tephra can be used to synchronise ice cores by identifying distinct marker horizons in two
or more ice cores in order to align the records (Svensson et al. (2020)). When the eruption is
strong enough to eject sulphuric acids and solid particles into the stratosphere, the signal can be
detected in ice cores of both hemispheres and the sulphate deposition ascribed to approximately
the same year in the different ice core records (Lin et al. (2022); Svensson et al. (2020)).
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Combining ice core volcanic proxies and annual layer counting, bipolar ice cores can be syn-
chronised enabling the interpretation of climate variations and how the hemispheres are coupled
through the atmosphere-ocean system. This is particularly relevant when studying the bipolar
phasing of climate oscillations like the DO events imprinted in the Greenland isotope record with
a corresponding Antarctic counterpart, the AIM. For this, the onset of the DO event is defined
in at least one Greenlandic ice core from which the annual layers are counted up to a certain
marker horizon, i.e. a sequence of bipolar volcanic eruptions. After linking the Greenland ice
core, their profiles can be matched with an ice core from Antarctica revealing the same sequence
of volcanic events by identifying the point in the data set with the same number of years from
the volcanic fingerprint, as exemplified in Figure 2.4.
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Figure 2.4 | Schematic illustration of (bipolar) volcanic synchronisation. Electrical
conductivity signal (yellow) indicates an identical sequence of volcanic eruptions in both ice
cores. Using these as (bipolar) reference horizons, the ice cores can be linked as they constitute
the same timescale (t1, t2). To ascertain the point in the Southern Hemisphere ice core which
corresponds to the onset of a DO event, first the time from the onset in e.g. §'30 or Ca?*
records (blue) to the closest matchpoint is defined (t3). Subsequently, the same number of
annual layers can be counted back from the bipolar volcanic matchpoint to the isotope profile
in the Antarctic ice core (red).

It has to be noted, while local eruptions occurring proximate to the ice core drilling site often
show a detectable ash content in the ice core, bipolar tephra layers usually are lacking due to
the larger distance to the source, or the weak signal is masked by background dust signals.
The volcanic signals can therefore not be matched geochemically, potentially leading to regional
signals being misinterpreted as bipolar. The different geographical locations and atmospheric
circulation, further prevent the magnitudes of the records to be concurrent, hampering the
identification of bipolar eruptions. Hence, eruption sequences with about the same relative
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spacing are used for synchronisation rather than relying on one single event. Coincidentally
temporally similar occurring local events can still not be ruled out entirely. The uncertainty is,
however, reduced by previous synchronisations based on methane and cosmogenic radioisotopes

providing a constrained time frame.

2.2.3.4 Ice Core Chronologies

For the most recent half of the last ice age, all deep Greenland ice cores (NGRIP, GRIP, GISP2,
NEEM, Camp Century, Renland, and DYE-3) are dated based on annual layer counting (Vinther
et al. (2006); Rasmussen et al. (2006)). While for the Holocene annual layers have been mainly
identified in the stable isotope signal, the ages of the period from 8-60ka b2k are ascertained
through seasonal impurities as the isotopic annual layers are obliterated by diffusion (Vinther
et al. (2006)). Based on the DYE-3, GRIP, and NGRIP ice cores, a Greenland chronology has
been constructed reaching back to 14.8ka b2k ((Vinther et al. (2006); Rasmussen et al. (2006)).
NGRIP reveals the most robust annual layer signal throughout the entire ice core due to basal
melt of approximately 1 cm per year in combination with a moderate annual accumulation rate
This results in a different ice flow pattern than in the other deep ice cores and consequently in
thicker annual layers (Rasmussen et al. (2006)). The common Greenland Ice Core Chronology
2005 (GICCO05), therefore, has been extended until 42 ka b2k using independent multi-parameter
layer counting in the NGRIP ice core data (Andersen et al. (2004)). Applying a glaciological
flow model, the GRIP record has been extended until the interglacial-glacial transition (~ 120 ka
b2k) (Johnsen et al. (2001); Wolff et al. (2010)). Internally synchronising the ice cores by shared
volcanic signals, finally the common GICC05modelext chronology has been established (Svens-
son et al. (2005)).

All the Antarctic deep ice cores (WDC, EDML, EDC, Dome F, Talos Dome, Byrd, Vostok,
Talyor Dome, and Low Dome) are assigned to individual timescales (Stenni et al. (2011) and
references herein). Due to generally lower accumulation rates in Antarctica compared to Green-
land, the chronologies are predominantly based on ice flow models supported by orbital tuning
and stratigraphic marker horizons (e.g. Parrenin et al. (2016); Salamatin et al. (2004)). The
WALIS Divide ice core, on the contrary, shows a reliable annual layer record until around 31.2ka
b2k and is afterwards dated through CHyg-matching with Greenland ice cores, favoured by a
high-resolution gas record and a small Aage as result of low accumulation (WAIS Divide Project
Members (2015)). However, for one decade now, some of the deep ice cores share a common
timescale, the Antarctic Ice Core Chronology 2012 (AICC2012) which has been linked to Green-
land through greenhouse gas concentrations, bipolar volcanoes, and cosmogenic isotope records
for the past 60k years (Veres et al. (2013)).
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The phasing of Greenland and Antarctic climate evolution around the abrupt temperature tran-
sitions associated with Dansgaard-Oeschger events has previously been analysed with a focus
on the period up to 60ka b2k (WAIS Divide Project Members (2015); Svensson et al. (2020)).
This project AIM to expand the study by determining the exact Greenland-Antarctic climatic
phasing at all of the DO warming transitions of the entire Last Glacial Period (11.7 ka to about
115ka b2k). For this, firstly, the DO events are defined in the NGRIP ice core and dated accord-
ing to the GICCO5modelext timescale (Section 3.3). Applying proposed ice-core-based volcanic
synchronisation of the entire last glacial, the corresponding depth of the DO events in the other
studied ice cores of Greenland and Antarctica has been provided by Anders Svensson. This
enables the investigation of individual and stacked climate records to describe the pattern of
the climate signal for mean or weaker transitions compared to DO events succeeding a Heinrich
Event, as well as the first half compared to the second half of the last ice age. Furthermore, the
bipolar coupling between Greenland and Antarctica has been qualified by determining the time
delay of Antarctic cooling in response to Greenland abrupt warming (Section 3.4). Lastly, the
climatic profiles across the transitions are compared to computed surface temperatures from a
global climate model simulating DO events under varying greenhouse gas forcing (Section 3.2
and 4.4.2). The ice core data as well as the model output have been processed in MATLAB.

3.1 Ice Core Records

The study is based on existing stable water isotope records from the Greenland NGRIP, GRIP,
GISP2, and NEEM, and the Antarctica WAIS Divide (WDC), Talos Dome (TAL), Dome F,
EDC, and EDML ice cores. The respective drilling site locations can be seen in Figure 3.1. Due
to their wide distribution across the ice sheets, the features such as elevation, accumulation, and

surface snow temperature vary widely between sites. An overview of the ice core characteristics
can be found in Table 3.1.

The NGRIP ice core has been drilled in the centre of the ice sheet and provides the only
dataset used in this study which covers the entire last glacial. A moderately high accumulation
rate (19cm ice equivalent per year at modern time) and basal melt ensure thick annual layers
throughout the entire core. Even though data from the last interglacial have been lost to melt-
ing annual layers of 1 cm even close to the bedrock enabling precise dating of the whole last ice
age (Rasmussen et al. (2006)). Close to the summit of the Greenland Ice Sheet, the GRIP and
GISP2 drilling sites are located in proximate (< 30km) distance from each other. With a depth
of >3 km to the bedrock, both ice core records reach around 200 ka back in time. However, ice
flow over an uneven bedrock topography causes the stratigraphies of the bottom to be disturbed
and results in folded layers older than 105.5 k years. Located near the ice divide, which separates
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the east- and west-flowing parts, the NEEM ice core contains the oldest ice found in Greenland.

Moderately high precipitation at this location ensures clear, thick annual layers without increas-

ing the ice flow resulting in the thinning of older layers. However, the temperature proxy data

in this work only cover the last ice age. All four Greenland ice core records are dated using

the annual-layer counted and model-extended Greenland Ice Core Chronology 2005 (hereafter
GICCO5modelext) based on the NGRIP record (Rasmussen et al. (2014)).

Table 3.1: Ice core characteristics. Geographical location, drilling site elevation (m above

sea level (a.s.])), length of the core (m), temporal coverage of the data in thousands of years
(ka), and sampling resolution for the four Greenlandic ice cores (NGRIP, GRIP, NEEM, GISP2
and the five Antarctic ice cores (Wais Divide (WDC), Talos Dome (TAL), Dome F, EPICA
Dome C (EDC), and Epica Dronning Maud Land (EDML)), respectively.

. Elevation Length Coverage Resolution
Ice Core Location (m a.s.]) (m) (ka) (cm)
NGRIP 75°01°N, 42°32'W 2917 3090 122 5 NGRIP Members (2004); Gkinis et al. (2014)
GRIP 72°35'N, 37°38'W 3230 3022 106 6 Dansgaard et al. 1993; Johnsen et al. (2001)
NEEM T7°2T°N, 51°3.6'W 2484 2539 109 5 Gkinis et al. (2021)
GISP2 72°35'N, 38°27'W 3203 3040 106 6 Grootes et al. (1993); Grootes and Stuiver (1999)
WDC 79°28’S, 112°5'W 1766 3403 67 5 WAIS Divide Project Members (2013); WAIS Divide Project Members (2015)
TAL 72°49’S, 159°11'E 2315 1282 60 10 Stenni et al. (2011) ; Landais et al. (2015)
Dome F 77°19'S, 39°42'E 1151 2416 72 50 Watanabe et al. (2003); Kawamura et al. (2007)
EDC 75°05’S, 123°19'E 3233 1488 110 11 EPICA Community Members (2004)
EDML 75°00’S, 0°04’'E 2892 2416 110 50 EPICA Community Members (2006)

Figure 3.1 |

Map of Greenland and Antarctica. Geographic locations of the polar

drill sites in Greenland and Antarctica, whose ice core records are used in this work. Exact

coordinates and characteristics can be found in Table 3.1. Figure modified from Neff (2014).

19



3. Data and Methods

Drilled at the ice flow divide of the West Antarctic Ice Sheet around 1040 km from the geograph-
ical South Pole, low surface temperatures prevent surface melt and result in thick annual layers.
At the Talos Dome (TAL) drilling site, the modern annual accumulation amounts to 8.5 cm ice
equivalent due to its near-coastal location (~ 300 km to both the Southern Indian Ocean and the
Ross Sea) (Buiron et al. (2011)). Dome F is located on a stable ice dome on the ice divide on the
Antarctic Plateau at the second-highest Antarctic summit and is with 10 m-snow temperature
of -58°C one of the coldest places on Earth (Watanabe et al. (2003)). The EDC ice core provides
one of the longest climate records. However, the small annual layer thickness and flow distur-
bance of the basal layers complicate the dating of the older ice (Parrenin et al. (2016)). The
continuous 680 record originates from two separate ice cores (EDC96, started in 1996, with
786 m length and EDC99, started in 1999, reaching a depth of approximately 3200 m) (Augustin
et al. (2007)). Here, all EDC depths are given on the EDC99 depth scale. The Antarctic ice
core records are dated using their respective chronology different to the one that the Greenland
ice cores are dated based on. In order to determine the bipolar phasing, the depths of the ice
cores are linearly interpolated on the NGRIP depth enabling the GICC0O5modelext to be used
as a common chronology.

