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This document aims to:

1. Provide the context for ACE CRC ice
core research within Australian and
international initiatives;

2. Present research highlights from ACE
CRC ice core science; and

3. Identify future directions and priorities,
with emphasis on Australian and ACE
CRC research.
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INTRODUCTION

The Earth’s climate system is constantly changing — from the
familiar transition of the seasons to ice age cycles spanning a
hundred thousand years, and beyond.

Throughout human history, climate variability has profoundly
in uenced the way societies have organised themselves.

The rise and fall of some civilisations has been linked to
environmental factors relating to climate. Shifts in temperature
and rainfall patterns can exert pressures through impacts on
food supply and disease vectors, leading to famine, migration
and societal collapse.

Today, the impacts of a particularly severe EIl Nifio on the
Australian economy can be measured in billions of dollars.
With a system as complex and variable as the global climate,
scientists face a signi cant challenge in predicting future
climate change and the likely impacts on our society. This is
partly because we still don't suf ciently understand how the
Earth’s climate functioned in the period before instrumental
measurements began. Basic instrumental records provide, at
most, about two centuries of global climate information, which
is not enough to examine the full range of climatic variability
and reach conclusions about the forces that drive change and
the sensitivity of the system. In this context, building a more
detailed knowledge of how the climate system operated in
the past is critical. The modern era of widespread observing
networks, with satellites and robotic oats in the ocean,
provides a wealth of new information about critical climate
processes, and modern-day changes, but our only long-term
view of the Earth’s past climate is via so-called “proxy” data
— the ngerprints left behind in nature in tree rings, ocean
sediments and in the skeletons of coral.

This publication focuses on one particular area of
palaeoclimate research: the archive found within the
Antarctic ice sheet, which is arguably the richest single
source of information about the Earth’s climate available
to scientists today. This Position Analysis explores several
recent discoveries in ice core climate science as well as
future objectives, with a special focus on Australian-led
palaeoclimate initiatives through the Antarctic Climate &
Ecosystems Cooperative Research Centre.

Researchers from the ACE CRC and its partner institutions,
particularly through the work undertaken at Law Dome in
Antarctica, have been involved in landmark ice core research
projects that have signi cantly increased our knowledge of
pre-instrumental climate
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“Our understanding of the Earth’s
climate, in particular, depends
foremost on the Earth’s history: how
past climate changed.”

Dr James Hansen, NASA

Why study past climate?

Climate science, like other elds of earth science and
astronomy, is an observational science. It relies principally
on understanding what we observe: nature conducts the
experiments for us. Of course, the era of anthropogenic
climate change brings with it an element of experimental
science, where we are in uencing the climate system but we
do not have the luxury of controls or repeated experiments.

In this context, a detailed knowledge of how the climate system
operates is critical. Ice cores provide an immensely valuable
archive of information about the Earth’s climate over the past
several hundred thousand years. Importantly, the data from

ice cores can tell us about both the drivers of climate change

— including greenhouse gases, volcanic eruptions and solar
variability — and how the climate responds to these drivers.

Remarkably, Antarctic ice cores tell us not only about the past
climate of Antarctica, but also about climate on a global scale.
One of the great surprises from this eld of study has been the
degree to which Antarctic climate variations match those of the
planet as a whole, and how closely both of these match global
atmospheric carbon dioxide. This is because the Antarctic and
global climates are inextricably linked. Climate processes in
the Antarctic and the Southern Ocean region — including the
exchange of heat and carbon dioxide between atmosphere
and ocean — have an enormous in uence on the global
system. Ice core science provides us with a direct means of
understanding how this system has changed over time and
how it is likely to change in future.
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NATIONAL AND
INTERNATIONAL

CONTEXT

Mill Island Drill Camp
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Australian science has a long and illustrious heritage in
Antarctica, stretching back a century to the heroic era of Sir
Douglas Mawson. Even in those early days, the importance
of Antarctic climate science was recognised with clear
statements from policy-makers and explorers about

the potential for Antarctic meteorology to provide better
understanding of our weather.

Australian ice core research in Antarctica dates from the late
1960s. This early work tended to focus on understanding the
physical characteristics of the ice sheet itself by measuring
properties such as temperature and ice crystal size and
orientation. During the 1980s, with growing awareness

of global climate change, Australian scientists became
increasingly focused on the value of Antarctic ice cores for
palaeoclimate information. Ice core science has grown to
become a central component of Australia’s scienti ¢ activity
in the Antarctic and represents one of our most signi cant
commitments to global climate science initiatives.

Australia is one of just a handful of nations to have drilled an
ice core from surface to bedrock — at Law Dome near Casey
Station. Australian scientists have delivered globally signi cant
scienti ¢ results and contribute to a continuing research
program guided by the Australian Antarctic Science Strategic
Plan. This plan identi es a range of research goals that are
guided by national capacity, regional and logistical interests,
and internationally identi ed priorities.

As a major Southern Hemisphere nation and signi cant
participant in Antarctic affairs, Australia has a clear and long-term
interest in maintaining its scienti ¢ leadership in Antarctic
climate science with ice coring continuing to be a key focus.

International cooperation

Ice core science is a logistically demanding, technically
challenging and expensive undertaking that requires a high
level of cooperation within and between nations. Developing
this international collaboration is the role of a grouping known
as the International Partnerships in Ice Core Sciences (IPICS),
which is a planning group composed of ice core scientists,
engineers and drillers from 23 nations. IPICS stands alone

as a scienti ¢ coordinating body but receives sponsorship

from recognised institutions within ICSU (SCAR, IACS and
IGBP-PAGES ). From its inception, IPICS has fostered close
collaboration and information sharing in the context of an agreed
set of priorities. As a result, they have developed a range of
priority projects and developed white papers around these.
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PRIORITY PROJECTS FOR THE INTERNATIONAL
PARTNERSHIP IN ICE CORE SCIENCES

1 The oldest ice core

A collaborative international effort to
locate and drill Antarctica’s oldest ice
core, with major potential signi cance
for Australian ice core science (see The
Million-Year Ice Core on page 26 for
more details).

2 History and dynamics of the
last interglacial period

This project seeks a better
understanding of the period, about
120,000 years ago, before the last

ice age. At that time, the planet was
naturally a few degrees warmer and sea
levels were six to nine metres higher
than present. Better understanding of
this time period would help to predict
future change in a warming world.

3 The IPICS 40,000-year network

The IPICS 40kyr network is a project
that explores the changes before and
through the end of the last glacial (ice
age) period. The period from about

avy/bulwsi4 Auop

20,000 to 10,000 years ago was the last
time that climate underwent a signi cant
global shift in CQ, and temperature.

