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Nova Acta Leopoldina NF /27, Nr. 408, 11-12 (2015)

Introduction

About 35 years ago ice core-based records have first revealed the dramatic glacial-to-inter-
glacial changes in the atmospheric CO, content. In view of the modern men-made rise in
atmospheric CO, these natural changes ever more belong to the hottest topics in the study of
the Earth’s carbon cycle. Since the 1980s an enormous and rapidly ever growing wealth of
scientific findings and models has been published, that uncover the role of carbon exchange
between the largest reservoir on Earth, the global ocean, and those in the atmosphere and on
land, studies that clearly urge for an overview and broad synthesis.

The present symposium on “Deglacial Ocean Dynamics and Atmospheric CO,” has
brought together a global community of almost 50 leading scientists and 20 early-career
scientists, which provide a platform capable of identifying limitations in the representation
of key carbon-cycle processes in models, that control the carbon exchange amongst the four
major carbon pools of the Earth’s surface, the ocean, atmosphere, terrestrial biosphere, and
soils. As listed in the program the symposium evaluates empiric and model-based findings
on changing past carbon inventories as well as on past modes, locations, and rates of carbon
transfer. In particular, the carbon transfer for modern, that is ‘pre-industrial’, times is com-
pared with two distinct past climate states, the Last Glacial Maximum (LGM) and deglacial
times. In turn, past natural changes in carbon flux may be compared with potential man-made
changes today.

A calculated transfer of ~530 Gt of '*C depleted carbon is required to produce the deglacial
coeval rise of carbon in the atmosphere and terrestrial biosphere and in soils. While a number
of key processes underlying this transfer have been identified, Earth-system models are still
unable to fully reproduce it. Most likely, this transfer was linked to changes in the ventilation
of the deep ocean, the largest carbon pool on the Earth’s surface. Accordingly, the failure to
correctly represent the carbon transfer in complex models raises several important scientific
questions, in particular, (/) whether deep-ocean ventilation was significantly reduced during
the last glacial period, (if) how and where to trace empirical evidence for a deglacial carbon
release from the ocean, (iii) how to reconcile the carbon release with major shifts in atmos-
pheric radiocarbon contents, and (iv) how to test the various alternative carbon sources and
mechanisms that may have controlled the last-glacial-to-interglacial shifts in A'*C and CO,,
the most prominent short-term change in carbon pools over the last 100,000 years.
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The present volume contains almost 70 extended abstracts on the latest state of the art in the
outlined fields of CO, research. Most abstracts provide some figures and key references that
may help the interested reader to enter more deeply the fields of research in question. The
abstracts of oral and poster presentations are printed in alphabetic order. With regards to con-
tents the abstract titles of oral contributions are linked to the various carbon archives in polar
ice sheets, the ocean, and on land, and to various, largely overlapping scientific approaches
and objectives as listed in the Conference Program at the beginning of this volume.

Acknowledgments

The symposium organizers acknowledge the generous support of the Leopoldina German
National Academy of Sciences, the Deutsche Forschungsgemeinschaft in Bonn (DFG), the
Kiel Excellence Cluster *The Future Ocean’, and IMAGES (International Marine Past Global
Change Study). Further funds were made available by MPI Hamburg, MARUM Bremen,
ETH Ziirich (CH), and the Oeschger Center for Climate Change Research in Bern (CH). The
publication of this volume would not have been possible without the dedicated help of Mi-
chael and Joachim KaAscH and their publisher’s group at the Leopoldina.

Michael SARNTHEIN ML and Gerald H. HAuc ML,
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Research, Bremerhaven

New Constraints on the Glacial Extent of the Pacific Carbon Pool

and its Deglacial Outgassing

Andrea Burke p- 49
Department of Earth and Environmental Sciences, University of

St Andrews

Radiocarbon Constraints on Southern Ocean Circulation

Luke C. Skinner p- 217
Godwin Laboratory for Palaeoclimate Research, University of

Cambridge, UK

On the Glacial Ocean Circulation and its Impact on the Global
Radiocarbon and Carbon Cycles

Coffee Break
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Atlantic and Whole Ocean

11:15 a.m.

11:45 a.m.

12:15 p.m.

12:45 p.m.

13:15 p.m.

14:00 p.m.
16:00 p.m.

16:30 p.m.

17:00 p.m.

17:30 p.m.

18:00 p.m.

Andreas Schmittner p. 207
College of Earth, Ocean, and Atmospheric Sciences, Oregon State

University, Corvallis, OR

Was the Early Deglacial CO, Rise Caused by a Reduction of the

Atlantic Overturning Circulation?

Jess Adkins p- 21
California Institute of Technology, Pasadena, CA

Radiocarbon (and Other) Constraints on the Transition from

Glacial Maximum to the Holocene

David J. R. Thornalley p. 223
Woods Hole Oceanographic Institution, University College London
Reconstructing Deglacial Circulation Changes in the Northern

North Atlantic and Nordic Seas: A'*C, 6'3C, Temperature, and

630SW Evidence

Gerrit Lohmann p. 141
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine

Research, Bremerhaven

Abrupt Climate Change Experiments: The Bolling/Allergd Transition

Lunch and Coffee
Poster pp- 259-350

1. Nicholas McCave p. 155
Godwin Laboratory for Palaeoclimate Research, University

of Cambridge, UK

A Carbon Isotope Perspective on the Glacial Circulation of the

Deep Southwest Pacific

Michael Sarnthein p. 197
Institute for Geosciences, University of Kiel

Benthic '*C Ventilation Ages Record Changing Storage of

Dissolved Inorganic Carbon in the Abyssal Ocean

James W. B. Rae p. 187
Department of Earth and Environmental Sciences, University of

St. Andrews

Signals of CO, Destratification from Boron Isotopes

Karen E. Kohfeld p. 127
School of Resource and Environmental Management, Simon Fraser
University, Burnaby

Using Paleo-Oceanographic Data Synthesis to Test Ideas about

Changes in Atmospheric CO, Concentrations during Glacial

Inception

Andrey Ganopolski p-75
Potsdam Institute for Climate Impact Research (PIK), Potsdam

The Last Four Glacial CO, Cycles Simulated with the

CLIMBER-2 Model
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Offentlicher Vortrag / Public Lecture

20:00 p. m. Thomas Stocker
Physics Institute, Climate and Environmental Physics,
University of Bern
Klimawandel: Zu spiit fiir 2 °C?

Friday, 20 March 2015

Biogeochemistry and Radiocarbon

9:00 a.m.

9:45 a.m.

10:15 a.m.

10:45 a.m.
11:15 a.m.

11:45 a.m.

12:15 p.m.

12:45 p.m.