All of the data series are equidistant in depth and thus, have an inconsistent individual
temporal resolution, which changes with depth as the annual layers get compressed. The depth
resolutions vary between ice core records from a fine resolution of 2.5cm up to a coarse 0.5 m-
resolution, as shown in Figure A.1 in the Appendix.

3.2 Abrupt Climate Change Simulations

Modelling the climate based on different prehistorical climate conditions enables to verify the
ability of a climate model to predict future climatic scenarios. A comprehensive climate model
has determined the past global temperature changes during DO events under different atmo-
spheric CO2 concentrations (Vettoretti et al. (2022)). The Community Climate System Model
(CCSM4) is composed of five separate geophysical models, coupling the atmosphere, ocean, sea
ice, land, and land ice (Gent et al. (2011)). Despite being a highly complex model it agrees
with the basic mechanisms described by Stocker and Johnsen (2003) mimicking bipolar seesaw
behaviour. A combined thermohaline buoyancy flux is the main forcing driving changes in the
global ocean circulation. During stadials, the heat content in the Southern Hemisphere and
below North Atlantic sea ice is increased, leading to a buoyancy gain on millennial timescales.
The energy influx to the ocean lowers atmospheric temperatures and increases the thermohaline
stratification of the global ocean. Eventually, the heat is released from the ocean during warm
interstadial periods. The buoyancy gradient determines the fluctuating strength of the AMOC
resulting in DO event characteristics. In the conceptual ocean box model, the temperature
changes happen instantaneously in the Northern Hemisphere, while the large thermal reservoir
in the ocean causes heat in the Southern Hemisphere to decay exponentially, resulting in the
characteristic bipolar seesaw pattern as seen in Figure 1.2 (Stocker and Johnsen (2003)). In
the CCSM4, the thermal memory is defined by timescales related to the heat capacity of the
ocean and eddy diffusion. Not resolved by the coarse grid resolution of the model, eddies are
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Figure 3.2 | Simulated temperature under a CO; forcing of 210 ppm. CCSM4 model
output representing temperature profiles over Greenland and Antarctica under a constant CO,
forcing of 210 ppm (Vettoretti et al. (2022)). The simulation reveals abrupt temperature in-
creases over the North Atlantic and corresponding rising temperatures over Antarctica, similar
to DO events and AIM of the last ice age.

parameterised in a subgrid scale as originally proposed by Gent and Mcwilliams (1990). The
basic features of the heat transport through the atmosphere capture solar insolation and wind
patterns modified by the Intertropical Convergence Zone (ITCZ). A set of 10 000-year-long equi-
librated glacial simulations furnishes a global surface temperature profile with a grid resolution
of 3°x3° and temporal resolution of ten years for distinct atmospheric COy concentrations in
the range of 170-240 ppm (Vettoretti et al. (2022)). Additionally, Heinrich events are simulated
by adding a freshwater forcing of 0.05Sv (1 Sverdrup = 1 x 10° m3s~!) imitating extensive ice-
berg melt. On the basis of these mechanisms, the model succeeds to produce a set of abrupt
temperature rises over Greenland and respective small-scale temperature increases over Antarc-
tica, resembling Northern Hemisphere DO events and corresponding Southern Hemisphere AIM
(Figure 3.2). Despite a constant pattern of the events, the duration varies in accordance with

the background CO; forcing.

Since the model is driven by mathematical descriptions of the physical processes in the cli-
mate system, the mechanisms behind the climate coupling between the Northern and Southern
Hemisphere in the last glacial period can be understood, if the model output fits the actual
palaeoclimatic data of the Greenland and Antarctic ice cores. For this study, the temperatures
at the respective Greenlandic and Antarctic drilling sites are extracted from the global record,
and the interhemispherical climate signal across the DO events is analysed in comparison to the

isotope ice core data.
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3.3 Defining the Onsets of Dansgaard-Oeschger Events

In order to study the interhemispherical interplay and for this purpose determine the phasing
between Antarctica and Greenland across the Northern Hemisphere abrupt warming events,
first the absolute timing of the DO events has to be determined. More precisely, the onset of
the individual warming events has to be ascribed to a certain age on the common timescale,
which all the individual ice cores can be assigned to. The identified 25 DO events are in some
cases internally interrupted by several warming and cooling transitions. In this work, the onset
of in total 32 interstadials as well as the abrupt warming through the Younger Dryas-Preboreal
transition (YD-PB) has been dated.
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Figure 3.3 | Defining onsets of Dansgaad-Oeschger events. NGRIP §'%0 as a function
of NGRIP depth including the Greenland interstadials GI-5.2, GI-6, and GI-7. Dots denote the
midpoint defined as the steepest point in the transition from stadial to interstadial conditions.
The slope is represented by A§'®0 as a function of depth. Grey vertical lines mark the depth
associated with the largest A§'®0 gradient over ten data points in a 15-point smoothed isotope
profile in the predefined search interval indicated by the grey shading.

The onset of the DO event, here, is defined as the midpoint of the transition from a cold sta-
dial to a warm interstadial period in the NGRIP §'®0 record. The NGRIP ice core provides
the longest continuous high-spatial-resolution isotope record assigned to the prehistorical ages
with a 20-year temporal resolution. Corresponding to the number of events, 33 search intervals
have been prescribed, each covering the respective DO event including interstadial initiation
and subsequent termination. In order to reduce the noise, the data are smoothed by calculat-
ing the moving mean over a subset of a number of datapoints varying for the different depth
intervals. Aiming to provide a method as objective as possible, it has to be noted that the
number of averaged data points has been decided based on a visual inspection of the dataset
and varies between 10 and 20 datapoints. The midpoint is then determined as the depth of the
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smoothed isotope record with the steepest 680 gradient during the transition between stadial
and interstadial. By determining the depth of the ice core where the change in §'%0 is largest
over at least ten datapoints (i.e. 0.5m), the influence of short-term fluctuations has further
been reduced. Figure 3.3 illustrates the determined onsets of three DO events. Seeking to
ascertain the Antarctic climate response time to Greenland abrupt warming, the midpoints of
the stadial-interstadial transitions on a depth scale are assigned to the corresponding age of the
NGRIP ice core by linearly interpolating the depth-dependent high-resolution record onto the
GICCO5modelext timescale with a temporal resolution of 20 years.

3.4 Determining the Bipolar Phasing

Based on the determined onsets of the DO events in this work, the corresponding depth of the
stadial-interstadial transitions in the three other Greenland ice cores (GRIP, GISP2, and NEEM)
as well as the depth in the four Antarctic ice cores (WDC, TAL, Dome F, EDC, and EMDL)
corresponding to the respective DO events have been provided by Anders Svensson, applying
annual layer counting in combination with (bipolar) volcanic reference horizons, as described in
Section 2.2.3.3. Again, linear interpolation concatenating the depth-dependent §'%0 data with
interpolants to create a continuous timeline corresponding to the depth data yields the age of
the respective DO onsets in all the other ice cores.

The synchronisation allows to study the bipolar phasing of the abrupt warming events for
different periods of the last glacial as well as for different assemblies of individual DO events.
To precisely analyse the timing, the §'80 record of each individual event for all the different ice
cores is aligned at the determined ages for the transitions on the GICC05modelext time scale.
For this, a time vector, 7, is defined to span from t = —1 200 years to t = 4+1 200 years in 1-year
increments. The midpoint age is set to t =0 and the isotope record is linearly interpolated
onto the time vector. This results in an oversampled record spanning from 1200 years before
the transition to 1200 years after the relative transition with equal annual spacing for each
individual DO event and the corresponding synchronous Antarctic 6'8O-profile. For a more
pronounced signal the individual, synchronised events are averaged to obtain a stacked record.

Within this 2400-year window, occasionally multiple events occur. The series of closely-
spaced events including GI-14 to GI-17.2 comprises seven events within around 5 500 years, with
a minimum temporal difference between the midpoints of GI-16.1 and GI-16.2 of 220 years. To
avoid the signal of the individual transitions being disturbed by closely following or preceding
events, those signals could be replaced by a constant value matching an average boundary value.
However, due to the generally largely varying timing and duration of the events, the signal is
expected to be averaged out away from the transition in a stack of multiple events and thus,
not to be influenced by transitions occurring shortly before or after a certain event.

Stacking the events is especially advantageous when defining the precise bipolar phasing from
the highly variable climate signal. The small signal-to-noise ratio in the Antarctic profile due to
wind-driven redeposition generally observed at low-accumulation sites complicates the identifi-
cation of the breakpoint where warming switches to cooling in the individual AIM. Therefore,
the change point is found by determining the §'¥0 maximum in the common climate signal of all
events and ice cores. Stacked records further reveal a more general phasing relationship which
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can more easily be compared to climate models as these often are not able to mirror the details
of each individual event. For Greenland, in total 128 events were stacked for four different ice
cores over the course of the last ice age, as the records from GRIP and GISP2 only are reaching
up to and including GI-24.1 while the ice cores from NGRIP and NEEM cover the entire range
of 33 interstadials. The data from Talos Dome and Wais Divide only embrace the last 60ka,
and the signal from Dome F ends after GI-19.2. Thus, for the five Antarctic ice cores, overall
136 events are averaged.

Antarctica has been observed to warm in response to abrupt warming of the Northern Hemi-
sphere and subsequently cool until reaching temperatures lower than prior to the corresponding
DO events, indicated by increasing and decreasing 6'80 values, respectively. Based on previ-
ous studies, global heat circulation mechanisms, and general climate timescales, Antarctica is
expected to respond within a maximum of 300 years after the DO onset (Blunier et al. (1998);
Blunier and Brook (2001); WAIS Divide Project Members (2015); Svensson et al. (2020)).
Hence, the breakpoint between Antarctic warming and cooling is defined as the maximum in
the 6'80-record occurring within this time interval of 300 years after the transition from stadial
to interstadial conditions.
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Figure 3.4 | Illustration of the procedure of determining the bipolar phasing be-
tween Greenland and Antarctica. The climate records from the different ice cores across
the individual DO events are oversampled by interpolating the record onto a time vector,
7= —1200 : 1: 1200 years, where the onset of the DO event corresponds to t = 0 years. Sub-
sequently, the events are averaged to create a stacked record for Greenland (black) and Antarc-
tica (orange), respectively. The breakpoint marks the onset of Antarctic cooling found as the
maximum in the Antarctic stack. The bipolar phasing is then defined as the time Antarctica
needs to respond with cooling to Greenland abrupt warming as the average time between the
DO onset and the breakpoint.
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Different from the Greenland isotope signals, the Antarctic §'80-values vary widely between
the individual ice cores. Therefore, the records have been normalised according to the min-
max scaling before the stacking procedure. For subsequent comparison to Greenland isotope
signals, Antarctic records are transformed into the interval [-0.3; 0.3] while the Greenland data
are min-max normalised in the range [-1;1]. Normalising with respect to the extreme values
is not expected to change the maximum of the stacked record. Since the maximum can be
hidden in noise the profiles are smoothed creating a 15-point moving mean before determining
the breakpoint. The influence of smoothing the Antarctic stack as well as normalisation has
been tested for different smoothing windows showing similar results (Figure D.2) supporting the
robustness of this method. Furnishing an almost constant value of the response time regardless
of the number of averaged points between zero and 30, the bipolar phasing has been calculated
based on a stack smoothed over a window of 15 years. The procedure of determining the bipolar
phasing between Greenland and Antarctica is illustrated in Figure 3.4.