4 |PICS 2000-year array

IPICS is reviewing future

plans and is developing a
further priority that will be
focused on using ice cores

to better understand the ow
and behaviour of the ice sheet
itself. Detailed white papers for
these projects may be found on
the IPICS website: http://www.
pages-igbp.org/ipics/

Closely linked to the 40kyr network,
this project is aimed at extracting a
detailed record of climate of the past
two millennia. This can be achieved by
using shorter cores and lighter logistics
to build a large enough array of records
to capture the regional response of
Antarctic climate to natural drivers,

and then into the era of anthropogenic
forcing. Australian work at Law Dome
and with short (~1-2 century) cores
from the coastal zone of East Antarctica
has provided some of the most detailed
records for this array.

5 Ice core drilling and
technical challenges

The fth item is a technical strand for
the development of ice core drilling
technology.
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ICE CORE SCIENCE

EXPLAINED

ICE CORE TIME HORIZONS

Present day

200 years ago
Approximate onset of
industrial period

2,000 years ago
Target age for detailed
reconstructions over
pre-industrial period

11,500 years ago
Start of Holocene period
(end of deglaciation)

21,000 years ago
Peak of last ice age
(deglaciation begins after this)

115,000 years ago
Last interglacial period ends
(onset of glacial period begins)

127,000 years ago
Last interglacial (warm)
period begins

128,000 years ago
Oldest Greenland ice core

800,000 years ago

World’s oldest ice core (EPICA Dome C)

As snow accumulates over the Antarctic ice sheet and
becomes compressed into layers, it traps a wide variety of
impurities from the surrounding atmosphere. Once extracted
from the ice sheet, ice cores can be analysed using instruments
such as mass spectrometers, ion and gas chromatographs,
and X-ray tomography machines. Variations in concentrations
of particles, chemical compounds and isotopes present in the
sample provide information on the prevailing environmental
conditions at the time the snow layer was formed.

Because the Antarctic and global climates are intricately linked,
an ice core from a well-chosen site can be used to reconstruct
an uninterrupted and detailed global climate record extending
over hundreds of thousands of years. The oldest continuous ice
core records extend to about 128,000 years in Greenland and
800,000 years in Antarctica.

There are three types of tracers found in glacial ice:

Air bubbles such as nitrate, sulphate, soot, lead,
The air trapped in rn (porous and even radioactive material from
compressed snow) and bubblestmospheric bomb tests. Major
trapped within glacial ice disruptions such as volcanic activity

provide the only direct record of| on dates that are known to science

the atmosphere before the modeérrcan be identi ed in the ice core record
era of atmospheric monitoring. | to help calibrate the data and improve

The bubbles are formed as snow dating accuracy (see page 15).

becomes compressed and the ajir in

between the akes is sealed off. ThA/ater isotopes

process of trapping only comple| i3 The third type of information

when the porous rn at the surfaj obtained from ice cores is

becomes completely sealed fro contained in the ice itself. In

the atmosphere above, which can ocean water, naturally occurring

depend upon the temperature apdhatitogen and oxygen both come in

of snowfall. At warm, high snowfalfare, heavier forms called isotopes,

places such as Law Dome in Eastwhich are present in ocean water

Antarctica the process takes several stable levels. When ocean water

decades, while at cold and low | evaporates and is transported

snowfall locations inland it can tak& polar regions, the ratio of the

more than a thousand years beforéeavy isotopes changes due to the

bubbles seal off. progressive loss of moisture as the air

cools. By measuring the ratio of heavy

Impurities water isotopes in an ice core sample,
While the snow that falls in | researchers can infer the temperature
Antarctica is relatively pure, jt when the snow originally fell.
still contains a mix of particles

and trace chemical compounds that

reveal detailed information about past

global climates. These impuritie

can include sea salts, volcanic gcids,

mineral dust, biological compounds,
solar markers and human pollutants
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Physical and chemical tracers

ou| euep

o
The air bubbles trapped in ice

Because the ice cores contain only very lo

levels of impurities (down to a few parts pe]
trillion in some cases) great care is taken tg
ensure the samples remain uncontaminate
during transportation and processing. The

are sealed in clean plastic and kept well be
freezing point until they are ready for analy|
under extremely clean laboratory condition

A wide range of chemical tracers appear in an ice core. The number of these tracers
available using modern analytical techniques has grown steadily. These chemical
signals provide proxies for many environmental and climate-related parameters.
Some of the most important climate-related parameters that can be tracked include:

cores are more than a proxy - oyygen/hydrogen isotopes in water « Temperatures

record. They provide an actuat - —

record of past atmospheric  Beryllium-10 « Solar activity

composition. Sulphate « Volcanic activity, biological activity
Methanesulphonic acid « Sea ice extent, biological activity
Sea salt and dust « Wind & atmospheric circulation
Trapped air bubbles « Atmospheric composition,

including greenhouse gases

FIGURE 1: Ice domes (or ridges, sometimes called “divides”) are local topographic high points, where ice ows down and

outward. Compacted snow builds up over time in layers, with the ice mass being discharged from the edges. This means

ice at any depth under the dome or ridge originated at that point. This simpli es interpretation of ice cores, especially deep
ones, and is the reason why ice domes and divides tend to be chosen as locations for deep ice cores.

POSITION ANALY8TE CORES & CLIMATE CHANGE



MAJOR ICE
CORE SCIENCE
FINDINGS

FIGURE 2: Ice core
records of global CO,
(dots) and Antarctic
temperature (orange
curve) for the past
800,000 years from the
Dome C ice core'? The
800,000-year record

Two iconic climate science ndings emerge from the eld of
Antarctic ice core studies.

The rstis the remarkably close coupling between Antarctic
temperature and CQ,. Figure 2 depicts results obtained from
the EPICA Dome C record? and clearly shows glacial (“ice
age”) cycles in temperature that recur at around 100,000-
year intervals, and which were already seen (albeit in lesser
detail) in ocean sediment records. This temperature-CQ
correspondence was rst seen in the Vostok ice core, which
covers about the past 400,000 year§ and is also replicated in
a core from Dome Fuiji. Shorter records (EPICA Dronning Maud
Land, Byrd, West Antarctic Ice Sheet, Law Dome and Talos
Dome) also show the same changes over portions of the last
glacial cycle.

Second, the Antarctic temperatures closely mirror global
temperature data recorded in ocean sediment records,
indicating that Antarctica registers a globally signi cant climate
signal, not just a local one.

These observations together provide clear con rmation of both
the importance of CQ, in the climate system and of the key
role that high latitude Southern Ocean and Antarctic processes
must play, globally.

correspondence between

shows major ice age
cycles and the close

CO, and temperature. cores at Dome C and in Dronning Maud Land.
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Key international Antarctic drill sites

© Sites enabling climate reconstructions for at least the past 2,000 years.

® Sites where dating accuracy or resolution has so far prevented use in
highest resolution reconstructions of the past 2,000 years.

® Sites where drilling or analysis is still under way.

Dronning Maud Land 05

’James Ross Is (Dalinger Dome) o o Dronning Maud Land 17
Dronning Maud Land 07

Dome Fuji
°
Berkner Island

.Plateau Remote

Dome A
°

Siple Station
Fletcher Promontory South Pole
°

West Antarctic Ice Sheet Divide oV/0StOK

.Aurora Basin North

® EPICADome C | aw Dome
o

.Roosevelt Is
.Taylor Dome

® Victoria Lower Glacier

.Talos Dome

FIGURE 3: Map of international ice core sites in Antarctica with records of more than 500 years.