16

Keynote

Robert F. Anderson

Lamont-Doherty Earth Observatory, Earth Institute, Columbia
University, Palisades, NY

Ocean Stratification, Carbon Storage, and Calcite Compensation
throughout the Late Pleistocene Glacial Cycles

Edouard Bard

Centre de Recherche et d’Enseignement de Géosciences (CEREGE),
Aix-en-Provence

Variations of Sea-Surface '*C Reservoir Ages (SSRA) and their
Paleoclimatic Implications: From a Chronometric Problem to a
New Paleoceanographic Proxy

Pieter M. Grootes

Institute of Ecosystem Research, University of Kiel
Oceanic Reservoir Ages, '*C Concentrations, and Carbon
Dynamics (also in the “Mistery Interval”)

Coffee Break

Mathis P. Hain

National Oceanography Centre Southampton (NOCS), University of
Southampton

Simulating Atmospheric Radiocarbon through Deglaciation
Stefan Mulitza

MARUM - Center for Marine Environmental Sciences, Bremen
Response of the Tropical Atlantic Ocean-Atmosphere System to
Deglacial Changes in Atlantic Meridional Overturning

Enqing Huang

School of Ocean and Earth Science, Tongji University, Shanghai,
and MARUM Bremen

Radiocarbon Distribution and Radiocarbon-Based Circulation
Age of the Atlantic Ocean during the Last Glacial Maximum
Birgit Schneider

Institute of Geosciences, University of Kiel

What is Shaping the A'*C-DIC Relationship in the Deep Ocean?

p-23

p- 29

p. 81

p. 89

p. 167

p. 101

p.211
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13:15 p.m.
14:00 p.m.

16:00 p.m.

Symposium Programme

Lunch and Coffee

Open Discussion
(Conveners: Thomas Bauska, Philippe Ciais, and Samuel L. Jaccard)
Results and Limits to Reconstruct Carbon Cycle Changes

Samuel L. Jaccard p- 111
Institute of Geological Sciences, Physics Institute and Oeschger

Centre for Climate Change Research, University of Bern

Deglacial Changes in Ocean (De)Oxygenation

Terrestrial Carbon Inventories

16:30 p.m.

17:00 p.m.

17:30 p.m.

18:00 p.m.

19:00 p.m.

Peter Kohler p. 135
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine

Research, Bremerhaven

High Latitude Impacts on Deglacial CO,: Southern Ocean

Westerly Winds and Northern Hemisphere Permafrost Thawing

Philippe Ciais p. 55
Laboratoire des Sciences du Climat et de I’Environnement, Saclay

An Attempt to Quantify Terrestrial Carbon Storage during the Last

Glacial Maximum and the Implications for Deglaciation CO, Changes
Victor Brovkin p- 43
Max Planck Institute for Meteorology, Hamburg

The Role of the Terrestrial Biosphere in CLIMBER-2 Simulations

of the Last 4 Glacial CO, Cycle

Martin Heimann p. 97
Max Planck Institute for Biogeochemistry, Jena

Constraints on Global Climate-Carbon Cycle Feedbacks on

Interannual to Glacial Cycle Timescales

Joint Dinner

Saturday, 21 March 2015

Hypotheses and Data for Mechanisms of Change

9:00 a.m.

9:45 a.m.

Keynote

Axel Timmermann p. 235
International Pacific Research Center, University of Hawaii,

Honolulu, HI

Deglacial CO,/Climate Feedbacks: Models, Myths, and Misconceptions
Eric D. Galbraith p. 71
Depart. of Earth and Planetary Science, McGill University, Montreal

The Role of Air-Sea Disequilibrium in Ocean Carbon Storage and

its Isotopic Composition
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Ocean Alkalinity / Syntheses

10:15 am. Klaus Wallmann p. 241
GEOMAR Helmholtz Centre for Ocean Research Kiel
Effects of Eustatic Sea-Level Change on Atmospheric CO, and
Glacial Climate

10:45 a. m. Coffee Break

11:15a. m. Tatiana Ilyina p. 107
Max Planck Institute for Meteorology, Hamburg
The Combined Effects of Changes in Ocean Chemistry, Biology,
and Hydrodynamics on Alkalinity

11:45am. Alfredo Martinez-Garcia p. 151
Geological Institute, ETH Ziirich
Iron Fertilization of the Subantarctic Ocean during the Last Ice Age

12:15 p.m.  Didier Paillard p. 175
Laboratoire des Sciences du Climat et de I’Environnement, Gif-sur-Y vette
Glacial CO, as a Key to the Glacial-Interglacial Problem

12:45 p.m.  Andy Ridgwell p.- 195
School of Geographical Sciences, University of Bristol, UK
Are the Drabbest Proxies the ‘Best’? Patterns of Bulk CaCO;
and Glacial Carbon Storage

13:15 p.m.  Lunch and Coffee

14:00 p.m.  Poster pp- 259-350

16:00 p.m.  Laurie Menviel p- 159
Climate Change Research Centre, Univ. of New South Wales, Sydney
Southern Ocean Overturning Role in Modulating High Southern
Latitude Climate and Atmospheric CO, on Millennial Timescales

16:30 p.m.  Jimin Yu p- 253
Research School of Earth Sciences. Australian National Univ., Canberra
Deep Atlantic Carbon Sequestration and Atmospheric CO, Decline
during the Last Glaciation

17:00 p.m.  Tobias Friedrich p. 65
International Pacific Research Center, Univ. of Hawaii, Honolulu, HI
Effects of Sea-Ice and Ocean-Circulation Changes on Deglacial
Deep-Ocean Radiocarbon Trends

17:30 p.m.  André Paul and Michael Schulz p. 183
MARUM - Center for Marine Environmental Sciences, Univ. of Bremen
Model-Based Reconstruction of the Marine Carbon Cycle during the
Last Glacial Maximum

18:00 p.m.  Keynote
Daniel M. Sigman p. 213
Department of Geosciences, Princeton University, Princeton, NJ
Taking Stock of the Hypotheses for Polar Ocean Stratification
and Carbon Dioxide Sequestration during the Last Ice Age

Adjourn / Farewell
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Radiocarbon (and Other) Constraints on the
Transition from Glacial Maximum to the Holocene

Jess ADKINS (Pasadena, CA, USA)

The deep ocean tracer distribution at the Last Glacial Maximum (LGM) was demonstrably
different than it is today. This observation, spanning 5'*C, §'80, A'“C, and a variety of other
tracers, frames the ocean state at the start of the deglaciation. The evidence points towards the
deep circulation occupying a 2-cell structure (sinking in the North Atlantic and in the South-
ern Ocean) with very little mixing between the cells. This is in contrast to today where the two
cells are intimately linked by mixing in the ocean interiors and uplifting of isopycnals around
Antarctica. We have proposed that these two states can be explained by an equatorward shift
of the sea ice extent around Antarctica at the LGM (FERRARI et al. 2014). We have also shown
that the increased stratification of the LGM deep ocean may have been largely driven by dif-
ferences in salinity, with Southern Source waters being saltier than Northern Source waters.
This extra salt in the deep sea can come from increased sea ice export around Antarctica. It
can also come from a feedback at the land ice-ocean interface where cooling northern sourced
waters leads to saltier southern sourced waters. Today the warmth of NADW leads to melt-
ing of land based ice in the Weddell Sea. Cooling NADW leads to less melting but does not
change the tendency to form winter sea ice that leaves concentrated brines on the continental
shelves (MILLER et al. 2012).