Different ensembles are studied by grouping the DO events into distinct classifications defined
by the time of occurrence and size. Namely, the last glacial period is divided into the first (older)
half spanning from 115 ka until 60 ka b2k and the second (more recent) half covering the period
from 60 ka until the onset of the Holocene (~ 11.7ka b2k). Another separation considers major
and minor events, where the large events are specified by those with a preceding Heinrich event
(Figure 1.1). Small events comprise the remaining events. Table 3.2 presents an overview of the
DO events associated with the respective four classifications.

Table 3.2: DO event classification. Analysed groups of DO events classified by time of
occurrence in the first and second half of the last glacial and by size. Major events refer to
DO events arising from a Heinrich stadial, whereas minor events comprise the remaining DO
events. Additionally, the total number of events averaged for the different classes is given
for the four Greenlandic (GL) and five Antarctic (AA) ice cores, respectively, as the different
datasets do not uniformly cover the same period and thus number of events.

DO Events DOs GL DOs AA
Entire Last Glacial
(10-115 ka b2k) YD-PB to GI-24.2 128 136
First Half
(65-115 ka b2k) GI-19.1 to GI-24.2 36 22
Second Half
(10-65 ka b2k) YD-PB to GI-18 92 114
GI-1, 2.2, 4, 8,12, 14
Major Events 17.2, 19.2, 20, 21.1 22, 23.1 48 46
YD-PB, GI-3, 5.1, 5.2, 6, 7
9,10, 11, 13, 15.1, 15.2
Minor Events 16.1, 16.2, 17.1, 18, 19.1, 21.2 80 90
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3.5 Uncertainty Evaluation

The bipolar phasing across DO events is based on the determination of the transitions in the
Greenlandic record, the subsequent bipolar synchronisation, and finally, the examination of the
breakpoint in the Antarctic stacked isotope profile. Each of these determinations is fraught with
uncertainties and contributes to an absolute error on the Antarctic response time relative to
Northern Hemisphere warming. In the following, the different error sources are discussed and

corresponding estimates are given.

The transitions from stadial to interstadial have been defined in the NGRIP §'®0 record with
an equidistant resolution of 5cm. Smoothing the data points over a window between five and
maximum 20 datapoints reduces the noise in the signal facilitating the examination of the
transition without decreasing the number of data points. A high noise level is thought to hamper
the definition of the steepest point and the smoothing process is therefore considered necessary
to evaluate the midpoint of the transition. Other approaches approximate the abrupt change by
a ramp fit. By only averaging over a few data points the potentially non-linear characteristics
and the abruptness of the change are conserved while reducing the noise level. Therefore,
smoothing the data is considered to favour the midpoint determination and is not included in
the uncertainty estimate. Instead, the sample resolution is said to contribute to the overall error,
as some years might be masked if the annual layer thickness is smaller than the spatial resolution.
After interpolating the depth onto the chronology to assign a corresponding age, the temporal
resolution has been found around the transition age and is taken as the respective uncertainty
for each DO event, with the mean of all events comprising the uncertainty contribution of the
transition determination, denoted as dp, to the Antarctic response time.

The ages are ascertained with reference to the GICCO5modelext timescale with a 20-year res-
olution. Down to 60.2 ka b2k the chronology is based on annual layer counting where the dating
uncertainty is quantified in terms of MCE (Section 2.2.2.1). This cumulative error amounts to
99 years at the onset of the Holocene and accumulates to 2.6 ka at 60 ka b2k. Beyond this age the
chronology has been extended, applying a glaciological model based on the simple Dansgaard-
Johnsen model combined with 60 data without an instinct error estimate (Rasmussen et al.
(2014)). This error of about 5% is approximately constant throughout the last glacial period.
When synchronising records across hemispheres, only the relative timing is of importance rather
than the absolute age. The bipolar matching is, however, sensitive to annual layer counting.
Accounting for the error of 5% associated with the chronology, a relative uncertainty on the
bipolar synchronisation is given as 10% of the distance to the closest bipolar matchpoint (Svens-
son et al. (2020)), with the uncertainty consequently increasing proportionally to the number of
annual layers between the onset and the matchpoint. The bipolar matching uncertainty ranges
between 0 and 50 years (Table E.1). With respect to the distribution of the error (Figure D.3),
the median of the bipolar matching uncertainties, rather than the mean, is taken as an error
estimate on the stack of all transitions, termed dp;.

The Antarctic response time to Greenland warming is defined as the time passed between the DO

event and the isotopic maximum in the §'%0 record. Meaning it is determined by the maximum
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in the stacked Antarctic isotope profiles past the stadial-interstadial transition (Section 3.4).
Here, a noisy signal again complicates the precise determination of the breakpoint and the
data have been smoothed prior to the examination. The influence of smoothing as well as
normalisation of the Antarctic stack has been tested for different smoothing windows and gives
a maximum deviation of 16 years for the response time defined from raw data and smoothed over
maximum 80 years. Accounting for the different shapes and data resolutions of the individual
ice core records, one uncertainty on the breakpoint determination has been estimated for each
Antarctic ice core (Table D.1). For this, the data fluctuation has been quantified by calculating
the residuals relative to the data smoothed over a window of 80 years in order to remove the
noise and to solely represent the trend of the isotope profile. The value corresponding to the
maximum of the smoothed curve has been found within the upper level represented by one
standard deviation of the residuals (Figure D.4). This gives a time range of where the maximum
of the raw data can be located accounting for the noisiness of the data. Even though the
maximum is not necessarily the midpoint of the maximum range, the uncertainty is taken as
half the range to account for the maximum time deviation. The mean of the uncertainties of the
individual ice cores corresponds to the phasing contribution of the error on the stacked Antarctic
record, referred to as dgp. Since EDML does not show a maximum prior to the cooling trend in
response to Northern Hemisphere warming, it is excluded from the error evaluation. To achieve
a conservative error estimate, each uncertainty contributes equally to the overall uncertainty on
the average Antarctic response time. Presuming the errors to be independent, the law of error
propagation can be used to calculate the final uncertainty on the Antarctic response time for
the whole glacial as well for different ensembles, dpr, as can be seen in Equation 3.1.

OrT = \/ 0% + 0%, + 0%p (3.1)

An overview of the estimates can be found in Table 3.3 for the different subsets of events. It
has to be noted that this is only a rough error estimate and might be influenced by additional
factors. For instance, the sample resolution has been assumed to be captured by the uncertainty
on the individual break points which in reality might not be certainly true.
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Table 3.3: Uncertainty estimates. Error estimates on the definition of the midpoint in
the NGRIP ice core (d7), on the bipolar volcanic synchronisation (d7), and the determination
of the breakpoint (dpp) in the Antarctic records in years (yr). Each estimate contributes
equally to the uncertainty on the bipolar phasing, i.e. Antarctic response time to Greenland
warming, (drr), for all the different classifications; entire Last Glacial Period (10-115ka b2k),
the first half (65-115ka b2k), the second half (10-65 ka b2k), as well as minor and major events
(DOs with preceding Heinrich Event). See Table 3.2 for the events comprising the different
classifications. The error estimate on the breakpoint is the mean of the estimates on the
maximum for the individual Antarctic ice cores are listed in Table D.1.

or [yr] Owm [yr] dpp [yr] drr [yr]
Entire last glacial 3 7 39 40
First half 4 7 56 57
Second half 3 7 38 38
Minor DOs 3 7 52 53
Major DOs 3 4 51 51
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4.1 Stadial-Interstadial Transitions

The timing of the onsets of the Dansgaard-Oeschger events, defined as the midpoint of the
transition from stadial to interstadial conditions, have been determined in the NGRIP §'%O-
record as part of this work. The depth and the corresponding age on the GICC05modelext
timescale of the respective DO events are presented in Table 4.1. It has to be kept in mind, that
the onset of abrupt warming from a cold stadial precedes the onset as it is defined here, namely
as the midpoint of the transition. Based on the last isotopic minimum in the 680 record before
the stadial-interstadial transition in the NGRIP stacks, the midpoint occurs 25 years later on
average than the initiation of the interstadials (Figure 4.1). This is in strong agreement with
a recent study, suggesting the midpoint to be delayed by 25 £ 7 years compared to the stadial
termination /interstadial initiation in NGRIP §'80O-data (Erhardt et al. (2019)). Note, however,
that the timing is influenced by the smoothing of the data, differs between proxies (Erhardt
et al. (2019); Svensson et al. (2020)), and strongly depends on how the initiation of the DO

event is defined.
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Figure 4.1 | Temporal delay of midpoint compared to the onset of DO events.
Stacked isotope record of 33 events in the period between 10ka and 120 ka b2k of the NGRIP
ice core showing the delay of the defined midpoint used for aligning the stacks at ¢ = 0 compared
to the interstadial initiation at ¢ = —25 years on average.
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Table 4.1: Omnsets of the DO events. Depth and corresponding age on the
GICCO05modelext timescale with reference to the year 2000 CE (b2k) of the Greenland Inter-
staidal onsets. The onsets are defined as the midpoint of the transition during the last glacial
period based on the NGRIP §'8O-record. YD-PB refers to the Younger Dryas-Preborial tran-
sition.

Interstadial NGRIP Depth [m] Age [yr b2k]

YD-PB 1492.40 11702
Gl-1e 1604.50 14688
GI-2.2 1793.45 23349
GI-3 1869.00 27778
GI-4 1891.35 28890
GI-5.1 1919.55 30783
GI-5.2 1951.70 32501
GI-6 1974.45 33734
GI-7c 2009.55 35483
GI-8c 2069.90 38214
GI-9 2099.70 40164
GI-10 2124.05 41460
GI-11 2157.50 43339
GI-12¢ 2221.95 46 842
GI-13c 2256.60 49263
GIl-14e 2345.35 54210
GI-15.1 2355.20 54990
GI-15.2 2366.15 55785
GI-16.1c 2398.70 58 035
GI-16.2 2402.20 58255
GI-17.1c 2414.85 99 067
GI-17.2 2420.35 99434
GI-18 2465.80 64 094
GI-19.1 2507.55 69614
GI-19.2 2535.95 72337
GI-20c 2579.10 76 436
GI-21.1e 2687.35 84762
GI-21.2 2691.00 85049
GI-22¢g 2746.60 90 044
GI-23.1 2891.50 104035
GI-23.2 2896.40 104499
GI-24.1c 2920.60 106 758
GI-24.2 2938.30 108 289
GI-25¢ 3003.30 115391

The determination of onsets of the abrupt climate events has been addressed in several studies
applying different methods. After the initial definition of the events by Johnsen et al. (1992), the
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event stratigraphy has been extended with new short-lived oscillations by visually identifying
the event onsets in the synchronised §'8O-records in combination with Ca?t concentrations from
three Greenlandic ice cores (Rasmussen et al. (2014)). Instead of defining the midpoint of the
stadial-interstadial transition directly, Buizert et al. (2015) manually determined pre-event and
post-event averages to set the start- and the endpoint of the transitions and subsequently defined
the time when 50% of the transition was completed by linear interpolation. Another approach
is based on an algorithm designed by Erhardt et al. (2019) using a probabilistic model which
describes the transition between stadial and interstadial as linear. Fitting a ramp model to the
transition in a carefully predefined window, the temporal midpoint and the duration of the tran-
sition are used as parameters in the fitting function to define the onset of the DO event (Capron
et al. (2021); Myrvoll-Nilsen et al. (2022)). The age of the onsets detected in the NGRIP 60
data in these studies are plotted together with the onsets determined in this work in Figure 4.3,
where only this work and Rasmussen et al. (2014) extend beyond GI-18. It has been noticed,
that in some cases the age is given in years before present (BP), with ’present’ corresponding to
the year 1950. The ages have been adjusted to fit the transition ages in years prior to 2000 CE
(b2k) and are therefore offset by 50 years from the originally published transition ages.