MAJOR ACE CRC
HIGHLIGHTS
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This section highlights a range of results to emerge from
research conducted by The ACE CRC and its collaborative
partners. The original Antarctic CRC (the rst incarnation of The
ACE CRC) was established in 1991, just as the ice core drilling
initiated by the Australian Antarctic Division at Law Dome was
in full swing. It was completed in February 1993.

The major results fall into four categories that are discussed
over the following pages.

1 Reconstructing climate drivers

2 Australian rainfall and drought

3 Past changes in Antarctic sea ice

4 Antarctic and global temperature reconstructions

Key drill locations

Law Dome: An unrivalled record of the recent era

Through its research on Law Dome ice cores Australia has
established a leading role specialising in very high-resolution
climate records. With few annually resolved records available
from Antarctica, the Law Dome record provides an important
resource for high-precision climate reconstructions.

Law Dome is located about 120 km from Casey Station near
the edge of the East Antarctic ice sheet and rises 1400m
above sea level (see Figure 3). The drilling operation recovered
a 1200m-long surface-to-bedrock ice core from near the
Dome’s summit. The climate record contained in the core
extends back 90,000 years.

Due to its location close to the coastline and unique
topography, Law Dome offers several signi cant bene ts

for palaeoclimatology. The Dome is exposed to the major
storm systems from the Southern Ocean, delivering very
high snowfall for a polar location and preserving ne detail.
The coastal location also provides records that have strong
connections to lower-latitude climate processes such as the
El Nifio Southern Oscillation (ENSO) and the Interdecadal
Paci ¢ Oscillation (IPO). As a result, the Law Dome ice core
has helped provide insights into Australia’s climate patterns
over thousands of years (detailed in the following pages).
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Aurora Basin North: A new inland East Antarctic core

An international project led by Australian scientists at the
Australian Antarctic Division and ACE CRC successfully drilled
and extracted ice cores and snow pit samples at Aurora Basin
North, 550km inland of Australia’'s Casey station in 2013-14.
The international team extracted a 303m-long ice core, which
will provide annual climate records for the past 2000 years,
and extracted two shallow ice cores spanning the past 800

to 1000 years. The ice cores will be analysed for a range of
climate parameters including temperature, snowfall, volcanic
forcing, solar forcing, greenhouse gas forcing, sea ice extent,
atmospheric variability (e.g. ENSO, SAM, IPO), dust sources
from Australia, and biomass burning events.

oipad [200

ABOVE: Australian and international
scientists hold the last core from Aurora Basin
North in 2014.
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RECONSTRUCTING CLIMATE DRIVERS

One of the principal bene ts of analysing ice cores is that
they record all three of the natural major climate drivers, or
“forcings”: greenhouse gas concentrations, solar variability
and volcanic eruptions.

Understanding natural climate variability, and the mechanisms
driving it, is important for improving climate predictability

and attributing ongoing and future climate change to
anthropogenic and natural factors.

The climate response to past natural forcing provides a
unique means to assess sensitivity of the climate system over
timescales from decades to millennia. This provides a way to
predict future climate change under different forcing scenarios
and over long time periods.

Our ability to model future change is, to a degree, benchmarked
by our ability to reproduce past changes. This requires high-
quality records of both climate forcing and climate itself over
lengths of time that capture slower components of the earth
system, such as oceans and ice sheets.

None of these tasks can be adequately addressed based on our
knowledge of the instrumental period alone, so ice core records
have become a unique and crucial source of information.

Greenhouse gases

The CO, data shown in Figure 4 come from Law Dome
work81%13 and are the most accurate and detailed greenhouse
gas records for the period before direct atmospheric
measurements. This work, done in collaboration between
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FIGURE 4: The above CO, record for the past 2,000 years uses ice core data from Australian (including ACE CRC)
research® using Law Dome ice cores. This work, done in partnership between CSIRO, AAD and ACE CRC, provides the
most detailed record available of atmospheric CO ,, before direct atmospheric measurements and is itself a major highlight
of Australia’s Antarctic research. The data also illustrates the delity of the ice core measurements, which can be seen in
overlapping measurements from the ice (black) and atmospheric data (orange) from Cape Grim, Tasmania °.
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CSIRO, ACE CRC and AAD, is the cornerstone of modelling
studies that require such data to simulate past changes.

The work not only shows the clear increase in CO2 since the
pre-industrial era, but also has suf cient detail to demonstrate
overlap with the direct atmospheric measurements that
follow. Other work includes studies of past variations in the
key greenhouse gases methane and nitrous oxide, and on
isotopes of CO, and methane. The isotope studies allow for
exploration of the carbon-cycle, including sources of emission
and uptake!#16,

Solar variability

ACE CRC research has included studies of solar variability and
forcing in collaboration with ANSTO (Australian Nuclear Science
and Technology Organisation). The research on solar forcing
focused on understanding the proxy that is used in ice core
studies, which comes from cosmic ray production of beryllium-10
(analogous to carbon-14 production). The Law Dome work*°
allowed detailed comparison with instrumental records of solar
activity and has shown that climate processes themselves also |
impact the , Be signal. The net result is that this solar proxy i
must be interpreted with caution and that records from multiple
sites are required to extract the highest-quality signal.

Volcanic forcing on climate

The high detail of the Law Dome ice core records allows
annual layers to be detected and counted to give an extremely
accurate chronology over the past 2000 years — the most
accurate for Antarctica. This has been used to obtain an
improved volcanic forcing record with re nement of the date

of a major eruption and identi cation of likely confounding of
multiple events?. This record is important for testing climate
models with historical changes and gives information on both
the size and timing of the eruptions. The new chronology also

FIGURE 5: Major

provides a basis _for better synchron_ization of multiple. ice volcanic activity evident
core records, which has been used in developing a climate in the Law Dome record
reconstruction for Antarctica&®. over the past 2,000 years.
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AUSTRALIAN RAINFALL AND DROUGHT

Australia is well-known for being a land of climate extremes,
and ood and drought events in recent times have resulted

in enormous economic, social and environmental costs.
Unfortunately, we only have about 100 years of instrumental
climate records, which provides a limited understanding of

the true range of climate variability in Australia. ACE CRC ice
core research has begun looking into pre-instrumental climate
bounds using ice core records from East Antarctica. Due to the
location of the Law Dome ice core on the coast of Antarctica, it
records a signal that is directly linked to the climate of Australia.
This archive from Law Dome can be exploited to produce long
climate histories for Australia.

South-west Western Australian

rainfall reconstruction

One of the rst major studies into the links between Australian
and Antarctic climates using ice cores revealed a strong
connection between snowfall at Law Dom& and rainfall in the
Western Australian wheat belt region. Meteorological records
indicate average winter rainfall in south-west Western Australia
has decreased signi cantly since the 1970s. This

POSITION ANALY8IE CORES & CLIMATE CHANGE
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makes understanding the drivers of this change and the longer-
term variability issues of particular concern.