One way to define the deglaciation is as the transition between the two deep ocean quasi
steady-states. Here we propose a new ‘capacitor’ for the climate system, deep ocean heat stor-
age, that could provide a key physical mechanism to explain some of the important features
of deglacial climate. Through thermobaricity in seawater’s equation of state (the pressure
dependence of the thermal expansion coefficient), salt stratification can store heat in a water
column that is locally statically stable. However, analogous to CAPE in the atmosphere, this
heat energy is convectively available and can lead to large, abrupt deep-ocean mixing. Using
clumped isotopes in deep-sea corals from Heinrich event 1, we have found warmer water
underneath colder water, about 800 years before the Bolling-Alerod warming recorded in
Greenland ice cores (THIAGARAJAN et al. 2014). We propose that the abrupt nature of the
Bolling is due to the discharge of this deep ocean thermal capacitor, which then changes the
deep circulation from a glacial to a modern pattern. We will also show new radiocarbon data
from the Southern Ocean to help further constrain the role of intermediate waters in the last
termination.
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Ocean Stratification, Carbon Storage,
and Calcite Compensation throughout
the Late Pleistocene Glacial Cycles

Robert F. ANDERSON,! Katherine A. ALLEN,? Jimin Yu,3
and Julian P. SacHs*

With 2 Figures

The nutrient-deepening hypothesis (BOYLE 1988) posits that the restructuring of ocean wa-
ter masses under ice-age environmental conditions led to the downward displacement and
broadening of the zone of minimum oxygen concentrations in the ocean. A greater ice-age ef-
ficiency of the ocean’s biological pump in response to a combination of enhanced ocean strat-
ification and fertilization of the Southern Ocean with iron supplied by dust may have worked
synergistically to lower the oxygen concentration in the deep sea (ANDERSON et al. 2014,
Lamy et al. 2014, MARTINEZ-GARCIA et al. 2014, SIGMAN et al. 2010). Acidification of the
deep ocean by increased storage of respiratory CO, under ice-age conditions would have in-
duced dissolution of sedimentary CaCOjs, raising the ocean’s alkalinity and further increasing
the storage of CO, by carbonate compensation (BROECKER and PENG 1987). None of these
conditions in isolation is sufficient to account for the observed reduction of atmospheric CO,
during the late Pleistocene ice ages, by amounts ranging between 80 and 100 ppm relative
to interglacial periods (ARCHER et al. 2000). However, in combination, these processes are
thought to be capable of storing sufficient CO, in the deep sea to balance the loss of carbon
from the atmosphere and the terrestrial biosphere (PEACOCK et al. 2006).

Any combination of physical and biogeochemical conditions that increases the efficiency
of the biological pump (VoLk and HOFFERT 1985), so as to sequester more carbon in the
deep ocean, will also reduce the dissolved O, concentration in the deep ocean (SIGMAN et al.
2010). A growing body of qualitative evidence points to lower dissolved O, levels in the deep
ocean during the peak of the last ice age (~18—-28 ka BP, BRADTMILLER et al. 2010, JACCARD
and GALBRAITH 2012, JACCARD et al. 2009). While lower deep-sea O, levels during the last
ice age are now generally accepted, as yet it has not been possible to quantify the amount of
additional CO, storage in the deep sea, or the contribution of this storage to ice-age atmos-
pheric CO, levels.

Although quantitative constraints on dissolved oxygen concentrations in the past are lack-
ing, here we illustrate the evolution of deep Pacific Ocean carbonate chemistry by making
reasonable assumptions that are consistent with qualitative proxy evidence. For the central

1 Lamont-Doherty Earth Observatory of Columbia University, Palisades, New York 10964, USA.

2 Department of Marine and Coastal Sciences, Rutgers University, 71 Dudley Road, New Brunswick, New Jersey
08901, USA.

3 Research School of Earth Sciences, The Australian National University, Canberra, ACT 0200, Australia.

4 School of Oceanography, University of Washington, Seattle, WA 98195, USA.
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equatorial Pacific Ocean (140°W) where we have a 500 ka record of CaCOj; burial (see be-
low), we take an ice-age bottom water oxygen concentration of 35 umol/kg, which is con-
sistent with the Pacific oxygen concentrations estimated by JACCARD et al. (2009). Oxygen
concentrations are unlikely to have been much lower than this because we are unaware of
any evidence that the deep Pacific became anoxic during the last glacial period, or even suf-
ficiently low in dissolved oxygen to allow the proliferation of species of benthic foraminifera
that thrive under low-oxygen conditions. Further assuming that bottom water was 2 °C colder
than today (ELDERFIELD et al. 2010) and that salinity increased by the global average of about
3% due to storage of freshwater in continental ice sheets, we calculate that the bottom water
would have had an initial O, concentration of 371 umol/kg if it formed in equilibrium with
the atmosphere. Under these assumptions, the apparent oxygen utilization of Pacific bottom
water would have been 153 umol/kg greater than today, which is equivalent to 108 umol/kg
greater storage of respiratory CO, using a respiratory quotient of 1.415 (ANDERSON 1995).
Bottom water in the central Pacific during the Last Glacial Maximum had a carbonate
ion concentration that was not significantly different from that which exists today (YU et al.
2013). The conditions that we reconstruct for the Last Glacial Maximum, with carbonate ion
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Fig. 1 Graphical illustration of the calculation of total dissolved inorganic carbon (TCO,) and alkalinity in cen-
tral Pacific bottom water during the peak of the last glacial period assuming a dissolved oxygen concentration of
35 umol/kg (see main text for details and assumptions).
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concentration similar to today but a respiratory CO, concentration at least 100 umol/kg high-
er, requires the dissolution of substantial amounts of CaCOs to raise the alkalinity of seawater
and thereby maintain a constant carbonate ion concentration ({CO;>"} ~ DIC — ALK), where
DIC is the total dissolved inorganic carbon concentration and ALK is alkalinity. With these
constraints, we reconstruct the DIC and ALK of Central Pacific bottom water during the Last
Glacial Maximum by working stepwise through each of the factors that would have had a
significant impact on carbonate system (Fig. 1). The combined effect of greater accumulation
of respiratory CO, and carbonate compensation would have created a DIC concentration
~217 umol/kg greater than that which exists today.

Taking the illustration a step further, if half the global ocean (~6.5 x 10?° liters; i.e., the
deep ocean) contained 108 umol/kg more respiratory CO, than today, then this would amount
to a total of 846 gigatons of carbon (GtC), sufficient to account for the carbon lost from the
atmosphere (~200 GtC) and from the terrestrial biosphere (~600 GtC, PETERSON et al. 2014).
Of course, these values need to be refined with more detailed models, but they illustrate the
potential to close the ice-age carbon budget with increased storage of CO, in the deep ocean
under the combined effects of greater stratification and greater iron fertilization.