ADepth [m]

Figure 4.2 | Deviation of determined transitions. Differences in the NGRIP depth [m]
(A Depth, left panel) and GICCO5modelext age [ka b2k] (A Age, right panel) of the abrupt
climate transitions determined as the midpoint from stadial to interstadial in this work based
on the NGRIP 680 [%o] proxy record compared Rasmussen et al. (2014) (green), Buizert et al.
(2015) (blue), and the onset as defined in Capron et al. (2021) (yellow), and Myrvoll-Nilsen
et al. (2022) (pink).
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Figure 4.3 | Ages of the abrupt climate transitions. Onset and midpoint ages in ka
b2k of the stadial-interstadial transitions for the NGRIP 6*¥0 [%o] proxy record determined
in this work (red). The results are compared to the midpoint ages presented in Rasmussen
et al. (2014) (green) and Buizert et al. (2015) (blue), and the initiation ages from Capron et al.
(2021) (yellow), and Myrvoll-Nilsen et al. (2022) (pink).

To compare the approach used in this work to previous studies, the respective depths and ages
relative to this work have been calculated and plotted in Figure 4.2 as depth and age differences,
respectively. A positive value implies that the onset has been found deeper in the ice core (i.e.
at greater age), meaning that the transition is occurring earlier in time in the other studies
compared to this work, and vice versa. The onsets determined in this work are in considerable
agreement with the onset depths and ages defined by Rasmussen et al. (2014) and Buizert
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et al. (2015) showing generally low deviations of maximum 95 years and 32 years, respectively
(Rasmussen et al. (2014); Buizert et al. (2015)). With the differences almost equally distributed
around zero, the method is not thought to systematically under- or overestimate the midpoints of
the transitions. The ramp-fitting approach, on the contrary, systematically ascertains the onsets
to occur earlier in time with a maximum of around 130 years for GI-11 in both studies. Despite
being in agreement with the midpoint to occur after the initiation of the event, the transitions
from stadial to interstadial usually are of shorter duration than 260 years. The different results
regarding the timing of the events show the high sensitivity to the method. Visually analysing
the isotope signal (Figure 4.3) the onsets determined in this work seem to be a good estimate
for the midpoint of an abrupt warming event. Furthermore, averaging all 33 abrupt warming
events for the NGRIP isotope record and aligning the profiles at the determined midpoint of
the transition (t =0), the isotopic minimum before the stadial termination and the isotopic
maximum marking the end of the warming phase, are in approximately equal distance to the
determined DO onset (i.e. midpoint of warming transition) in the stacked signal (Figure B.1
in Appendix). This validates the method of defining depth with the steepest 6'*0 gradient as
the midpoint of the interstadial-stadial transition. Figure B.1 in the Appendix further shows
that the previous statement is valid for the other ice cores as well, as the onset on average
corresponds to about the midpoint between a pre-transition 6'¥0 minimum and a post-transition

5180 maximum in all the four Greenland ice cores.

4.2 Climate Across Dansgaard-Oeschger Events

The Greenland ice cores are internally synchronised and subsequently interhemispherically linked
with the Antarctic ice cores using volcanic reference markers to achieve a bipolar climate sig-
nal across the Northern Hemisphere abrupt climate events. An overview of the onset depth
based on the midpoints defined in the NGRIP isotopic record can be found in Table E.1 in
the Appendix as provided by Anders Svensson. Considering the individual warming events the
overall associated climate signal is very similar over the course of the last glacial period for all
four Greenlandic ice cores showing an abrupt warming and subsequent gradual cooling. The
duration of the interstadial and the rate of temperature change, however, varies between events
but not significantly between the deep Greenland ice cores. This is due to the drilling sites be-
ing located at proximate distance to each other and thus, are characterised by a highly similar
climate. Despite the higher elevation, GRIP and GISP2 situated at the summit show higher
temperatures as indicated by higher §'80-values compared to NGRIP and NEEM (Figure 4.5),
suggesting that the latitudinal effect dominates the lapse rate effect. The latitudinal effect masks
the effect of the proximity to the moisture source, which suggests higher 6'¥0 values for NGRIP
and NEEM being located closer to the coast than the summit drilling sites, GRIP and GISP2
(see Figure 3.1 and Table 3.1). For these more northern ice cores, NGRIP and NEEM, the
different influences on the isotopic composition of the ice, elevation, latitude, and distance to
moisture source seem to be balanced as indicated by similar temperature proxy values. It has,
however, to be kept in mind that the isotopic composition is further influenced by factors such
as distance to the moisture source.

In Antarctica, on the contrary, the drilling sites are spread widely across the continent experi-
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encing climate impacts from different ocean basins and larger variations in elevation (see Figure
3.1 and Table 3.1). Thus, different isotope compositions of the moisture source, distance from
the ocean, and air temperatures impact the individual 6’30 values. Therefore, the climate signal
fluctuates not only slightly between events but also varies between ice cores to a higher degree
than in Greenland, making the Antarctic isotope profiles difficult to compare directly. As ex-
amples of DO events of different classes, the climate signal across the DO event GI-18, GI-21.1,
and GI-21.2 is shown in Figure 4.4. The former represents the second half of the last ice age,
and the other the first half. GI-21.1 is further an example of a major DO event initiating from
a Heinrich stadial. The climate signal associated with all the remaining events is presented in
Figure E.1 in the Appendix.
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Figure 4.4 | Interhemispherical climate signal across Dansgaard-Oeschger events.
Normalised 6180 records across the onset of GI-18, and GI-21.1 and GI-21.2 (grey vertical
line) for four Greenlandic and four Antarctic ice cores aligned using bipolar volcanic synchro-
nisation. The applied bipolar volcanic matchpoints are marked as yellow vertical lines. The
synchronisation across GI-18 is hampered by a lack of volcanic matchpoints during this period,
potentially explaining the less precise alignment of the Greenland ice core records.

These climate signals show a generally similar pattern for the four Greenland ice cores with
low 680 values indicating the cold stadial and a rapid increase in 680 across the determined
DO onset until warm stadial conditions characterised by higher 680 values, as previously well
established from Greenland ice cores (e.g. Rasmussen et al. (2014); Landais et al. (2018); Capron
et al. (2021)). Contrary to a strong inter-core consistency related to the transition duration and
amplitude, the individual ice cores suggest variability in the transition duration and even larger
differences in the duration of the entire DO event from one event to the other despite agreeing
on the overall pattern. Towards earlier DO events found in the lower part of the ice core, this
consistency in the duration pattern is disturbed by flow-induced thinning and potential basal
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melt lowering the temporal resolution of the datasets, as each sample contains a longer time
period for each average 6'80 value the thinner the annual layers. This also erases the variability
of the climate signal itself and can explain the smoother curves in the GISP2, which has a low
temporal resolution, and the NEEM ice core, which has a stronger thinning rate compared to
NGRIP (Capron et al. (2021)).

The Antarctic isotope records, on the other hand, do not reveal any uniform pattern across
the individual Northern Hemisphere stadial-interstadial transitions. Instead, the signal varies
in amplitude, i.e. change in §'®O from Greenland stadial to interstadial, timing and a general
trend of the isotopic composition, both between ice cores and from event to event. The inter-core
heterogeneity observed in both Greenland and Antarctica may be owed to local artefacts, such
as different seasonalities, changes in the moisture source origin or transport mechanisms, and
atmospheric or/and oceanic mesoscale dynamics (Charles et al. (1994); Guillevic et al. (2012)).
The event-to-event differences, however, point towards different processes underlying the indi-
vidual abrupt climate changes. Alternatively, and supporting the common hypothesis of DO
events originating from a unique trigger, the underlying mechanisms potentially are expressed
differently due to internal climate variability controlling the propagation of the climate signal
or perturbation both on a regional and hemispherical scale (Erhardt et al. (2019)).

Under the assumption, that the events and the triggering mechanisms are considerably similar,
the 680 profiles across the individual DO events are stacked for the different ice cores in order to
investigate a more general climate behaviour of Antarctica in response to Northern Hemisphere
abrupt warming. As seen from the stacked isotope records in Figure 4.5, the Antarctic profiles
from WDC, Dome F, Talos Dome, and EDC show initial warming synchronous with Greenland
DO events followed by a gradual cooling while the Northern Hemisphere temperatures stay
elevated as suggested by the bipolar seesaw theory. The variations in the Antarctic isotope
composition during the AIM are hereby in the order of one magnitude lower than experienced in
Greenland when transitioning from stadial to interstadial. While the synchronous, sharp warm-
ing is distinctly presented in all four of the mentioned Antarctic ice cores, the gradual cooling is
most clearly pronounced in the WDC stack, whereas the signal is more difficult to distinguish
from noise in the isotope records from Talos Dome, Dome F and EDC. Nevertheless, a general
decrease in 6'80 is detectable after a certain lag time. Different from the East Antarctic ice
cores (Dome F, Talos Dome, and EDC), as well as WDC, EDML is cooling across the transition
associated with DO events, continuing the same general trend afterwards.
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Figure 4.5 | Average interhemsispherical climate signal across Greenland abrupt
warming transitions. Stacked 80 [%o] signals from the Greenlandic NGRIP, GRIP, GISP2,
and NEEM ice cores (upper panel) and the Antarctic Wais Divide (WDC), Talos Dome (TAL),
Dome F, Epica Dome C (EDC) and Epica Dronning Maude Land (EDML) ice cores around
the transition from stadial to interstadial conditions as marked by ¢ = 0 years. Years < 0
represent the time before the DO event and years > 0 the period after the warming transition.
The timescale is thereby reversed with respect to Figure 4.4.