Scientists from the ACE CRC demonstrated the annual snowfall
record at Law Dome is inversely correlated with rainfall levels in
south-west Western Australia, with high snowfall at Law Dome
tending to accompany dry conditions in south-west Western
Australia. The work showed an atmospheric pattern linking

the two regions (Figure 6), which brings cold, drier air masses
to south-west Western Australia while driving warm, moist air
toward East Antarctica and Law Dome.

This connection allows the Law Dome snowfall record to be
used as a proxy for rainfall in south-west Western Australia
that can be used to extend records as far back as the ice core
allows — currently 750 years. The work showed Law Dome
snowfall since the 1970s was exceptionally high in this period,
implying the drought may be similarly unusual. The work also
suggested that the prevalence of this drought-connected
atmospheric pattern may be linked to stratospheric ozone
depletion.

POSITION ANALY8IE CORES & CLIMATE CHANGE
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Looking east from the Law Dome drill camp across a layer of fresh snow.

FIGURE 6: The
atmospheric pattern
associated with high
snowfall at Law Dome
and low rainfall in south-
west Western Australia??.
Arrows indicate wind
direction, with darkest
shading showing
relatively moist air

mass and light shading
relatively dry air mass.

MAJOR ACE-CRC HIGHLIGHTS
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Eastern Australian Rainfall Reconstruction

The Law Dome ice core record has also been shown to have
clear links to climate in eastern Australia (Figure 7), a region
which shows not only large inter-annual but also multi-decadal
variability in rainfaf®24,

A key driver of this multi-decadal variability is the

Interdecadal Paci ¢ Oscillation (IPO) — a coherent pattern of
Paci ¢ Ocean sea surface temperature changes that vary on
about a 25-year scale. The IPO is like a long-term counterpart
of the more familiar El Nifio/La Nifia variations. Instrumental
records indicate changes in the IPO are strongly linked to ood
and drought risk across Eastern Australia and the broader
Paci ¢ Basin.

Scientists at the ACE CRC have determined the sea salt proxy
at Law Dome provides a long-term record of this variability both
in the Paci c and in rainfall levels in eastern Australia. Among
the key ndings of this study is that the so-called Millennium
Drought between 1995 and 2009 was not an exceptional

event for eastern Australia during the past 1000 years. In fact,
Australia experienced several much longer droughts during this
period, including one during the 12th century that lasted close
to 40 years.

This has implications for water resource infrastructure and
suggests that water resource management plans need

to account for decadal-scale droughts being a normal, if
uncommon, feature of the hydrological cycle.

Wivenhoe Dam, Queensland

18
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Law Dome Summer Sea salt

FIGURE 7: The lower
panel shows the Law
Dome summer sea salt
record from 1000-2009
A.D., which is a proxy
for rainfall in eastern
Australia. The solid
orange line is a 13-year
smoothed record. The
dotted line indicates the
long-term average — for
eastern Australia, periods
below this correspond to
potentially dry conditions
and those above the
average are potentially
wet conditions. Vertical
orange shading shows
periods where the IPO
is positive and the

sea salt proxy is low,
which corresponds to
drought conditions.
The upper panel shows
the correlation map
between rainfall and
the Law Dome sea salt
proxy?4. Hatched areas
indicate regions where
the instrumental record
is unreliable for the full
length of comparison.
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FIGURE 8: Sea ice proxy
record from Law Dome
MSA in ice®. Annual
MSA (light grey), three-
year moving average
MSA (black), 20-year
smooth (dark-grey) with
satellite sea ice extent
(orange line three-year
moving average; orange
circle, a single early
Nimbus satellite datum).

PAST CHANGES IN ANTARCTIC SEA ICE

Sea ice plays a key role in the climate system (see ACE CRC
Sea Ice Position Analysis) but estimating changes in sea ice
extent before the beginning of satellite records in 1979 has
proven dif cult. Sea ice reconstructions for Antarctica have
tended to rely on observations recorded from whaling ships or
on low-resolution ocean sediment core evidence. In a major
advance, ACE CRC researchers identi ed that a chemical
marker in ice cores known as methane sulphonic acid (MSA)
can provide a reliable proxy for past sea ice extert (Figure 8).

The mechanism for this link relies on the fact that sea ice
algae, which grow on the underside of the ice, produce a
waste product known as dimethyl sulphide (DMS). This gas
oxidises in the atmosphere to MSA, which is transported on to
the ice sheet in snowfall.

The area of ocean covered by sea ice from the spring
maximum to the summer minimum controls the overall
production of MSA. A larger maximum to minimum excursion
produces more DMS and MSA. By analysing annual levels

of MSA in ice cores, scientists have reconstructed long-term
changes in maximum sea ice extent (at least in regions with a
consistent minimum summer extent), such as east Antarctica
(where very little sea ice remains through summer).

The results show about a 20 percent sea ice extent decline
(around 1.5° latitude) from the mid to late 20th century that is
overlain by large decadal-scale cycles. This also accords with
data from whaling records, which show a similar decline over
the period®®. Newly availablé” imagery from NASA’s Nimbus
satellite from 1964 also agrees with the MSA-based sea ice
reconstruction (Figure 8).

A new core from Aurora Basin North will provide a 2000-year
annual record of MSA that will be used to investigate sea ice
reconstructions. Additional MSA reconstructions from other
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Algae forming on the
underside of sea ice
produce a sulphurous
waste product. After
it oxidises in the
atmosphere it is
deposited onto the
ice sheet in snow.
This substance,
known as MSA,
provides a proxy
record for Antarctic
sea ice extent.

J1asal uer

Antarctic regions show a general decrease in Antarctic sea ice
extent in the 20th centur§f. Other proxies for reconstructing
sea ice extent are being tested through ACE CRC linkagé%
with some showing considerable potential.

RECONSTRUCTING CLIMATE RESPONSES
Long-term change

Long-term records of climate offer valuable insights into the
climate system and its response to large or abrupt changes in
the past. Our ability to understand and model these past changes
is important as we seek to understand the current rapidly
changing climate and predict the future. The response to large
changes in the past is also a key constraint on the sensitivity of
the climate to CQ, forcing that guides future projections.

ACE CRC and AAD research has contributed to our

understanding of changes during the period from 21,000
to 11,000 years ago, as the Earth was emerging from the

POSITION ANALY8TE CORES & CLIMATE CHANGE



FIGURE 9: Simpli ed
view of overturning
circulation in the Atlantic
Ocean. Surface waters
ow from SH to NH,
warming and carrying
heat toward Greenland,
returning as deep cold
currents toward the SH.
The speed and volume of
this Atlantic overturning
drives the bipolar
see-saw between the
hemispheres, warming
one at the expense of
the other.

last glacial period to the present warm and relatively stable
Holocene period. This was the last time the climate system
experienced a CQ, increase comparable with recent increases
over the industrial period, albeit much more slowly. It was also
a time when large ice sheet losses led to rearrangements

of ocean circulation and abrupt changes in climate of the

two hemispheres. Understanding the linkages between the
hemispheres is important for evaluating future global climate
responses to ice sheet changes.