Recent success in application of B/Ca ratios as a proxy for carbonate ion concentration
(Yu et al. 2013, 2014) have confirmed that CaCO; accumulation in sediments throughout the
deep Indo-Pacific region is regulated primarily by changes in carbonate ion concentration
(i.e., by CaCOj preservation, ANDERSON et al. 2008, HODELL et al. 2001). Building on this,
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Fig. 2 A 500 ka record from TT013-PC72 (0.11°N, 139.4°W, 4298 m) in the central equatorial Pacific Ocean. The
oxygen isotope composition of benthic foraminifera (MURRAY et al. 2000) was used to provide an age model, and to
illustrate changes in global ice volume (red curve). The accumulation rate of CaCOj; (blue curve) reflects past chang-
es in deep water carbonate ion concentration (ANDERSON et al. 2008, YU et al. 2013). Note the inverted axis scale;
the sense is that “up” is equivalent to low carbonate ion concentration. A 6000-year lag has been added to the CaCOj;
record to illustrate the (potential) time scale for the deep-sea carbonate system to respond to changes in ice volume.
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we use the 500 ka record of CaCO; accumulation in central equatorial Pacific sediments
(TTO13 PC72, 0.1°N, 140°W, ANDERSON et al. 2008) to compare past changes in deep-sea
{CO,*} to global ice volume, as inferred from the 5'80 of C. wuellerstorfi in the same core.

We find a good correlation between CaCO; accumulation and §'80, which is improved
by imposing a 6000-year lag on the CaCOj record (Fig. 2), likely reflecting the time scale for
adjustment of the ocean carbonate system to external forcing. In viewing records like this one
must be mindful of the caveat that “everything correlates with everything else on 100-ka time-
scales” (colloquially referred to by some as the Labeyrie principle). That is, one cannot infer
cause and effect from correlations like this. Nevertheless, we can be confident that deep-sea
{CO,*} is systematically linked to global ice volume, at least throughout the Late Pleisto-
cene. Taking a lesson from the last glacial period, we can further infer that these changes in
{CO,*} reflect past changes in ocean stratification, the efficiency of the biological pump, and
carbonate compensation.

One must also keep in mind that the carbonate ion record consists of a transient signal that
follows the accumulation and release of respiratory CO, as well as a quasi-steady-state signal
tied to changes in whole-ocean ALK. Future work should seek higher resolution records to
better define the phase relationship between ice volume and deep-sea carbonate chemistry, to-
gether with models to resolve the transient from steady state aspects of changes in carbonate
chemistry.
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Variations of Sea-Surface *C Reservoir Ages
(SSRA) and their Paleoclimatic Implications:
From a Chronometric Problem to a New
Paleoceanographic Proxy

Edouard BARrD (Aix-en-Provence, France)

With 2 Figures

Radiocarbon ages measured on shells of biological organisms growing on shallow coastlines
or living among the plankton must be corrected for the difference in 4C composition between
the atmosphere and the sea surface. This problem has been clearly identified since the mid-
1950s (e.g. CRAIG 1954), but fortuitously, the usual amplitude of the '*C shift to be corrected
for is on the order of 400 years, which, for marine carbonates, cancels out the isotopic frac-
tionation correction embedded in the calculation of a conventional “C age (the §'3C of the
dated sample being normalized to —25 %o).

Subsequent surveys of the sea surface reservoir age (SSRA) have demonstrated that its
value is not always equal to 400 years, but that it varies between 300 and 1200 years in the
modern ocean (see Fig. 1 and compilations published by BARD 1988 and REIMER and REIMER
2001). From the point of view of *C chronometry, the SSRA spatial variability is thus viewed
as a problem which limits the accuracy of radiocarbon ages.

Preanthropic C14 at sea surface

1200 :
Indo-Pacific +
1000 '

800

C14 reservoir age
(-
g

Atlantic
20 40 60 80
N

0
Latitude

Fig. 1 Sea surface reservoir ages plotted versus the latitude based on direct '“C measurements of the dissolved TCO,
in surface water from the World Ocean (green labels stand for samples from the Atlantic Ocean and blue labels for
those from the Indian and Pacific Oceans). These samples were collected in the 1950s before the thermonuclear
bomb tests in the atmosphere (BARD 1988 and references therein).
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In parallel, numerical modelling has allowed to quantify the residence time of carbon atoms in
the different reservoirs of the global carbon cycle, notably in the different water masses of the
World Ocean. The ocean mixed layer is a complex reservoir, sandwiched as it is between the
atmosphere and the intermediate and deep ocean with its slow circulation accompanied with
a significant radioactive decay of '“C atoms. At steady state, the SSRA is thus determined by
the mixing of young carbon from the atmosphere with older carbon from advected waters.

BARD (1988) performed the first systematic and quantitative study of the various causes of
SSRA variations by using the box-diffusion model of OESCHGER et al. (1975). It was shown
that the SSRA depends on a combination of multiple parameters such as atmospheric pCO,,
the free ocean surface, the piston velocity for gas exchange, the solubility of CO,, kinetic
fractionation factors, the mixed layer depth, the mixing of the deep ocean, upwelling inten-
sity and even transient changes of the '*C production in the upper atmosphere. Several of
these factors are directly related to climate parameters such as sea-surface temperature, wind
strength, sea-ice cover.

This led BARD (1988) to propose that the SSRA should be viewed as a new paleoceano-
graphic proxy, rather than being considered solely as an obstacle to accurate chronometry. He
went further by proposing two methods to reconstruct paleo-SSRA by measuring *C in coeval
contemporaneous marine and terrestrial organic matter which are found in association at the
same site or can be linked stratigraphically by the same precise time marker, instantaneous at
the geological scale. The first technique is restricted to shallow coastal sediments enabling the
physical association of continental and marine material, while the second technique can be
used over long distances with marine samples from the open ocean. Volcanic eruptions were
identified as the best instantaneous time marker since they can be found as tephra layers in ma-
rine and lake sediments. The Vedde Ash eruption which occurred about 12,000 years ago in the
middle of the Younger Dryas cold event was proposed as an ideal test case for this new proxy.

By dating planktonic foraminifera mixed with Vedde tephras at several sites from the
North Atlantic, BARD et al. (1994) reported the first results using this technique and document-
ed a significant increase of the SSRA in the middle of the Younger Dryas event (800 years as
compared with a modern value of 400 years). In the wake of this initial work, several other
papers have been published on SSRA variations based on tephra layers of various ages from
the North-Atlantic (AUSTIN et al. 1995, HAFLIDASON et al. 1995, BONDEVIK et al. 1999, 2001,
2006, EIrRIKSSON et al. 2000, 2004, 2011, KNUDSEN and EIRIKSSON 2002, LARSEN et al. 2002,
THORNALLEY et al. 2011b) and other locations from the World Ocean (SIKES et al. 2000,
HuTtcHINsON et al. 2004, S1ant et al. 2001, 2013, IKEHARA et al. 2011, SKINNER et al. 2015).