4.3 Bipolar Phasing

With the precise volcanic synchronisation, the coupling between DOs and AIM can be anal-
ysed and the Antarctic response time with respect to Northern Hemisphere abrupt warming
quantified. The initial bipolar seesaw hypothesis predicts an anti-phase behaviour between the
Northern and the Southern Hemisphere (Stocker and Johnsen (2003)). The ice core synchronisa-
tion, however, suggests an in-phase relationship characterised by a time lag between Antarctica
and Greenland (Section 4.2 and Blunier et al. (1998); WAIS Divide Project WAIS Divide Project
Members (2015); Svensson et al. (2020)). Holding onto the bipolar seesaw theory, the time lag
can be explained by adding a heat reservoir to the system, typically the interior of the South-
ern Ocean, delaying the Antarctic cooling after the Northern Hemisphere temperature increase.
Averaging the shared climate signals from the five Antarctic ice cores, the Antarctic tempera-
ture decrease after reaching an isotopic maximum has been found to lag the Greenland abrupt
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warming by 57 440 years on average (Figure 4.6). This is about 150 years faster than deter-
mined based on methane synchronisation (WAIS Divide Project WAIS Divide Project Members
(2015)). Svensson et al. (2020) argue for an underestimation of A age between the enclosed
gas and the surrounding ice leading to imprecise interhemispherical matching, which potentially
results in overestimating the Southern Hemisphere response time. Applying volcanic synchroni-
sation, a delay of 122 4 24 years of the onset of Antarctic cooling relative to Greenland warming
has been proposed (Svensson et al. (2020)). While foreshortening the time lag compared to gas
matching it is still about twice as long as estimated in this work. Both estimates are based on
the same fitting routine (WAIS Divide Project WAIS Divide Project Members (2015); Svens-
son et al. (2020)) whereas the breakpoint in the Antarctic stacked isotope records marking the
initiation of the cooling after Northern Hemisphere warming in this work has been defined by
a simple maximum determination. Further, while the previous studies only address the more
recent half of the last glacial consisting of the events up to and including GI-17.2, this work
covers the entire glacial with the exception of GI-25. The bipolar phasing of the first half only
(prior 65ka b2k) is more difficult to define precisely compared to the second half post 65ka
b2k, perhaps due to a weaker mean comprised of fewer events. First of all, only one third of
the analysed DO events occur during the earlier period, where the isotope data from WDC and
Talos Dome do not expand past GI-18 (~ 65ka b2k), and Dome F only contributes with two
events to the Antarctic mean of the first half. The climate signal at Dome F as well as EDC
further are highly variable with generally small-scale temperature fluctuations (Figure 4.4 and
4.6) but without any distinct cooling trend after the breakpoint. Thus, the three-core mean
of in total only 22 events is dominated by the EDML isotope record during the cooling period
past the breakpoint. Furthermore, decreasing temporal resolution due to annual layer thinning
disguises the isotope profile and hampers the exact phasing determination. Given by the post-
transition isotopic maximum (i.e. breakpoint) in the stack, the switch from warming to cooling
in the course of the AIM has been determined in this work to occur on average 62 + 57 years
after the onset of the DO events in the first half of the last ice age (Figure 4.6). Despite the
response time attributed to the first half being in overall agreement with the response time of
the whole last glacial, the estimate has to be taken with caution. The breakpoint determination
is sensitive to smoothing of the signals and outliers in the individual §'®O-record. For instance,
since the result is based on the normalised stack the large fluctuations in the EDML and Dome F
records damp the profile of the mean. Excluding these two signals from the mean, the response
time can be prolonged to 88 + 62 years (Figure F.4) for the entire last glacial period. However,
it can be ventured that the Antarctic response time is consistently shorter during the last ice
age than suggested by methane synchronisation and the increased abruptness of the shifting
climate indicates an improvement in the bipolar synchronisation when using volcanic reference

sequences rather than well-mixed atmospheric gases.
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Figure 4.6 | Bipolar phasing during the entire last glacial and its early half. Nor-
malised stacks of the isotopic records across the Greenland interstadials YD-PB until GI-24.2
(left panel), and GI-19 to GI-24.2 (right panel), with t =0 marking the onset determined in
the NGRIP §'80 profile as listed in Table 4.1. The breakpoint, defined as the maximum in
the Antarctic multi-core mean at t = 57 & 40 years and t = 63 + 57 years marks the temporal
delay of the Antarctic cooling relative to Northern Hemisphere abrupt warming for the whole
glacial period and its first half, respectively. See Section 3.4 for normalisation and stacking
procedure, as well as the determination of the bipolar phasing. The number of events stacked
for the period of the entire glacial and the first half, respectively, can be seen in Table 3.2. Note
that the Antarctic stacks of EDML and Dome F are offset for better visualisation. Further,
note that the poor alignment of the GRIP ice core compared to the remaining is probably not
caused by a climate artefact but rather due to a lack of volcanic matchpoints complicating the

precise synchronisation.

4.4 Towards an Understanding of the Mechanisms Behind
Dansgaard-Oeschger Events

In order to investigate the physical mechanisms behind the abrupt climatic changes the events
are classified by size and time of occurrence (see Table 3.2) and the groups studied individually
for each ice core as well as averaged for Greenland and Antarctica respectively to determine the
bipolar phasing. Figure 4.7 compares the averaged climate signal of Greenland and Antarctica
between the first and the second half, and between major and minor events, respectively. In
addition, the bipolar phasing has been computed for a model output simulating DO events under
different levels of CO9 concentrations to examine the potential of the model to explain possible

processes of abrupt climate change and the ability to project comparable changes in the future.
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4.4.1 Comparing Classes of DO Events

The first half of the last ice age is characterised by higher §'¥O-values across DO events in both
the Greenlandic and Antarctic ice core records compared to the more recent 50k years. This
is very likely an imprint of the preceding interglacial and thus attributable to generally higher
global temperatures during this period and lower elevations of the ice sheets as a result of ice-
sheet hysteresis. Regional variations in §'80 therefore might be related to a changing shape of
the ice sheets. The Greenland ice sheet, for instance, reached its maximum extent at the Last
Glacial Maximum around 21 ka b2k with a global ice sheet volume equivalent to 110 to 130 m sea
level compared to 60 to 90 m sea-level equivalent during the early time of the last glacial (Onac
et al. (2012)). The Dome F ice core has the only record with lower §'80-values during the early
half compared to the period of 10-65ka b2k, potentially suggesting lower temperatures during
the early half of the last glacial. However, it has to be kept in mind that the stacked record
representing the early 55ka years comprises of solely two single events, namely GI-19.1 and
GI-19.2, occurring right at the temporal boundary to what has been defined as the second half
(~ 65 kab2k), where global temperatures have distinctly decreased. Therefore, the two events
might not be truly representative of the first half and differences in the isotope profiles between
the first and the second half cannot be confidently connected to local geography or climate
variations at the Dome F drilling site.

Early Greenland interstadials are on average longer than those occurring during the more
recent half. Higher temperatures over the North Atlantic potentially prolong the termination of
the AMOC extending the time the system spends in the warmer state (Vettoretti et al. (2022)).
Further, higher early-glacial air temperatures are closely coupled to an increased atmospheric
COg concentration, which in return modulates the DO oscillations. Observed in a modelling
study (Section 3.2), the COq levels have shown to control the duration of stadial and interstadial
by impacting the ocean heat content and mean sea ice volume in the North Atlantic and Arctic
Ocean (Vettoretti et al. (2022)). Higher COg levels in the first half of the last glacial in compar-
ison with the second half resulted in warmer waters of the North Atlantic and Arctic Ocean to
a higher degree than in other parts of the global ocean due to important climate feedbacks and
consequently a reduced mean sea-ice volume. Cooling after the transitions from stadial to inter-
stadial conditions is, on the contrary, of shorter duration than during the more recent period.
This is supported by the climate model simulating longer interstadials under elevated COs levels
relative to the ensemble mean. A weak AMOC state, in return, reduces the northward transport
of warm, saline waters and leads to a saltwater build-up in the low-latitude Atlantic. Under
high CO4 concentrations, this saltwater pool has the potential to re-invigorate the AMOC and
consequently, foreshorten the stadial period (Vettoretti et al. (2022)). The reduced time spent
in the stadial in addition to higher background temperatures in the first half compared to the
second half might explain the smaller absolute change in 6’80 across the abrupt warming event
as seen in all the nine ice core records from Greenland and Antarctica (Figure 4.8).

A similar behaviour as seen contrasting the two periods of the last glacial can be observed
when comparing minor events to those arising from a Heinrich stadial (referred to as major
events). Here, the average 6'®0 anomaly of the stadial is less pronounced than it might have
been expected from exceptional cold Heinrich stadials. It has to be noticed, however, that
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Heinrich events occurring during the warmer younger ice age are taken into account, potentially
lowering the average. The average §'80 variation across the abrupt warming transition is more
distinct during major events leading to warmer Greenland interstadials than associated with
minor events. A complete shutoff of the AMOC prevents any ocean surface heat transport in
the Atlantic from low to high latitudes. Extensive energy accumulation in the ocean interior and
massive iceberg discharge being a source of freshwater could have triggered dramatic changes in

the overturning circulation leading to enhanced warming during Heinrich stadials.
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Figure 4.7 | Stadial-Interstadial transitions for different classes of DO events.
Stacked §'80 records of different groups of events for the Greenlandic and Antarctic ice cores,
respectively. The upper panel compares transitions occurring during the first half of the last
glacial (65-115ka b2k) and the second half (10-65ka b2k). Due to a lack of data for WDC,
Talos Dome, and Dome F only the data from EDC and EDML are included in the stacked sig-
nal of the early ice age. The right panel shows the events grouped by size, where major events
correspond to DOs with preceding Heinrich stadial and minor events classify the remaining

events. See Table 3.2 for the respective events comprising the different classifications.

A generally elevated 520 level during major DO events can likewise be observed in the Antarctic
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isotope signal. This might be attributed to the complete shut-off of the AMOC during Hein-
rich events trapping thermal energy in the Southern Hemisphere and consequently increasing
atmospheric temperatures around Antarctica. Similar to a warmer North Atlantic prolonging
Greenland interstadials, the enhanced heat reservoir in the Southern Ocean potentially explains
the increased delay of Southern Hemisphere cooling relative to Northern Hemisphere abrupt
warming, which has been found to 88 £ 51 years for major DO events. By contrast, the bipolar
phasing associated with the remaining smaller events as well as the first and the second half
is about equal to the average bipolar phasing determined for all events during the entire Last
Glacial Period. Namely, the Antarctic response time related to minor events has been deter-
mined to be 55 + 53 years. As this classification comprises the majority of the total averaged
events, their signal dominates the mean of the entire last glacial and a similar time delay satisfies
expectations.

The same applies to the more recent half (10-65ka b2k), which includes two-thirds of the
total number of analysed events, showing an Antarctic climatic lag of 56 + 38 years (Figure F.1
in the Appendix). Despite comprising distinct ensembles of events, the ice core records averaged
for the four different classifications (first and second half; minor and major DO events) show the
same pattern for Greenland and Antarctica, respectively. The Antarctic isotope signal sharply
increases synchronously with Greenland abrupt warming until reaching a maximum from where
the §'80-value follows a decreasing trend (Figure 4.7). Here, the profiles only differ in the
amplitude of the transition (Figure 4.8), and average duration of the respective stadials and
interstadials (Figure G.4 in the Appendix). The only exception is found in the EDML record.
While the §'80O-value decreases across the onset of the DO events during the later half of the
glacial it is increasing in the early half equal to the general Antarctic isotope behaviour (Figure
4.8). An increase in EDML §'80 across the transition is also experienced during minor events.
Directly at the transition, the trend is negative but the signal highly fluctuates (Figure G.4).
This results in a smaller positive change within 50 years after the onset (Figure 4.8). It has to be
kept in mind that the temporal resolution of the EDML isotope data is almost 50 years on average
during the first half of the last ice age (Figure A.1). The accurate behaviour across the transition
of about the same duration might therefore be lost in the sample resolution and/or noise of the
record. Striking is, however, that the EDML record generally shows a maximum occurring
before the transition (Figure 4.5) resulting in an overall negative trend on longer timescales
compared to the remaining Antarctic signals (Figure 4.8). An explanation for the contrary
behaviour of EDML compared to the other Antarctic ice cores has not been provided yet, but is
potentially related to local artefacts. The atmospheric setting around Antarctica is dominated
by strong westerlies driving the Antarctic Circumpolar Current (ACC). Surface waves, such
as Kelvin waves, travelling along topographic boundaries and other waveguides as the equator
and the ACC, and are therefore not able to propagate into the Southern Ocean (Kusahara and
Ohshima (2014)). Thus, the climate signal is transported across the ACC predominantly by slow
Rossby waves in the interior of the ocean (Taylor et al. (2018); Pedro et al. (2018)). The fast
ACC meanwhile guides the warm climate signal clockwise (as seen from the South Pole) around
Antarctica and thereby away from the EDML drilling site and the nearby sea ice cover. While
the warm signal interacts with the sea ice close to the WDC drilling site, potentially resulting
in higher temperatures during Northern Hemisphere stadial-interstadial transitions, the sea ice
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cover close to EDML, in the near term, might be unaffected by warmer climates transported
to the Southern Hemisphere, keeping down local atmospheric temperatures. With a higher sea
level in the early glacial a different sea ice extent and consequently a different climate response
cannot be ruled out (Buizert et al. (2018); Lefebvre et al. (2004)).