The key to ACE CRC ndings has been the very high time
resolution through the deglacial period. This allows the records
to be tightly synchronised with Northern Hemisphere records
from Greenland by aligning rapid changes in atmospheric
methane concentrations that are seen in all ice cores.

Temperature changes in Greenland and Antarctica during the
last glacial period and through the transition to the Holocene
show dramatically different character, as seen in Figure 10.
Antarctica shows warming when Greenland temperatures
are cold, and steady (or even cooling) temperatures when
Greenland is warm. The changes between cold and warm

in Greenland appear to coincide with the warming and
cooling changes in Antarctica — a pattern that has become
known as the “bipolar see-saw” and which is connected

to overturning circulation in the Atlantic Ocean (Figure 9).
When this Atlantic circulation slows, the North Atlantic cools
and heat accumulates in the Southern Hemisphere, leading
to the warming trend seen in Antarctic ice cores. ACE CRC
studies®*2 have been instrumental in establishing that

these changes in the Northern and Southern Hemispheres
coincide to within about 200 years. In fact, recent results from
West Antarctica have narrowed this range somewhat and
established that the Southern Hemisphere changes likely
follow the Northern Hemispheré® by 200 years (at the edge of
the range established from Law Dome).

The Law Dome long-term record has also been combined
with other highly detailed Antarctic records over the deglacial
period to compare the evolution of temperature and CQat the
end of the last glacial period (Figure 10). This relative timing
has proved dif cult to constrain and it was thought warming
preceded the CQ, increase by 700 years or more.

This work* has established that the CQ rise lags the
temperature rise by no more than 400 years, likely much less,
and is possibly essentially simultaneous with the temperature
increase. The result has profound implications for the rate at
which CQ, is absorbed/released from the Southern Ocean and
is vital for understanding CQ uptake in a warming climate.

Incidentally, the possibility of a delay between temperature
increase and CQ, is sometimes misunderstood outside the
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science domain. The argument suggests temperature forces
CO, but not vice versa. In fact, whatever the origin of a CO
increase, it will drive additional temperature rise. The two
factors provide positive feedbacks for each other.

RECONSTRUCTING CLIMATE RESPONSES

The past 2000 years

With the development of a suite of records, improved

dating and multiple cores, both in the Australian program
and internationally, focus has increasingly moved towards
the assembly of continental scale climate reconstructions,
especially within the framework of the IPICS 2,000-year array
and the IGBP-PAGES2k initiative. One recent publication of
a global view with reconstructions from most continental
regions?! is the most advanced effort so far (Figure 11,

top panel). This included the rst 2000-year reconstruction
for Antarctica that was led by ACE CRC scientists. This
reconstruction, based on just nine ice cores, gives a rst view
of temperature evolution through recent millennia (Figure 11,
lower panel).

Another recent study provides the most comprehensive
Southern Hemisphere reconstruction (Figure 11, middle panel)
of past climate and reveals the temperature history over the
past 1000 years®. The study showed temperature variations
over the past 1000 years have differed greatly between
hemispheres, although both hemispheres show consistent
warming over the past 40 years. This international coordinated
effort utilised new Southern Hemisphere climate information
from tree rings, lake sediments, corals, ice cores and climate
models.

The Antarctic region stands out globally as the only region that
doesn’t show a strong warming signal in the late 20th century.

This is also apparent in the shorter instrumental record, where
overall warming has been modest, despite strong regional

FIGURE 10: Temperature
proxies for Greenland®
(black) and Antarctica®*
(orange). It can be seen
that when Greenland is
in a cold state, Antarctica
is warming and when
Greenland warms up,
Antarctic temperatures
steady, or even decline
slightly. The CO, record
(black dots, from two
Antarctic cores) shows
arise that is almost
coincident with Antarctic
temperature. ACE CRC
research® established
that the CO, rise

follows temperature by
400 years or less.
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warming in West Antarctica and the Antarctic Peninsula.

In uences from ozone depletion, increased westerly winds
and the sheer thermal mass of the surrounding ocean are all
attributed with delaying and muting warming.

The reconstruction efforts will be broadened as researchers
seek to build a more robust picture of snowfall change%-*

and other variables such as sea ice, ocean sea-surface
temperature and even remote processes such as ENSO.
These efforts will complement, but not displace, much-needed
studies on single sites and proxies.
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The future of ice core research is full of opportunity. The
science coming from the very detailed Law Dome records
continues to deliver valuable insights, particularly in
applications to questions around Australian climate and mid-
latitude climate processes. High-priority studies also involve
extending the Law Dome record with short cores to allow
longer and better comparisons to ongoing meteorological
records. This is pivotal to underpinning interpretation of the ice
core record as a whole.

FUTURE

OBJ ECTIVES Increasingly, however, the need is shifting to synthesis.

26

Synthesis of multiple proxy indicators and multiple sites is
required in order to improve sensitivity to the full range of
climate processes and to develop an accurate spatial picture
of past changes.

The need for additional ice core sites is critical, particularly in
East Antarctica. The present ability to reconstruct Antarctic
climate is severely limited, with just two detailed ice core
records (Aurora Basin North and Law Dome) of more

than 1000 years in the Australian Antarctic Territory (AAT).
Developing this array is one of the key international priorities
outlined by IPICS and is a major focus of the Australian
Antarctic Science Strategic Plan.

Climate records from Aurora Basin and an expanded East
Antarctic array will lead directly to improved Southern
Hemisphere climate reconstructions and expand the capability
to explore major linkages for Australian climate. This work is
highly collaborative and will utilise international partners. The
Aurora Basin project, for example, involved 17 organisations
contributing from six nations: Australia, China, Denmark,
France, Germany and the United States of America.

The million-year ice core

The climate record from ice comsgressively between 1.3 milliseppened has clear relevance for

presently extends back about years ago and 800,000 years understanding futurg @i®en

800,000 years and covers eighdgo: just where the ice core  change.

ice age cycles of about 100,00@&cord ceases. Glaciologists believe the

years each. This is as far as we Our understanding of what Antarctic ice sheet likely holds

have direct measurements of caused the switch from 41,000 coreable” ice that is old enough

past CO year glacial cycles to 100,000-(more than a million years) to
The past climate record fronyear cycles is incomplete. Botthelp address fhis

marine sediments extends baggeriodicities correspond to International impetus to

several million years and showshanges in solar forcing with  nd and drill this ice is highly

a change in pacing of ice age the Earth’s orbit, but why has signi cant and is driving

cycles from 100,000 years moshe climate system switched? exploration, modelling and

recently, to about 41,000 yearChanges in background CO  technology development.

before about 1.5 million years levels are a potential cause and

ago. The change came about understanding how this may have
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Early results from Aurora Basin North are assisting in
characterising regional variability and plans are underway

to use this information with meteorological studies to guide
selection of further ice core sites in the AAT so that the
‘Antarctic 2k array’ envisaged by IPICS and IGBP-PAGES
achieves its aim to adequately characterise Antarctic climate.