Based on the tephra approach, large SSRA values of up to 2000 years have been reported
for specific cold periods such as the Younger Dryas and Heinrich event 1 in the North Atlantic
and Mediterranean Sea (S1aNI et al. 2001, THORNALLEY et al. 2011b). Similarly, large SSRA
values in the subtropical Southern Pacific have been reconstructed for the last glacial peri-
od (SIKEs et al. 2000, SKINNER et al. 2015). These studies point to the possibility of SSRA
change by more than 1000 years at a specific location.

Unfortunately, suitable volcanic eruptions are not that frequent and tephra layers are
unevenly distributed in the sediments of the World Ocean. This has led several authors to
apply usual stratigraphic techniques to date oceanic records by correlation of paleoceano-
graphic records with other paleoclimatic records that have been dated accurately. This tech-
nique has allowed to calculate SSRA changes that are similar to or sometimes even larger
than those reconstructed with the tephra method. For example, SSRA values on the order of
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2000-2500 years have been reported for the Northeast Atlantic during the last deglaciation
period (WAELBROECK et al. 2001, Peck et al. 2006, THORNALLEY et al. 2011a, SKINNER
et al. 2014), but a recent compilation of North-Atlantic data led to smaller values of up to
1300 years (STERN and Lisieck1 2013).

By correlating the '“C stratigraphies directly with the '4C calibration curve, SARNTHEIN
et al. (2007) calculated SSRA for several sites ranging from low latitudes (South China Sea,
Santa Barbara Basin) to high latitudes (Icelandic Basin, Subarctic Northwest Pacific). They
reconstructed very large SSRA values of up to 2000-2500 years for the glacial period. Com-
paring those evaluations with present day values for the same locations translates into dra-
matic SSRA increases of up to greater than +1500 years for the South China Sea and of about
+2000 years for the Icelandic Sea.

KuBOTA et al. (2014) made a recent attempt to calculate SSRA changes by compiling *C
ages in U-Th dated coral from tropical Pacific islands. Comparison with the 4C calibration
curve led them to propose that SSRA increased by +400 years during the Heinrich 1 event,
resulting in SSRA values on the order of 800 years in the tropical Pacific.

In parallel to reconstructing paleo-SSRA values from geological archives, numerical mod-
els can be used to simulate SSRA as a response to past climate changes occurring over the
14C time range. For example, the atmospheric CO, concentration was lower during the glacial
period (190 vs. 280 ppm) which led to an increase of the reservoir age by about +200 years for
the full change between the Last Glacial Maximum and Holocene periods (BARD 1988, 1998;
Fig. 2). It is generally considered that wind speeds were higher during the last glacial period
as a response to a steepened temperature gradient between low and high latitudes. Increasing
the wind speed velocity by 50 % on average would increase the CO, piston velocity, thereby
leading to a reduction of the reservoir age by about —250 years (BARD 1988). This first-order
calculation based on a box diffusion model is certainly a maximum value, as increased wind
speed also favours mixing with older water from below the surface box.

In addition to these global changes, which partly cancel out, it is important to take into
account the possibility of local variations in '4C reservoir ages linked to regional paleoceano-
graphic changes. For example, high latitudes are affected by sea-ice which limits air-sea gas
exchange. BARD et al. (1994) used a 13-box model to calculate shifts of up to +350 years as a
response to perennial sea-ice in the Nordic Seas.

Several modelling groups have gone farther in simulating the spatial variations of SSRA
by using more complex models to mimic the ocean-atmosphere couple and its physical and
biogeochemical responses (STOCKER and WRIGHT 1998, DELAYGUE et al. 2003, BUTZIN et
al. 2005, FRANKE et al. 2008, SINGARAYER et al. 2008, RiTz et al. 2008, HAIN et al. 2011).
These models have been used to calculate global maps of the SSRA under steady state climate
changes representing glacial conditions. The modelled SSRA are generally larger than for the
present day ocean with increases of up to a couple of centuries at low latitudes, several centu-
ries in the Northern latitudes and up to a millennium in the Southern Ocean.

Numerical models have also been used to calculate rapid SSRA changes linked to tran-
sient climate changes resulting from alterations of the Meridional Overturning Circulation
(MOC) when it is forced with freshwater in the zones of deep-water convection. The SSRA
response can be complex with transient decrease and increase, but the overall amplitude of the
swings is limited to a few centuries, and even less in zones remote from the convection zones.

Overall, the SSRA changes simulated by models are smaller than the largest changes recon-
structed from '“C measurements in oceanic sediments. This contrast may be due to deficiencies
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Fig. 2 Steady state calculations of the dependence between the sea surface reservoir age and the atmospheric pCO,
(updated from BARD 1988, 1998 by using calculations performed by DELAYGUE et al. 2003 with the BERN model).
PD stands for the present day preindustrial conditions and LGM for the Last Glacial Maximum.

of numerical models in capturing the exchange timescales between the main carbon reservoirs,
the effects of the dynamical oceanic circulation and of altered biogeochemical cycles.

Alternatively, the discrepancy may point to unrecognized biases in the '“C proxy data
linked to subtle sedimentological or geochemical effects. For example, the reconstruction
of SSRA by the different proposed methods is sensitive to phenomena such as sediment
reworking, bioturbation, dissolution, and contamination coupled with abundance changes of
the carrier of the '“C signal (e.g. BARD et al. 1987, 2001, BARKER et al. 2007, BROECKER and
CLARK 2011).

I will discuss these issues in the light of the recent literature, notably by comparing the
amplitude of model outputs and by assessing the possible magnitude of biases on the SSRA
reconstructions based on '“C in oceanic sediments.
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Ocean Acidification — A Biogeological Perspective

Jelle BumA (Bremerhaven)

With 2 Figures

When CO, is absorbed from the atmosphere into the ocean, it forms carbonic acid and lowers
pH. This process is commonly referred to as ocean acidification (OA) (e.g. GATTUSO and
HaNssoN 2011). On geologic timescales, the CO, concentration in the atmosphere and the
carbonate chemistry of the oceans are constantly changing and adjusting to forcing through
tectonics, volcanism, weathering, biology and currently, the human race.