This hypothesis does not capture all the details of the transitions nor explain the similar
climate behaviour mirrored in remaining East Antarctica ice cores compared to WDC. Neverthe-
less, it emphasises the complexity of the climate system being shaped by external components.
Further, it supports the theory that the short-term warming response occurring approximately
synchronous to Northern Hemisphere temperature increases is attributed to the atmospheric
circulation such as shifts in the Southern Westerlies in reaction to the movement of the ITCZ
during climate changes, while long-term responses in the order of multiple decades are related
to ocean circulation (WAIS Divide Project WAIS Divide Project Members (2015)).
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Figure 4.8 | Variation in §'%0 across DO transitions. Average change in §'%0 for
the individual Greenlandic (left panel) and Antarctic ice cores (right panel across the stadial-
interstadial transition associated with Northern Hemisphere abrupt warming. The associated
events are grouped in different classes according to their time of occurrence and size as can be
seen in Table 3.2. Note the different order of magnitude of Antarctica compared to Greenland.

4.4.2 Modelling Abrupt Climate Change

In order to gain a better understanding of the mechanisms behind the abrupt climate changes
the determined Antarctic response time based on the ice core records can be compared to the
output of the comprehensive climate model simulating the climate of the last glacial period for
distinct atmospheric CO5 concentrations introduced in Section 3.2.

According to the WDC CO3 record (Bauska et al. (2021)), the mean atmospheric COy concen-
tration during the more recent half of the last ice age (10-65 ka b2k) was approximately 210 ppm,
disregarding the abrupt COz increase at around 17ka b2k (Figure H.1 in Appendix). For this
intermediate COs concentration of 210 ppm, the Antarctic response time relative to Greenland

abrupt warming has been determined to be about t = 110 years applying the same approach as
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for the isotope data as described in Section 3.4 (Figure 4.9).
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Figure 4.9 | Bipolar phasing during a background CO; concentration of 210 ppm.
Mean Greenland and Antarctic temperature profiles from a CCSM4 model simulation (Vet-
toretti et al. (2022)) showing the Antarctic response time relative to Greenland abrupt warming
to be t = 110 years for a single DO event. The signal from Antarctica is normalised with re-
spect to its extreme values and scaled for better visualisation and are not representative for
the actual simulated temperature.

This estimate corresponds to only one single event. The individual simulated events are however
coherent under equal CO9 forcing as can be seen in Figure 3.2. Decreasing the CO2 concen-
tration to 200 ppm, the Antarctic response time is reduced to t = 70 years. This estimated
timescale is thereby in strong agreement with the determined average bipolar phasing during
the Last Glacial Period and with regards to different classifications of DO events. This might
lead to the anticipation that the response time tends to decrease with decreasing COs level.
This prediction is supported by the Antarctic response time determined in the isotope signal to
be higher during the period of 65ka to 115ka b2k, where the average background COs levels
were elevated compared to the more recent half. However, the high uncertainties regarding this
estimate have to be kept in mind. Nevertheless, this expectation is refuted by the model simula-
tions, showing no clear trend between the different runs. Except for the response time related to
210 ppm, the general response time is almost consistent between simulations with different back-
ground COy concentrations, varying between t = 110 and t = 130 years (Figure H.4). Thereby,
this time lag overall lies within the uncertainty ranges of the response time determined from ice
core data. Further, the model captures the characteristic pattern with a fast warming response
synchronous with Greenland warming and the delayed long-term cooling trend after reaching a
maximum. Even though the similarity to the data does not prove that the model is a correct
representation of the past, this leads to the assumption that the model potentially captures the

43



4. Results and Discussion

overall underlying physical processes triggering DO events.

Describing the main features of an ocean circulation driven by a meridional density gradient,
the model simulates the fluctuations in the strength of the AMOC during DO oscillations. The
stadials are associated with a sea ice expansion and a weak AMOC resulting in subsurface
temperature and salinity increases favouring vertical stratification and transporting freshwater
northward out of the North Atlantic into the Arctic Ocean. While the sea ice extent may
reach a maximum as it approaches the sea ice maximum latitude, the ocean interior continues
to accumulate thermal heat as a consequence of constant solar radiation warming the water
at low latitudes. In the Southern Hemisphere, the Antarctic Bottom Water (AABW) forma-
tion weakens and water temperatures rise, leading to a thinning of the Southern Ocean sea
ice cover. This allows more heat to escape from the surface ocean consequently increasing at-
mospheric temperatures around Antarctica while Northern Hemisphere temperatures are low,
which is partly modulated by a strong sea-ice-albedo feedback. While the Arctic Ocean fresh-
ens, salt convergence increases in the North Atlantic. With a strongly positive salt-advection
feedback, the AMOC and consequent North Atlantic Deep Water (NADW) formation fluctu-
ations are amplified. Satisfying conservation laws, the NADW volume needs to increase when
AABW production is reduced. The destabilisation tendency of a positive salt-advection feed-
back causes thermohaline instability of the vertical stratification breaking the protective cold
and fresh boundary layer between the sea ice and the warm interior. With rapid sea ice loss in
the North Atlantic, Greenland warms abruptly as the accumulated heat rapidly escapes to the
atmosphere. As shown by accurate bipolar volcanic synchronisation, Antarctica reacts simulta-
neously to Northern Hemisphere warming with a rapid temperature increase. This raises the
question whether the same process as in the North Atlantic could happen in the Southern Ocean
at the same time as the stadial termination. With the ocean around Antarctica warming and
the sea ice thinning, an abrupt release of thermal energy seems conceivable. The excessive heat
loss and old sea ice transported from the Arctic Ocean favour sea ice growth gradually cooling
Greenland and Antarctica as the meridional density gradient weakens and AABW reactivates
(Vettoretti et al. (2022)). The hypothesis considering atmospheric changes to abruptly alter the
Antarctic climate can still be valid. Shifting southern westerlies following the ITCZ northward
as a consequence of a decreasing temperature gradient between northern high latitudes and the
equator when Greenland warms, potentially accompanies or even amplifies the effect of rapid
sea ice loss. In fact, the temperature profiles provided by the model express two different slopes,
both indicating a temperature increase. During cold Northern Hemisphere stadials, the Antarc-
tic temperature increases steadily but comparatively slowly, as suggested by the bipolar seesaw
theory. This presumably oceanic response is hereby related to the ocean’s large heat capacity
and/or eddy diffusion velocity. Synchronously with Greenland abrupt warming, the Antarctic
temperature gradient steepens indicating a fast meridional transport through the atmosphere.
These features are, however, not clearly resolved in the ice core data but potentially are masked
by internal climate artefacts such as atmospheric turbulence and storms in the Southern Ocean

perturbing the signal.

Climate models can help to understand the physical processes behind climate observations. In
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return, comparisons to (palaeo)climate data help to evaluate the model. This is a crucial process
in order to make accurate climate change predictions. The global climate model, comprehen-
sively describing air-sea-ice interactions, is able to simulate the DO oscillations including short-
and long-term Antarctic responses to Northern Hemisphere abrupt warming. It however fails
to completely capture the abruptness seen in the Antarctic ice core data, and the climate char-
acteristics of the individual DO events and drilling sites. For instance, the contrary behaviour
of EDML is not expressed by the model, indicating that the behaviour is due to very local
anomalies which get lost in the coarse grid resolution or that the underlying mechanisms are
not fully described by the physical processes driving the climate system in the model. Precisely
simulating DO events is especially important when these models are used to address future
abrupt changes and potential tipping points in the climate system.

4.4.3 Major Volcanic Eruptions as Potential Trigger of DO Events

The CCSM4 model suggests the ocean oscillatory mechanisms to arise from stochastic elements
associated with internal climate variability (Vettoretti et al. (2022)) supported by a statistical
analysis of tipping point behaviour (Ditlevsen et al. (2007)). This might be long-term variations
in solar or volcanic forcing (Solanki (2002); Abbott et al. (2021); Lohmann and Svensson (2022)).
The irregularity of DO events does not coincide with any solar cycle. However, a cooperative
process between periodic solar forcing and noise has been shown to produce climate oscillations
in agreement with DO events (Braun et al. (2008)). Similar studies could not provide convincing
evidence for this causality (Muscheler and Beer (2006)), and the coherence remains uncertain.
A potential volcanic influence has been analysed by examining the number of bipolar volcanoes
occurring within a few decades prior to the interstadial initiation by Lohmann and Svensson
(2022).

In this work, the DO events have been dated by the midpoint of the stadial-interstadial
transition. Based on the NGRIP §'80 record the initiation occurs on average 25 years prior to the
midpoint (Figure 4.1). To allow for shorter transitions (Kindler et al. (2014)) and uncertainties
on the midpoint determination, potential impacting volcanic eruptions have been said to occur
between 15 and 65 years prior to the transition midpoint. This way, the record of seven volcanoes
potentially triggering DO events during the first half of the last ice age (Lohmann and Svensson
(2022)) could be extended to ten bipolar volcanoes. The eruptions are related to GI-le, GI-3,
GI-4, GI-8, GI-9, GI-13, GI-19.1, GI-19.2, and GI-21.2 (Figure 4.10). The inconsistency of this
previous study compared to this work arises from different definitions of the DO onset.
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Figure 4.10 | Bipolar volcanic eruptions during the Last Glacial Period. NGRIP
isotope record with large volcanic eruptions detected in at least one ice core from both the
Northern and the Southern Hemisphere (yellow vertical lines). Red vertical lines mark volcanic
eruptions occurring between 15 and 65 years prior to the transition midpoint. Stars indicate the
seven interstadials for which the onset occurs within 50 years after a bipolar volcanic eruption
according to Lohmann and Svensson (2022).

Bipolar volcanoes are chosen as they are assumed to be large enough to act as short-term trig-
gers for climate variability. Counterintuitively, large volcanic eruptions, usually responsible for
local or even global temperature decrease, here, are associated with Greenland abrupt warming.
This is based on the hypothesis, that volcanic aerosol-induced cooling of the ocean leads to an
intensification of the AMOC as the water density increases. It is speculated that this direct
cooling influence on the AMOC tips the system from stadial to interstadial conditions if the
AMOC is close to the threshold as large eruptions only occur occasionally imminent to some
transitions, but are statistically unrelated to interstadial terminations (Lohmann and Svens-
son (2022)). However, a causal relationship between large-scale volcanic eruptions and abrupt

Northern Hemisphere warming cannot be supported without any statistical analysis.