A further motivation aimed at better reconstruction of Australian
climate is to nd locations that complement Law Dome’s
linkages with lower-latitude climate.

Other IPICS priorities enter into Australian plans. Existing core
material and ongoing interpretation of results from the Law
Dome core will contribute to understanding the emergence
from the last glacial period and contribute to the IPICS 40ky
network results. Also, work from airborne radar surveys is
useful for understanding deeper time changes to the ice sheet
that help with exploring the last interglacial project. However,
the big item on the horizon is the IPICS oldest ice project (see
opposite). This work is already driving large-scale survey work
in East Antarctica, and China is drilling at the highest point,
Dome A, with oldest ice as a potential target.

This major multinational drive will eventually require two or
more deep coring efforts, which will be signature projects for
Antarctic cooperation. Coring will almost certainly take place

in the Australian Antarctic Territory and Australian participation
makes strong sense for a range of logistical, scienti c and
policy reasons. Research to underpin this has been underway
for several years, with major Australian involvement in airborne
surveys of the ice sheet.

Air-link opportunities

The recent introduction of an in eldwork. Completed eldwoitomplementary study of

intercontinental air-link from  at Aurora Basin in 2013-14  beryllium-7. Beryllium-7 has a

Hobart to Antarctica has openadcluded the participation of  half-life of just 53 days and can

up new opportunities. drillers and scientists from the only be measured with advanced
The ability to move science US, Europe and China, which accelerator mass-spectrometry.

personnel more rapidly to and strengthened the project and its For several seasons, this

from the continent has enabledollaborative outputs. project has been able to
the involvement of more senior The second example, not collect samples and return
researchers. anticipated, arises from the abilitgm to ANSTO by air in just

In the ice coring eld, two  to rapidly return samples for days, enabling new science
examples of such expanded analysis. One ice core project,opportunities to be realised.
opportunity exist. One is the studying the solar variability
expected bene t of encouragingroxy based on beryllium-10,
senior international gures to jdias been able to incorporate
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A collaborating
researcher from China
processes an ice core
at the ACE CRC'’s
laboratory in Hobart.

ueun) sqen

Ice core science is, by de nition, a deep eld activity and

this research will continue to rely on logistically complex and
expensive capabilities. This is particularly so for major drilling
operations. Recent Australian efforts have been enhanced

by increased inter and intra-continental air links in Antarctica,
especially via the hub provided by the Wilkins ice runway near
Casey Station (see page 27). However, larger operations will
still require traditional logistics and operations including over-
snow traverses, albeit with great support from air operations.
The capability to access remote areas reliably and insert teams
is an ongoing need.

The Australian Antarctic Program, and within it ACE CRC, has
developed a signi cant record of achievement, particularly in
work at Law Dome. This achievement, as a national initiative,
is important but along with the recent work at Aurora Basin it
has been underscored by strong international collaboration.
Such collaboration is a key to future progress. It provides
opportunities to harness shared logistics and operations and
further embeds the norms and values of the Antarctic Treaty
System. In this way, collaborative ice core research directly
addresses the rst goal of the Australian Antarctic Program,
which is “to maintain the Antarctic Treaty System and enhance
Australian in uence within it".

28 POSITION ANALY8TE CORES & CLIMATE CHANGE



REFERENCES

10

11

12

13

14

15

16

Jouzel, J., Masson-Delmotte, V., Cattani, O., Dreyfus, G., Falourd, S., Hoffmann, G., Minster, B., Nouet,
J., Barnola, J. M., Chappellaz, J., Fischer, H., Gallet, J. C., Johnsen, S., Leuenberger, M., Loulergue,
L., Luethi, D., Oerter, H., Parrenin, F., Raisbeck, G., Raynaud, D., Schilt, A., Schwander, J., Selmo, E.,
Souchez, R., Spahni, R., Stauffer, B., Steffensen, J. P, Stenni, B., Stocker, T. F., Tison, J. L., Werner, M.
& Wolff, E. W. Orbital and millennial Antarctic climate variability over the past 800,000 years. Science
317, 793-796 (2007).

Ldthi, D., Le Floch, M., Bereiter, B., Blunier, T., Barnola, J.-M., Siegenthaler, U., Raynaud, D., Jouzel,
J., Fischer, H., Kawamura, K. & Stocker, T. F. High-resolution carbon dioxide concentration record
650,000-800,000 years before present. Nature 453, 379-382 (2008).

Hays, J. D., Imbrie, J. & Shackleton, N. J. Variations in the Earth’s orbit: Pacemaker of the ice ages.
Science 194, 1121-1132 (1976).

Petit, J. R., Basile, I., Leruyuet, A., Raynaud, D., Lorius, C., Jouzel, J., Stievenard, M., Lipenkov, V. Y.,
Barkov, N. I., Kudryashov, B. B., Davis, M., Saltzman, E. & Kotlyakov, V. Four climate cycles in Vostok
ice core. Nature 387, 359-360 (1997).

Barnola, J. M., Raynaud, D., Korotkevich, Y. S. & Lorius, C. Vostok ice core provides 160,000-year
record of atmospherig S@ture 329, 408-414 (1987).

Jouzel, J., Lorius, C., Petit, J. R., Genthon, C., Barkov, N. I., Kotlyakov, V. M. & Petrov, V. M. Vostok ice
core: a continuous isotope temperature record over the last climatic cycle (160,000 years). Nature 329,
403-408 (1987).

Rohling, E. J., Sluijs, A., Dijkstra, H. A., Kéhler, P, van de Wal, R. S. W., von der Heydt, A. S., Beerling,
D. J., Berger, A., Bijl, P K., Cruci x, M., DeConto, R., Drijtfhout, S. S., Fedorov, A., Foster, G. L.,
Ganopolski, A., Hansen, J., Honisch, B., Hooghiemstra, H., Huber, M., Huybers, P, Knutti, R., Lea, D.
W., Lourens, L. J., Lunt, D., Masson-Demotte, V., Medina-Elizalde, M., Otto-Bliesner, B., Pagani, M.,
Palike, H., Renssen, H., Royer, D. L., Siddall, M., Valdes, P, Zachos, J. C. & Zeebe, R. E. Making sense
of palaeoclimate sensitivity. Nature 491, 683-691 (2012).

MacFarling Meure, C., Etheridge, D., Trudinger, C., Steele, P, Langenfelds, R., van Ommen, T., Smith,
A. & Elkins, J. Law Dome@pand hO ice core records extended to 2000 years BP. Geophysical
Research Letters 33, L14810, doi:14810.11029/12006GL026152 (2006).