Relationships between the elemental and isotope composition of fossil remains and envi-
ronmental parameters, so-called proxy relationships or “proxies” for short, allow to reconstruct
climates of the past. Proxy evidence suggest that atmospheric CO, concentrations have been
much higher than today during long warm intervals in Earth’s history and that those conditions
were not always harmful to e.g. calcifying organisms (e.g HONISCH et al. 2012). In fact, the
name Cretaceous with its high atmospheric pCO, was coined because of its massive lime-
stone deposits from e.g coccolithophores that build the cliffs of Dover. Hence, it is a common
misconception that high atmospheric pCO,, per se, goes hand in hand with reduced biocalci-
fication. In fact, for most calcifying organisms the saturation state of the ocean with respect
to calcium carbonate may be more important than its pH. If a carbon perturbation is slow
enough, surface waters will remain supersaturated because dissolution of deep sea sediments
and weathering of rock on the continent, can keep pace with the perturbation and the satura-
tion state of the ocean with respect to calcium carbonate is well regulated (e.g. RIDGWELL and
ScaMmIDT 2010). As a consequence, calcifying organisms continue to form their skeletons in a
well buffered ocean even when pH is low. On the other hand, organisms that actively regulate
their acid-base balance will still be under pressure at a lower pH even though the saturation
state of the ocean remains high (Fig. 1), simply because they have to spend more metabolic
energy on their pH regulation at the expense of other processes (BuMA et al. 2013).

There have been periods in Earth’s history where we have indications that the oceans have
been acidified (a lower pH than today). For instance, at the end of the Permian (e.g. KNOLL
et al. 2007), ca. 251 Ma ago or at the Paleocene-Eocene Thermal Maximum (PETM), 55
Ma ago. These acidification events were also triggered by a carbon perturbation but had a
different origin (volcanism and methane clathrates, respectively) than today. Nevertheless,
all are characterized by catastrophic extinctions and biodiversity loss. Importantly, it should
be noted that OA (lowering of pH) is only one consequence of a carbon perturbation. These
events are usually accompanied by global warming, stronger stratification of the ocean and
a decrease of the oxygenation of the deep sea (so-called “Ocean Anoxic Events” or OAE’s).
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Fig. 1 The window of optimal performance of many organisms is affected by temperature, ocean carbonate chemis-
try and hypoxia, the three direct symptoms of a massive carbon perturbation. For animals, the concept of oxygen and
capacity limited thermal tolerance (OCLTT) provides an explanation for the specialization of animals on specific,
limited temperature ranges and their sensitivity to temperature extremes. Furthermore, it allows integration of other
stressors on a thermal matrix of performance (see PORTNER et al. 2005, 2010).

As such, it is difficult to de-convolve the consequence of decreased pH from the plethora of
associated impacts.

It is important to keep in mind that the climatic conditions prior to the above mentioned
geologic events were vastly different from today. The atmospheric pCO, was high to start
with, the oceans were warmer and had a different chemistry, which, by itself, had a consid-
erable impact on the saturation state with respect to calcium carbonate. However, the most
important difference between all previous geological events compared to today is the rate at
which the human induced carbon perturbation proceeds (Fig. 2).

Hence, even though we do not seem to have a perfect analogue to the present day carbon
perturbation, we can only expect that the consequences of man-made OA are worse than those
recorded in the geological records, simply because the rate of change is unprecedented in the
Earth’s history, and the marine ecosystem as we know it today has mainly evolved in a time
where atmospheric CO, has been low and oceans were well buffered (Buma et al. 2013).
The detailed PETM record, which is probably the best analogue, teaches us, that it might
take about 100 ka for a full chemical recovery of the ocean and that biological recovery takes
millions of years.

Ocean acidification is occurring today and will continue to intensify, closely tracking
global CO, emissions. Given the potential threat to marine ecosystems and biodiversity and,
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Oceans are Acidifying Fast ..........
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Fig. 2 The paleohistorical record of ocean pH demonstrates that present levels are unseen in the last 20 million years
(after TURLEY et al. 2006). Note that depending on the rate (and magnitude) of a carbon perturbation, pH and the
saturation state may be decoupled (slow rate) or change simultaneously (fast rate as today).

its ensuing impact on human society and economy, especially as it acts in conjunction with
ocean warming, there is an urgent need for immediate action. This “double trouble” is prob-
ably the most critical environmental issue that humans will have to face in their immediate
future and it might become the major socio-economic challenge of this century.

The impacts of ocean acidification are global in scope and yet some of the least under-
stood of all climate change phenomena. Given that its effects are already measurable and
that biological impacts may become dramatic within only decades, we must now accept the
challenge to better coordinate and stimulate research on ocean acidification if we are to fully
understand the consequences of and eventually help mitigate ocean acidification.

Understanding the risks and consequences of OA and recognizing that both OA and glob-
al warming are caused by anthropogenic CO, emissions will hopefully help to set in motion
a stringent climate policy worldwide. The only solution to neutralize OA and global warming
is a long-term mitigation strategy to limit future release of CO, to the atmosphere and/or en-
hance removal of excess CO, from the atmosphere.
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Isotopic Constraints on Greenhouse Gas Variability
during the Last Deglaciation from Blue Ice Archives

Ed Brook, Thomas BAuskA, and Alan Mix (Corvallis, OR, USA)
With 2 Figures

Trace gas records from traditional ice cores provide vital records of changes in atmospheric
composition but deep ice coring is expensive, time consuming, and sample quantities are
typically limited. In some locations on the margins of Greenland and Antarctica ancient ice
outcrops at the surface and can be sampled in very large quantities (Fig. 1 shows the Taylor
Glacier outcrop location in Antarctica). Such samples provide the opportunity to make meas-
urements that are otherwise difficult on traditional ice cores, for example the radiocarbon
content of CH, (PETRENKO et al. 2009), or high precision measurements of stable isotope
ratios of trace gases (for example, recent work on the isotopic composition of N,O by SCHILT
et al. 2014, see Fig. 2). Ice margin samples also offer the possibility of very high-resolution
sampling in key intervals.

We focus here on a complete record of CO, and §'*C-CO, for the last deglaciation ob-
tained from the Taylor Glacier, in the Dry Valleys region of Antarctica (Fig. 1). Samples were
taken by shallow (~ 4 m) coring in an ~360 m cross- glacier transect after extensive field
reconnaissance and analysis of atmospheric CH, to establish the stratigraphy.

Ice ranging in age from early Holocene to Eemian outcrops at various locations on Taylor
Glacier. Although the ice is deformed by folding, it is possible to reconstruct time series of
gas records by correlating CH, concentration records and the §'80-O, with well dated ice core
records. We take advantage of the large sample sizes available to use a high precision dual
inlet method to measure §'*C-CO, (BAUSKA et al. 2014) from 22-11 ka. The reproducibility
of the isotope measurements is ~ 0.02 %o. The high precision results combined with high-res-
olution sampling reveal more detail about carbon cycle changes than previous data sets.

In Figure 2 we plot CO, and §'*C-CO, as well as CH,, N,O and §'>N-N,O (the latter three
records from ScHILT et al. 2014). The age scale is based on correlating CH, variations with
the very well dated WAIS Divide ice core (MARCOTT et al. 2014) and confirmation of field
results with laboratory measurements of CH,, CO,, N,O and 3'8%0-O, (ScHILT et al. 2014,
BAGGENSTOS et al., in prep.) and comparison of those records with established ice core data.
Corrections for gravitational fractionation are based on 8'’N-N, measurements made at the
Scripps Institute of Oceanography (BAGGENSTOS and SEVERINGHAUS, in prep.).