The distribution of these ten volcanoes does not indicate a certain pattern or trend, nor any
correlation to amplitude and duration of the respective DO events. However, the lack of major
volcanic eruptions occurring shortly before the majority of the DO events does not eliminate the
possibility for them to initiate abrupt climate changes. It rather supports the thesis that the
physical mechanisms behind DO events differ between events, or alternatively, that the same
underlying mechanism is triggered by different processes in the climate system. Different from
larger events with long interstadials and stadials in between, precursor events, as for instance
GI-21.2 and GI-23.2, occurring shortly before another DO event, may not be solely explained by
the bipolar seesaw theory since the observed timescales disagree with those related to long-term
ocean mechanisms. Here, extensive volcanic cooling could potentially anticipate the process.
Other phenomena as large-scale ocean turbulence initiated by earthquakes and ensuing tsunamis

are not necessarily visible in ice core data but cannot be completely neglected in the discussion
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about possible triggers of Northern Hemisphere abrupt warming.

4.5 Potential for Future Abrupt Climate Change

Dansgaard-Oeschger events are evidence of the capability of elements in the climate system to
change rapidly and trigger dramatic local abrupt changes with global consequences. A change is
defined as abrupt when the climate system is transitioning into a different state on a timescale
shorter than the responsible forcing (National Research Council (2002)). Anthropogenic green-
house gas forcing has drastically altered the climate system over the past decades increasing the
global mean temperature. Due to crucial climate feedbacks the Arctic is exceptionally vulnera-
ble to warmer temperatures. This phenomenon of Arctic amplification has led to a temperature
increase of 4°C in the past 40 years (Jansen et al. (2020)). According to past temperature re-
constructions based on ice core isotope data, the temperature at NGRIP likewise changed by
>1°C per decade on average over the course of stadial-interstadial transitions (Kindler et al.
(2014)). This arises the concern that abrupt changes similar to DO events could happen in the
future if temperature increases are not sufficiently mitigated. It is, however, important to note
that the §'%0 profile, extracted from ice cores, mirrors the temperature over the interior of the
Greenland Ice Sheet, whereas the temperature rise under modern climate change addressed in
simulations is most pronounced in the Central Arctic and over the Arctic Ocean (Jansen et al.
(2020)). The temperature anomaly in this area is therefore expected to be considerably higher
during the last ice age. This is also caused by generally higher sea ice extent and consequently
stronger feedback effects. However, warming projections under the high-end, unmitigated emis-
sions scenario (RCP 8.5) meet the amplitude as seen in palaeoclimatic reconstructions (Hoff
et al. (2016)).

Further, the analysis and reconstruction of DO events have shown that the key element of
the oscillations is very likely the fast sea ice retreat during sudden changes in the overturning
circulation. Linking tephra layers in ice to sediment cores, the sea ice diminution has been
shown to precede the initiation of DO event supporting this thesis (Sadatzki et al. (2019)).
Over the last ~ 40 years, the monthly September sea ice extent has decreased by about 12%
per decade relative to the average of this period in the same area experiencing a warming rate
of 1°C per decade (Fetterer et al. (2017)), emphasising the interplay between high-amplitude
warming and large-scale sea ice retreat. With ocean warming, a stable vertical stratification
is essential in order to maintain a sea ice cover. Higher temperatures increase evaporation
and the atmospheric water-holding capacity, in return enhancing the hydrological cycle. As a
consequence, more precipitation in combination with amplified seasonal sea ice melt increases the
freshwater influx, preventing salinification of the surface ocean and separating the sea ice from
the warm ocean interior. As the stratification of the Arctic Ocean is predominantly controlled
by salinity (Timmermans and Marshall (2020)), the stratification of the upper and intermediate
ocean is predicted to be retained under current climate change scenarios for at least the next
century. This is supported by global climate model simulations to not initiate deep ocean
convection in the Arctic Ocean under future warming scenarios with only a few exceptions (e.g.
Behrens et al. (2016)). However, Arctic Ocean stratification is often poorly represented in global
models and a possible instability might not be captured properly (Ilicak et al. (2016)), in addition
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to model simulations of sea ice decline often being too conservative (Vihma (2014)). Further, it
is alarming that modern Atlantification of the Arctic Ocean similar to what is believed to initiate
DO events has been observed to a larger extent over the past decades. Here, the meridional heat
transport in the Northern Barents Sea and Fram Strait has dramatically increased, resulting
in a large-scale sea ice retreat (Lind et al. (2018); Arthun et al. (2019)). The sea ice loss is
further amplified by strengthened greenhouse gas-induced radiative forcing. Accompanied by
the heat increase, the salinity in this region has increased due to the intrusion of Atlantic waters
edging the meltwater from sea ice further into the Arctic Ocean (Jansen et al. (2020)). This
describes the same mechanism triggering the abrupt warming in the model simulating DO events
by freshening the Arctic Ocean and destabilising the strong vertical stratification (Vettoretti
et al. (2022)). Even though the surface waters might have been warmer during DO cycles
(Sessford et al. (2018); Sessford et al. (2019)) and consequently the stratification more sensitive
to instability than the modern Arctic Ocean it cannot be ruled out that future warming could
trigger warm-water convection, which finally can result in dramatic sea ice loss compared to the
initiation of DO events. Most models tend, however, to underestimate the abruptness of climate
changes both under glacial and pre-industrial boundary conditions, even though the tipping
point seems not to be reached yet (Jensen et al. (2016); Sessford et al. (2019)). Nevertheless,
crossing the threshold becomes more likely in high-concentration pathways (Jansen et al. (2020))

emphasising the acuteness of reducing fossil fuel emissions and mitigating climate change.
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Using provided bipolar volcanic synchronisation the phasing between Antarctica and Greenland
across DO variability during the Last Glacial Period has been studied. Based on §'%0 ice core
data, the average Antarctic response time to Northern Hemisphere abrupt warming has been
significantly reduced as against previous studies. Different groups of DO events classified by
the time of occurrence and magnitude, hereby, all reveal similar bipolar phasing. This suggests
bipolar volcanic synchronisation to improve the exact interhemispherical linking compared to
methane synchronisation and the bipolar volcanic framework to have been refined over the past
years. The response time estimates, however, are determined by a simple method and partly
hampered by low-resolution data and therefore fraught with uncertainties. Thus, the estimated
delay needs to be taken with caution. Nevertheless, the method is considerably robust in order
to constrain the overall timeframe of the Antarctic response time. To achieve more accurate
estimates, high-resolution data are necessary; especially regarding the early half of the Last
Glacial Period. Further, a fitting routine accounting for both slopes visible in the Antarctic
record during the warming transition can potentially improve the determination of the Antarctic
breakpoint hampered by a noisy isotope signal.

Accounting for uncertainties, the timescale may still be consistent with the original hy-
pothesis embracing the bipolar seesaw. Antarctic temperatures increase during cold Northern
Hemisphere stadials and decrease over the course of warm interstadials. At the time of the DO
onset, Antarctica warms synchronously with the abrupt Greenland temperature rise, support-
ing the theory of the climate signal being transported across hemispheres through atmospheric
teleconnection. The subsequent cooling continues to be very likely related to ocean mecha-
nisms. However, the increased synchronicity between Greenland and Antarctica, both at the
DO onset and after the stadial-interstadial transition, ignites a debate about whether there is
a clear antiphase behaviour of the two hemispheres and warrants further investigation. This
requires accurate dating and synchronisation, which further could be improved by utilising ad-
ditional proxies to define the bipolar phasing, such as d-excess and calcium ions. Furthermore,
determining the response time regarding interstadial terminations can contribute to a better
understanding of possible mechanisms behind DO events.

Distinct differences between the individual DO events, especially on a local scale, argue
against the uniformity of the mechanisms causing the abrupt climate changes. Instead, the
underlying process could be triggered by different phenomena in the climate system; for instance,
extensive volcanic eruptions occasionally occurring before DO events. However, considered out
of the scope of the project, the correlation has not been statistically tested. To investigate the
causality a statistical analysis extending the previous study by Lohmann and Svensson (2022)
is recommended. Moreover, by linking the observations to different palaeoclimatic archives,
possible mechanisms unrelated to ice cores can be investigated.

Whereas the individuality of the DO events is not captured by the comprehensive climate
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model, the simulated general climate signal and interhemispherical phasing are concurrent with
the isotope profiles. This argues for the ability of the model to explain the physical mechanisms
related to DO events and to simulate abrupt climate change. Under progressive anthropogenic
climate change, this is crucial to predict potential tipping points as mechanisms similar to those
suspected to cause DO events have been observed over the past decades. Even though the
threshold has not been crossed yet, future climate change scenarios have the potential to trigger
tipping points. Here, the Arctic Ocean is currently closest to experiencing abrupt changes,
which can lead to cascading effects having unpredictable consequences. This emphasises the
need for ongoing refinement of climate models as well as the urge for immediate climate change

mitigation.
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A. Ice Core Data Resolution
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Figure A.1 | Ice core data resolution. Spatial resolution (A Depth in upper panel) and
temporal resolution (A Age in lower panel) of the nine different ice core data sets for the last
glacial period on a log-scale. The data are resampled in equidistance. The corresponding age

is determined through linear interpolation on the NGRIP age scale. Thus, the age is based on
the GICC0O5modelext ice chronology.



B. Stadial-Interstadial Transitions
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Figure B.1 | Average Greenland temporal difference between midpoint of stadial-
interstadial transition, and initiation and termination of interstadials. Normalised
stacked isotope records of 33 events in the period between 10ka and 120ka b2k of the four
Greenlandic ice cores including their mean. Based on the minimum and maximum in the
common climate signal (black) before and after the transition, respectively, the onset defined
as the midpoint is validated. Note that the profiles are smoothed and normalised.
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C. Amplitude

of DO Events
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Figure C.1 | Determining the amplitude of a single Dansgaard-Oeschger event.

Ascertaining the change in 6180 over the course of a transition from stadial to interstadial for
GI-12c in the GRIP isotope record. The midpoint of the transition is defined as t = 0. Pre-
transitional (stadial) 100-year averages and post-transitional (interstadial) 50-year averages

starting t = £30 years respectively, are marked as horizontal bars (yellow) and determine the

change, A §'80, across the Greenland abrupt warming event as presented in Figure 4.8.
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Figure C.2 | Amplitude of all stadial-interstadial transitions in the individual ice
cores. Change in §'¥0 [%0] over the course of each Greenland abrupt warming for the in-
dividual ice cores based on pre-transitional 100-year averages and 50-year post-transitional
averages. Overall warming is designated by A §'%0 > 0, while A 680 < 0 indicate an overall
cooling across the transition. See Figure C.1 in Appendix for an example of the determination

of A§'80.