Cape Grim Greenhouse Gas Data. Monthly mean baseline (background) garbon dioxide (CO
concentration measured at the Cape Grim Baseline Air Pollution Station (CGBAPS). http://www.csiro.
au/greenhouse-gases/GreenhouseGas/data/Cape@anddd@load.txt (2015).

Etheridge, D. M., Steele, L. P, Francey, R. J. & Langenfelds, R. L. Atmospheric methane between 1000
A.D. and present: Evidence of anthropogenic emissions and climatic variability. Journal of Geophysical
Research: Atmospheres 103, 15979-15993 (1998).

Etheridge, D. M., Steele, L. P, Langenfelds, R. L. & Francey, R. J. Natural and anthropogenic changes
in atmospheric @Wer the last 1000 years from air in Antarctic ice and rn. Journal of Geophysical
Research 101, 4115-4128 (1996).

Etheridge, D. M., Steele, L. R, Langenfelds, R. L., Francey, R. J., Barnola, J.-M. & Morgan, V. Historical
CQrecords from the Law Dome DE08, DE08-2, and DSS ice cores. (Carbon dioxide information
analysis center, Oak Ridge, 1988).

Etheridge, D. M., Pearman, G. |. & de Silva, F. Atmospheric trace-gas variations as revealed by air
trapped in an ice core from Law Dome, Antarctica. Annals of Glaciology 10, 28-33 (1988).

Ferretti, D. F., Miller, J. B., White, J. W. C., Etheridge, D. M., Lassey, K. R., Lowe, D. C., Meure, C. M.
M., Dreier, M. F., Trudinger, C. M., van Ommen, T. D. & Langenfelds, R. L. Unexpected Changes to the
Global Methane Budget over the Past 2000 Years. Science 309, 1714-1717 (2005).

Francey, R. J., Allison, C. E., Etheridge, D. M., Trudinger, C. M., Enting, I. G., Leuenberger, M.,
Langenfelds, R. L., Michel, E. & Steele, L. P A 1000-year high precimretmaspheric

CQ. Tellus B 51, 170-193 (1999).

Rubino, M., Etheridge, D. M., Trudinger, C. M., Allison, C. E., Battle, M. O., Langenfelds, R. L., Steele,
L. P, Curran, M., Bender, M., White, J. W. C., Jenk, T. M., Blunier, T. & Francey, R. J. A revised

1000 year atmosphefc-CQrecord from Law Dome and South Pole, Antarctica. Journal of

POSITION ANALY8TE CORES & CLIMATE CHANGE



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Geophysical Research: Atmospheres 118, 8482-8499 (2013).

Pedro, J. B., Heikkila, U. E., Klekociuk, A., Smith, A. M., van Ommen, T. D. & Curran, M. A. J.
Beryllium-10 transport to Antarctica: Results from seasonally resolved observations and modeling.
Journal of Geophysical Research: Atmospheres 116, 10.1029/2011JD016530 (2011).

Pedro, J. B., McConnell, J. R., van Ommen, T. D., Fink, D., Curran, M. A. J., Smith, A. M., Simon, |
J., Moy, A. D. & Das, S. B. Solar and climate in uences on ice core 10Be records from Antarctica ar
Greenland during the neutron monitor era. Earth and Planetary Science Letters 355-356, 174-186
(2012).

Pedro, J. B., Smith, A. M., Simon, K. J., van Ommen, T. D. & Curran, M. A. J. High-resolution
records of the beryllium-10 solar activity proxy in ice from Law Dome, East Antarctica: measuremer
reproducibility and principal trends. Climate of the Past 7, 707-721 (2011).

Plummer, C. T., Curran, M. A. J., van Ommen, T. D., Rasmussen, S. O., Moy, A. D., Vance, T. R,,
Clausen, H. B., Vinther, B. M. & Mayewski, P A. An independently dated 2000-yr volcanic record frc
Law Dome, East Antarctica, including a new perspective on the dating of the 1450s CE eruption of
Kuwae, Vanuatu. Climate of the Past 8, 1929-1940 (2012).

Ahmed, M., Anchukaitis, K. J., Asrat, A., Borgaonkar, H. P, Braida, M., Buckley, B. M., Blintgen,
U., Chase, B. M., Christie, D. A., Cook, E. R., Curran, M. A. J., Diaz, H. F., Esper, J., Fan, Z., Gaire
N. P, Ge, Q., Gergis, J., Gonzalez-Rouco, J. F., Goosse, H., Grab, S. W., Graham, N., Graham, R.
Grosjean, M., Hanhijarvi, S. T., Kaufman, D. S., Kiefer, T., Kimura, K., Korhola, A. A., Krusic, P J., L
A., Lézine, A., Ljungqvist, F. C., Lorrey, A. M., Luterbacher, J., Masson-Delmotte, V., McCarroll, D.,
McConnell, J. R., McKay, N. R, Morales, M. S., Moy, A. D., Mulvaney, R., Mundo, I. A., Nakatsuka,
T., Nash, D. J., Neukom, R., Nicholson, S. E., Oerter, H., Palmer, J. G., Phipps, S. J., Prieto, M.

R., Rivera, A., Sano, M., Severi, M., Shanahan, T. M., Shao, X., Shi, F., Sigl, M., Smerdon, J. E.,
Solomina, O. N., Steig, E. J., Stenni, B., Thamban, M., Trouet, V., Turney, C. S., Umer, M., van
Ommen, T., Verschuren, D., Viau, A. E., Villalba, R., Vinther, B. M., von Gunten, L., Wagner, S., W
E. R., Wanner, H., Werner, J. P, White, J. W., Yasue, K. & Zorita, E. Continental-scale temperature
variability during the past two millennia. Nature Geoscience 6, 339-346 (2013).
van Ommen, T. D. & Morgan, V. Snowfall increase in coastal East Antarctica linked with southwest
Western Australian drought. Nature Geoscience 3, 267-272 (2010).

Vance, T. R., van Ommen, T. D., Curran, M. A. J., Plummer, C. T. & Moy, A. D. A Millennial Proxy
Record of ENSO and Eastern Australian Rainfall from the Law Dome Ice Core, East Antarctica. Jou
of Climate 26, 710-725 (2012).

Vance, T. R., Roberts, J. L., Plummer, C. T., Kiem, A. S. & van Ommen, T. D. Interdecadal Paci ¢
variability and eastern Australian megadroughts over the last millennium. Geophysical Research
Letters 42, 2014GL062447 (2015).

Curran, M. A. J., van Ommen, T., Morgan, V. I, Phillips, K. L. & Palmer, A. S. Ice core evidence for
Antarctic sea ice decline since the 1950’s. Science 302, 1203-1206 (2003).
de la Mare, W. K. Abrupt mid-twentieth-century decline in Antarctic sea-ice extent from whaling
records. Nature 389, 57-60 (1997).

Meier, W. N., Gallaher, D. & Campbell, G. G. New estimates of Arctic and Antarctic sea ice extent
during September 1964 from recovered Nimbus | satellite imagery. The Cryosphere 7, 699-705
(2013).