CH, and CO, concentration trends show all of the expected abrupt changes and inflection
points known from other records, allowing us to precisely date the Taylor Glacier records and
place them in a global stratigraphic framework. Relative to WAIS Divide we expect (and ob-
serve) that the Taylor Glacier record is smoothed due to diffusion in the firn column because the
original deposition site of Taylor Glacier ice was in a relatively lower accumulation rate region.
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Fig. 1 Left: Location of Taylor Glacier blue ice outcrop, middle: sketch map of sampling region (inset shows location
of sample transect (green line). Right: example of high resolution coring.

The high precision 3'*C-CO, record is fully consistent with previous reconstructions but al-
lows us to see changes on short timescales (Fig. 2). During the Last Glacial Maximum (LGM)
CO, and 3"*C-CO, were not constant; small variations (< 5 ppm and 0.08 %o), suggest that
the carbon cycle was not completely at steady state. From 18 ka to 15.5 ka 3'*C-CO, shows
a strong 0.3 %o decrease that corresponds to an increase in CO, of 35 ppm. We show that the
decrease happened in two roughly equal steps. An initial decrease of ~0.15 ppm between 18
and 16.5 ka corresponds with the initial increase of CO, by ~ 20 ppm. At ~ 16.5 ka a rapid
additional drop of 3'*C-CO, of ~0.15 %o occurred over a period of several centuries, and
corresponds with an additional increase of CO, by ~ 7 ppm. From 15.5 ka to 11 ka, CO, in-
creased by 40 ppm and 8'3C-CO, gradually increased. Superimposed on this trend is a second
sharp decline in §'3C-CO, that started at ~12.9 ka, coincident with the start of the CO, rise
during the Younger Dryas. 3'*C-CO, reached a minimum at ~12.5 ka and recovered over the
next ~1000 years.

We combine the data with carbon cycle box model experiments to examine processes that
are plausibly responsible for the deglacial rise in atmospheric CO,. We employ a Keeling plot
technique where in a classic two-component system the y-axis intercept of a linear regression
to the data (y,) is the 3'*C signature of the reservoir controlling the atmosphere. In the more
complex mixing between the atmosphere, ocean and terrestrial biosphere a carbon cycle mod-
el must be used to account for process like air-sea gas exchange and ocean mixing which can
lead to a non-linear, time-variant relationship between CO, and §'*C-CO,.

We use the model results to outline a scenario that couples deglacial climate history
and our carbon cycle observations. During the early part of HS1, the collapse of AMOC
(McMAaNus et al. 2004) decreased heat transport to the North Atlantic. In response, large
areas of the Northern Hemisphere (NH) cooled and Southern Hemisphere (SH) warmed, the
ITCZ shifted southward and SH westerlies shifted southward or strengthened (WANG et al.
2004, CHENG et al. 2009, DENTON et al. 2010). We hypothesize that a shift of the westerlies
off the SH continents and/or increased SH precipitation lead to a precipitous decline in dust
delivery over the Subantarctic ocean, driving the bulk of the CO, rise from about 18-15.5 ka.
The southward migration of the ITCZ also lead to a drying in parts of the NH, possibly caus-
ing a reduction in land carbon, most notably around 16.5 ka when the first abrupt change in
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Fig. 2 Blue: CHy, CO,, 3"*C-CO, and §"*N-N,O from the Taylor Glacier blue ice archive. §"*N-N,O results were
used by ScHILT et al. (2014) to partition the N,O change in to oceanic and terrestrial sources. Terrestrial changes
dominate on centennial timescales but inferred changes in marine emissions are consistent with current understand-
ing of changes in ocean oxygenation.

8!3C-CO, occurred. Alternatively, or additionally, the changing SH westerlies around 16.5 ka
leading to enhanced air-sea gas exchange and possibly greater upwelling.

During the later half of HS1, dust deposition had effectively reached interglacial levels,
and the 3'*C-CO, data are consistent with the CO, rise being driven mostly by warming ocean
temperatures and an additional release of ocean biological carbon. However, the initial rise in
CO, during the YD could have been triggered by either a second loss of land carbon or addi-
tional enhancement of SH westerlies, driven ultimately by AMOC reduction and NH cooling.

Our new data provide strong constraints on the mechanisms behind glacial-interglacial
CO, variability. The §'*C-CO, record shows that most of the 75 ppm increase in atmospheric
CO, could plausible be attributed to a combination of a release of organic carbon from the
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ocean and rising ocean temperature, but the CO, rises occurred in a series of steps, each with
a d'*C fingerprint that suggests that different mechanisms may have been triggered at various
times during the deglacial transition. Primary release of CO, accumulated in the ocean from
respired organic matter occurred relatively early in the transition. Global temperature changes
lagged the release of deep ocean carbon, supporting a trigger for the deglaciation in ocean cir-
culation or ocean biological processes. At least twice during the deglaciation a rapid release
of carbon depleted in 13C to the atmosphere occurred over a few centuries, suggesting that
abrupt and significant releases of CO, to the atmosphere may be common nonlinear features
of Earth’s carbon cycle.
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The Role of the Terrestrial Biosphere
in CLIMBER-2 Simulations
of the Last 4 Glacial CO, Cycles

Victor BROVKIN (Hamburg) and Andrey GANOPOLSKI (Potsdam)
With 3 Figures

Terrestrial ecosystems strongly affect fluxes of heat, water, and greenhouse gases between
land and atmosphere. In pre-industrial climate, vegetation biomass and mineral soils con-
tained about 2,000 Gt of carbon, about 4—5 times more than the atmosphere at that time.
During Last Glacial Maximum (LGM), a decrease in atmospheric CO, from 280 to 200 ppmv
should have caused about 30 % decrease in plant productivity mainly due to physiological
effect of CO, (reduction in water use efficiency). In addition, expansion of ice sheets and
climate change led to extreme reduction of boreal and temperate forests and an increase in
savannah in subtropical regions. This view is strongly supported by pollen-based reconstruc-
tions of vegetation cover. A decrease in tropical forests due to less moisture and lower CO,
level was compensated by a growth of forests on exposed tropical shelves. In total, effects of
climate and CO, on terrestrial vegetation should have led to a strong reduction in terrestrial
carbon storage. Model-based studies suggest a decrease in land carbon in the range from 300
to 800 GtC, with a largest uncertainty coming from the changes in distribution in vegetation
cover. Estimates based on marine '3C changes are close to 500 GtC, falling in the middle of
the range of the model estimates. The later do not account for the boreal peat growth during
the Holocene, estimated into about 400 GtC. In total, following previous model simulations,
it could about 1,000 GtC of interglacial-to-glacial difference in terrestrial carbon storage (bio-
mass and mineral soils).