D. Uncertainty Estimations
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Figure D.1 | Antarctic response time depending on smoothing the data for in-
dividual DO events. Break points in the Antarctic 680 signal associated with Northern
Hemisphere abrupt warming defined as the maximum occurring within 300 years after the
transition (t = 0-300 years). The grey line marks the average response time of all events for
each chosen smoothing window (left panel). The shading is based on + % o. In the right panel,

events without a distinct post-transitional cooling trend but with dominating noise level are
excluded from the mean.
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Figure D.2 | Antarctic response time to Greenland abrupt warming. Average re-
sponse time based on break points in the normalised and non-normalised Antarctic stack record
for different smoothing intervals. Break points are defined as the maximum §'®O-signal within
300 years after the transition (t = 0-300 years). The shading describes the spread between the
minimum and maximum determined response time from both methods of 16 years.
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Figure D.3 | Uncertainty of bipolar volcanic synchronisation. The relative uncertainty
of the bipolar matching to the Greenland Interstadials is defined as 10% of the temporal
distance to the closest volcanic matchpoint (Svensson et al. (2020)).
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Figure D.4 | Determining the uncertainty on the Antarctic Breakpoint. Uncer-
tainty arising from the determination of the breakpoint in the WDC stacked isotope profiles
synchronous with DO events. Uncertainty is defined as half the temporal distance between the
estimated maximum and the same value within half the standard deviation of the residuals
(£10) as described in chapter 3.5.
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Table D.1: Uncertainty on the breakpoints. Uncertainties arising from the breakpoint
determination as described in Section 3.4 for the individual ice cores given and respective clas-
sification in years. See Table 3.2 for the events representing the different classifications. As
EDML does not show a clear maximum after the stadial-interstadial transition it is excluded
from the determination. All uncertainties contribute equally to the mean, defining the uncer-

tainty on the breakpoint for Antarctica, dgp (Table 3.3).

WDC (yr) Dome F (yr) EDC (yr) EDML (yr)
Entire last glacial 37 35 37 -
First half - 51 62 -
Second half 37 37 31 -
Minor DOs 38 66 37 -
Major DOs 60 24 74 -
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E. Climate Across DO Events

Table E.1: Timing of Dansgaard-Oeschger event onsets. Depths [m] of the Green-
land interstadial onsets in the NGRIP, GRIP, GISP2, NEEM, WDC, TAL, DF, EDC, and
EDML ice cores based on volcanic synchronisation. The onsets are defined as midpoints of
the stadial-interstadial transition in the NGRIP §'30 profile and linked to the other records
applying bipolar volcanic matchpoints as described in Section 2.2.3.3 by Anders Svensson.
Corresponding GICCO5modelext ages of the onsets are given with reference to the year 2000
CE. "Distance” describes the temporal distance of the onset to the closest matchpoint, with
negative values indicating the matchpoint occurring earlier in time than the corresponding
transition onset. This distance is used to determine the relative uncertainty of the volcanic
matching as 10% of the distance to the nearest volcanic matchpoint, accounting for an an-
nual layer counting error of 5% for all the different ice cores Svensson et al. (2020). YD-PB
refers to the Younger Dryas-Preboreal transition (glacial-interglacial transition or onset of the
Holocene).

Interstadial NGRIP ~GRIP  GISP2 NEEM WDC TAL DF EDC  EDML Age (b2k) Distance (yr) Uncertainty (yr)

YD-PB 1492.40 1623.81 1677.26 1419.78 1966.68 672.31  356.48  357.36  678.08 11702 12 1
Gl-le 1604.50 1753.18 1797.64 1489.19 2238.58 765.59  423.65 421.49  792.55 14689 -17 2
GI-2.2 1793.45 1950.77 1986.24 1598.17 2597.60 885.81  556.39  539.11 1021.86 23350 -46 5
GI-3 1869.00 2025.33 2056.57 1640.94 2742.08 928.54  611.49  586.05 1123.55 27777 -20 2
GI-4 1891.35 2045.88 2076.40 1654.16 2783.02 941.57 626.34  598.42 1146.04 28891 -48 5
GI-5.1 1919.55 2070.27 2100.02 1671.55 2835.58 959.63  650.55  619.10 1179.13 30784 501 50
GI-5.2 1951.70 2098.86 2127.56 1690.07 2874.06 977.02 671.92 637.18 1207.29 32502 70 7
GI-6 1974.45 2118.50 2147.00 1703.15 2902.93 990.70  687.98  650.62 1229.79 33735 407 41
GI-7c 2009.55 2148.74 2177.84 1723.22 2948.93 1011.37 710.59  670.21  1260.95 35484 -73 7
GI-8c 2069.90 2200.21 2232.05 1758.83 3012.43 1046.30 747.65  702.34 1312.70 38215 -18 2
GI-9 2099.70  2223.67 2256.04 1777.54 3057.67 1072.75 776.28  726.16 1354.33 40165 -15 1
GI-10 2124.05 2243.28 2276.36 1791.25 3085.83 1089.82 793.21  741.19 1378.58 41461 87 9
GI-11 2157.50 2270.76 2303.94 1810.12 3123.68 1113.76 817.19  762.41 1412.22 43341 14 1
GI-12¢ 2221.95 2323.97 2358.78 1846.27 3188.00 1156.57 858.57  800.56  1465.78 46843 -177 18
GI-13c 2256.60 2350.28 2385.29 1865.14 3231.10 1182.98 889.57  827.98 1506.50 49264 -55 5
GI-14e 2345.35 2420.66 2454.70 1911.84 3307.11 1223.14 948.36  882.66  1583.92 54212 34 3
GI-15.1 2355.20 2427.88 2461.39 1917.42 3317.77 1228.75 957.92  891.19  1596.47 54992 -14 1
GI-15.2 2366.15 2435.93 2469.03 1923.24 3326.14 1234.05 967.68  900.10  1608.86 55787 -71 7
GI-16.1c 2398.70  2460.17 2491.90 1940.25 3347.52 1248.65 995.27  925.24 1643.41 58036 -153 15
GI-16.2 2402.20 2462.71 2494.29 1942.03 3349.48 1250.09 998.23  927.97 1647.16 58256 -106 11
GI-17.1c 2414.85 2472.07 2503.04 1948.38 3356.72 1255.65 1008.73 937.93  1660.58 59069 -123 12
GI-17.2 2420.35 2476.15 2506.86 1951.11 3359.41 1257.39 1012.47 941.44 1665.45 59435 -241 24
GI-18 2465.80 2507.66 2535.60 1976.43 3387.42 1076.39  996.98  1743.63 64096 -169 17
GI-19.1 2507.55 2536.20 2563.19 1996.52 1125.16  1039.88 1806.31 69616 -72 7
GI-19.2 2535.95 2557.76 2584.27 2009.69 1149.56  1063.75 1842.97 72339 -20 2
GI-20c 2579.10 2585.42 2612.23 2029.05 1190.50 1102.99 1897.70 76438 7 1
GI-21.1e 2687.35 2648.66 2676.28 2086.19 1294.13  1202.09 2010.15 84764 137 14
GI-21.2 2691.00 2650.68 2678.57 2088.10 1298.55 1206.20 2013.93 85050 -22 2
GI-22g 2746.60 2679.16 2704.38 2128.86 1358.68 1262.46 2071.10 90046 -2 0
GI-23.1 2891.50 2751.57 2749.11 2186.90 1497.29 1396.82 2189.92 104037 101 10
GI-23.2 2896.40 2752.93 2754.52 2188.05 1501.50 1401.42 2192.75 104501 -74 7
GI-24.1 2920.60 2195.13 1526.30 1423.36  2208.81 106760 -332 33
GI-24.2 2938.30 2203.94 1545.06 1441.85 2221.16 108292 184 18
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Figure E.1 | Interhemispherical climate signal across Dansgaard-Oeschger events.
Normalised §'80 records across the onsets of the Northern Hemisphere abrupt warming events
(grey vertical lines) for the different Greenlandic and Antarctic ice cores aligned on the
GICCO5modelext timescale using bipolar volcanic synchronisation. ’DF’ represents the ice
core from Dome F. The applied bipolar volcanic matchpoints are marked as yellow vertical
lines. Note that the record is plotted running backwards in time.
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F. Bipolar Phasing Estimates
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Figure F.1 | Bipolar phasing during the second half of the last ice age. Normalised
stacks of the isotopic records across the Greenland interstadials YD-PB until and including GI-
18, with t = 0 marking the onset determined in the NGRIP §'80 profile as listed in Table 4.1.
The breakpoint is defined as the maximum in the Antarctic three-core stack at t = 56 + 38
years and marks the temporal delay of the Antarctic cooling relative to Northern Hemisphere
abrupt warming for the whole last glacial period. See Table 3.2 for the number of averaged
DO events for Greenland and Antarctica, respectively.
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Figure F.2 | Bipolar phasing for minor Dansgaard-Oeschger events. Normalised
stacks of the isotopic records across the smaller Greenland interstadials, with t = 0 marking
the onset determined in the NGRIP §'80 profile as listed in Table 4.1. The breakpoint is
defined as the maximum in the Antarctic three-core stack at t = 55+ 53 years and marks
the temporal delay of the Antarctic cooling relative to Northern Hemisphere abrupt warming
for these smaller events. Note that the records from EDML and Dome F are offset for better
vividness. The respective DO events included in the stacks can be seen in Table 3.2.



F. Bipolar Phasing Estimates
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Figure F.3 | Bipolar phasing for major Dansgaard-Oeschger events. Normalised
stacks of the isotopic records across the major Greenland interstadials following a Heinrich
stadial, with t = 0 marking the onset determined in the NGRIP 680 profile as listed in Table
4.1. The breakpoint is defined as the maximum in the Antarctic three-core stack at t = 88 + 51
years and marks the temporal delay of the Antarctic cooling relative to Northern Hemisphere
abrupt warming for these smaller events. Note that the records from EDML and Dome F are
offset for better vividness. The respective DO events included in the stacks can be seen in
Table 3.2
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Figure F.4 | Bipolar phasing excluding EDML and Dome F. Normalised stacks of the
isotopic records across the Greenland interstadials YD-PB until and including GI-24.2, with
t = 0 marking the onset determined in the NGRIP §'80 profile as listed in Table 4.1. The
breakpoint is defined as the maximum in the Antarctic three-core stack at t = 88 + 62 years
and marks the temporal delay of the Antarctic cooling relative to Northern Hemisphere abrupt

warming for the whole last glacial period.
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G. Class Comparison of DO Events
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Figure G.4 | Comparing Dansgaard-Oeschger events of different classes. Stacked
080 records of different groups of events for the nine ice cores. The left panel compares
transitions occurring in the first half of the last glacial (65-115ka b2k), and the second half
(10-65 ka b2k). The right panel shows the events grouped by size, where major events refer
to interstadials with a preceding Heinrich event. See Table 3.2 for the events representing the
different classifications.
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H. Simulated Bipolar Phasing
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Figure H.1 | Atmospheric CO; Concentration between 15 ka and 65 ka b2k. Atmo-
spheric CO5 record measured from enclosed air in the WDC ice core dated on the WD2014
chronology (Data from Bauska et al. (2021)). Dashed grey line marks the average CO2 con-
centration over the period 15-65ka b2k of 209 ppm.
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H. Simulated Bipolar Phasing
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H. Simulated Bipolar Phasing
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H. Simulated Bipolar Phasing
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Figure H.4 | Bipolar phasing for simulated Dansgaard-Oeschger events. Mean
Greenland and Antarctic temperature profiles from a CCSM4 model simulation (Vettoretti
et al. (2022)) showing the Antarctic response time relative to Greenland abrupt warming for
a single DO event under different atmospheric COs forcing. The signal from Antarctica is
normalised with respect to its extreme values and scaled for better visualisation and is not
representative of the actual simulated temperature.
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I. Code and Data Availability

In this work, no new data have been collected. The used data sets have been provided by Anders
Svensson and are referenced in Table 3.1. The netCDF files including the global temperature
produced by the CCSM4 model have been provided by Guido Vettoretti. The most represen-
tative MATLAB scripts produced during this project will be available in the following GitHub
repository: https://github.com/AnnaMKlussendorf/MastersThesis
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