Abram, N. J., McConnell, J., Thomas, E. R., Curran, M. A. J. & Mulvaney, R. Developing an ice col
reconstruction of regional sea ice changes around Antarctica. Geochimica et Cosmochimica Acta 7
Al (2008).

Abram, N. J., Wolff, E. W. & Curran, M. A. J. A review of sea ice proxy information from polar ice
cores. Quaternary Science Reviews 79, 168-183 (2013).

Spolaor, A., Vallelonga, R, Gabrieli, J., Martma, T., Bjorkman, M. R, Isaksson, E., Cozzi, G., Turett
C., Kjeer, H. A., Curran, M. A. J., Moy, A. D., Schonhardt, A., Blechschmidt, A. M., Burrows, J. P,
Plane, J. M. C. & Barbante, C. Seasonality of halogen deposition in polar snow and ice. Atmospher
Chemistry and Physics 14, 9613-9622 (2014).

Pedro, J. B., van Ommen, T. D., Rasmussen, S. O., Morgan, V. |., Chappellaz, J., Moy, A. D., Mas:
Delmotte, V. & Delmotte, M. The last deglaciation: timing the bipolar seesaw. Climate of the Past 7,

30 POSITION ANALY8TE CORES & CLIMATE CHANGE



32

33

34

35

36

37

38

39

671-683 (2011).

Morgan, V., Delmotte, M., Van Ommen, T., Jouzel, J., Chappellaz, J., Woon, S., Masson-Delmotte, V.
& Raynaud, D. Relative timing of deglacial climate events in Antarctica and Greenland. Science 297,
1862-1864 (2002).

Buizert, C., Adrian, B., Ahn, J., Albert, M., Alley, R. B., Baggenstos, D., Bauska, T. K., Bay, R. C.,
Bencivengo, B. B., Bentley, C. R., Brook, E. J., Chellman, N. J., Clow, G. D., Cole-Dai, J., Conway, H.,
Cravens, E., Cuffey, K. M., Dunbar, N. W., Edwards, J. S., Fegyveresi, J. M., Ferris, D. G., Fitzpatrick,
J. J., Fudge, T. J., Gibson, C. J., Gkinis, V., Goetz, J. J., Gregory, S., Hargreaves, G. M., lverson, N.,
Johnson, J. A, Jones, T. R., Kalk, M. L., Kippenhan, M. J., Koffman, B. G., Kreutz, K., Kuhl, T. W.,
Lebar, D. A., Lee, J. E., Marcott, S. A., Markle, B. R., Maselli, O. J., McConnell, J. R., McGwire, K. C.,
Mitchell, L. E., Mortensen, N. B., Neff, R D., Nishiizumi, K., Nunn, R. M., Orsi, A. J., Pasteris, D. R.,
Pedro, J. B., Pettit, E. C., Buford-Price, P, Priscu, J. C., Rhodes, R. H., Rosen, J. L., Schauer, A. J.,
Schoenemann, S. W., Sendelbach, R J., Severinghaus, J. R, Shturmakov, A. J., Sigl, M., Slawny, K.
R., Souney, J. M., Sowers, T. A., Spencer, M. K., Steig, E. J., Taylor, K. C., Twickler, M. S., Vaughn,
B. H., Voigt, D. E., Waddington, E. D., Welten, K. C., Wendricks, A. W., White, J. W. C., Winstrup, M.,
Wong, G. J. & Woodruff, T. E. Precise interpolar phasing of abrupt climate change during the last ice
age. Nature 520, 661-665 (2015).

Pedro, J. B., Rasmussen, S. O. & van Ommen, T. D. Tightened constraints on the time-lag between
Antarctic temperature andiQg the last deglaciation. Climate of the Past 8, 1213-1221 (2012).

North Greenland Ice Core Project members. High-resolution record of Northern Hemisphere climate
extending into the last interglacial period. Nature 431, 147-151 (2004).

Neukom, R., Gergis, J., Karoly, D. J., Wanner, H., Curran, M., Elbert, J., Gonzalez-Rouco, F., Linsley,
B. K., Moy, A. D., Mundo, |., Raible, C. C., Steig, E. J., van Ommen, T., Vance, T., Villalba, R., Zinke,
J. & Frank, D. Inter-hemispheric temperature variability over the past millennium. Nature Climate
Change 4, 362-367 (2014).

Monaghan, A. J., Bromwich, D. H., Fogt, R. L., Wang, S.-H., Mayewski, P A., Dixon, D. A., Ekaykin,
A., Frezzotti, M., Goodwin, |., Isaksson, E., Kaspari, S. D., Morgan, V. |., Oerter, H., Van Ommen, T.
D., Van der Veen, C. J. & Wen, J. Insigni cant Change in Antarctic Snowfall Since the International
Geophysical Year. Science 313, 827-831 (2006).

Roberts, J., Plummer, C., Vance, T., van Ommen, T., Moy, A., Poynter, S., Treverrow, A., Curran, M.
& George, S. A 2000-year annual record of snow accumulation rates for Law Dome, East Antarctica.
Clim. Past 11, 697-707 (2015).

Fischer, H., Severinghaus, J., Brook, E., Wolff, E., Albert, M., Alemany, O., Arthern, R., Bentley, C.,
Blankenship, D., Chappellaz, J., Creyts, T., Dahl-Jensen, D., Dinn, M., Frezzotti, M., Fujita, S., Gallee,
H., Hindmarsh, R., Hudspeth, D., Jugie, G., Kawamura, K., Lipenkov, V., Miller, H., Mulvaney, R.,
Parrenin, F., Pattyn, F., Ritz, C., Schwander, J., Steinhage, D., van Ommen, T. & Wilhelms, F. Where
to nd 1.5 million yr old ice for the IPICS “Oldest-Ice” ice core. Climate of the Past 9, 2489-2505
(2013).

POSITION ANALY8TE CORES & CLIMATE CHANGE



MAJOR COLLABORATING
INSTITUTIONS
Australian Antarctic Division (AAD)

Australian Nuclear Science and Technology
Organisation (ANSTO)

Australian National University (ANU)
Alfred Wegener Institute (AWI)
British Antarctic Survey (BAS)
Chinese Academy of Sciences (CAS)

Centre de Recherche et d’Enseignement de
Géosciences de I'Environnement (CEREGE)

Centre for Ice and Climate
University of Copenhagen (CIC)

Commonwealth Scienti ¢ and Industrial
Research Organisation (CSIRO)

Curtin University
Desert Research Institute (DRI)
Institute for Marine and Antarctic Studies (IMAS)

Laboratoire de Glaciologie et Géophysique
de 'Environment (LGGE)

Laboratoire des Sciences du Climat et de
I'Environnement (LSCE)

Macquarie University
Polar Research Institute of China (PRIC)

University of Newcastle

University of New South Wales.

ANTARCTIC CLIMATE & ECOSYSTEMS
COOPERATIVE RESEARCH CENTRE