Such strong variability in land carbon does not help to explain changes in atmospheric
CO, during glacial cycles as changes in land carbon counteract the atmospheric CO, draw-
down during glaciation inception and CO, increase during deglaciation. Translated into at-
mosphere CO, changes, this would mean not very much — 20 to 30 ppm depending on the
strength of the ocean carbonate compensation and weathering effect on alkalinity — but it
should be added at the top of 80 to 100 ppm changes needed to be explained by the ocean
carbon cycle. On a long term, it is possible for the ocean to absorb extra 1,000 GtC in addition
to its huge reservoir capacity of about 40,000 GtC, but during periods of fast climate changes
the ocean is too slow to explain observed fast changes in atmospheric CO,. Without an extra
pool capable to release 400-500 GtC relatively quickly, the models are unable to explain the
periods of fast CO, changes.

A possible solution to this problem was recently suggested by an involvement of terres-
trial carbon storage in cold environments (e.g. CIAIS et al. 2012). Decomposition of organic
matter is strongly temperature-dependent with an average Q,, factor of 2, i.e. it slows down

43



Victor Brovkin and Andrey Ganopolski

by a factor of 2 in response to the temperature drop by 10 °C. In frozen soils, decomposition
of soil carbon is negligible. A presence of ice in the soils, for example in the form of ice
wedges in the permafrost soils, leads to a burial of carbon on a very long time scale until the
permafrost is thawed and organic carbon is available for decomposition again. Because the
glacial inception led to continuous decrease in temperature, decomposition of plant litter at
the surface was slow, and most of organic was not decomposed but accumulated at the sur-
face. The formation of permafrost led to continuous burial of carbon in the soils, which could
reach tens and hundreds of kg C m™2. Current stocks of carbon in permafrost environment are
estimated in about 1,500 Gt of carbon, and these storages should be much higher during the
glacial periods because significant part of permafrost was thawed during deglaciation. These
processes of decomposition of frozen carbon in response to deglacial changes continue today
because of thermokarst and thermal erosion which occur irregularly after surface disturb-
ances due to surface fires or water erosion during spring snow melt. In addition, substantial
part of frozen organic carbon was trapped under the ice sheets. This organics was likely
transported by the ice dynamics to the edges of the ice sheets boundaries, where it could de-
compose quickly during abrupt warming events.

1. Terrestrial Carbon Model Setup

The CLIMBER-2 model is the Earth System model of intermediate complexity (PETOUKHOV
et al. 2000). It includes all necessary components to simulate dynamics of the Earth climate
and carbon cycle on multi-millennial time scale. The physical model components include dy-
namic-statistical atmospheric model, 3-basin zonally averaged ocean model, thermodynamic
sea ice model and ice-sheet model (GANOPOLSKI and CALOvV 2011). The biogeochemistry
model includes terrestrial vegetation and carbon cycle model VECODE, marine biogeochem-
istry model including models of marine biota and deep-sea carbonate sediments, as well as
a model of carbon isotopes. For glacial cycle simulations, the biogeochemistry model is up-
dated with models of coral reef growth and terrestrial weathering (BROVKIN et al. 2012).
The CLIMBER-2 model has been applied for simulating paleoclimates and biogeochemistry
including LGM time slice and transient biogeochemistry dynamics during the Holocene and
the last glacial cycle, as well as transient changes in climate-ice sheet system over the last
eight glacial cycles (GANOPOLSKI and CaLov 2011).

To address the role of permafrost carbon in the glacial CO, cycles, we updated CLIMB-
ER-2 model with a module for carbon in permafrost, peat, and carbon buried under ice sheet.
Recently, CRICHTON et al. (2014) included permafrost component into CLIMBER-2 frame-
work by accounting for the permafrost extent based on the frost index and by slowing down
the timescale of decomposition of the slow carbon pool. Here, we follow another approach.
Instead of modifying the timescale of already existing slow carbon pool in the soil model, we
introduce three new carbon pools: boreal peat, permafrost, and carbon buried under ice sheet.
A simplified model of the peat growth assumes that under favourable conditions for the peat
growth, a small fraction of litter is accumulated in the peat pool. This is occurring during the
warm periods such as interglacials. The permafrost area is calculated based on soil tempera-
ture, and organic content of the permafrost fraction of the grid cell is allocated into the per-
mafrost carbon pool. During the ice sheet growth, the carbon under ice sheets is re-allocated
into the buried carbon. During deglaciation, this buried carbon is transformed into unfrozen
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Fig. 1 A sketch of changes in soil carbon pools in regions affected by ice sheet dynamics.

soil pool from which it can relatively quickly be released to the atmosphere. The dynamics of
the soil carbon pools during the glacial cycle is illustrated on Figure 1.

The physical model in glacial transient simulations is driven by changes in the orbital
forcing and by reconstructed concentrations of greenhouse gases, while the carbon cycle
model simulates atmospheric CO, interactively, but without feedback to the physical system.
For more details of the setup of the physical model, the performance of the ocean carbon
cycle model, and simulated atmospheric CO, concentration see the companion paper by Ga-
NOPOLSKI and BROVKIN in this issue.

2. Results

In the course of the four last glacial cycles, total terrestrial carbon storages are changing in
the range of 2,700 to 3,100 GtC (Fig. 2). This variability is less than variations in particular
components of the terrestrial carbon cycle. The biomass and mineral soil storages are at max-
imum of 1,800-2,100 GtC during interglacials, and they go down to 1,500—-1,600 GtC during
glacial maxima. The boreal peat storages grow up to 500 PgC at the end of interglacials or
during warm interstadials, but decline to almost zero during glacial maxima. The buried car-
bon shows the strongest amplitude of changes of ca. 800 GtC with a rapid increase during
glacial inception and a rapid decrease during deglaciation. The permafrost carbon in general
follows the same dynamics as the buried carbon but shows less amplitude of changes while
more abrupt reaction during periods of rapid climate changes.

During glacial inception, while biomass and mineral soil carbon decrease, terrestrial car-
bon storage increases due to an increase in buried and permafrost carbon (see comparison of
125 to 115 ka BP on Fig. 3). As a result, the land carbon change contributes to drawdown CO,
during the period of large ice sheet initiation. This would help to start glacial inceptions in
the model. At the Last Glacial Maximum, the land total storage is slightly less than at the-in-
dustrial. The fast decrease in permafrost and buried carbon during deglaciation contributes to
the rapid CO, growth as the land carbon storages decrease by about 200 GtC between 20 and
10 ka BP despite of strong increase in the biomass and mineral soil carbon. At the end of the
Holocene, the land carbon storage grows due to peat accumulation, and the permafrost carbon
starts to increase in response to the cooling in the high northern latitudes.
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Fig. 2 Simulated changes in terrestrial carbon storages (GtC) during the last 400,000 years (left) and the last 20,000
years (right).

3. Conclusions

The glacial CO, cycles are shaped by changes in marine biogeochemistry which exerts con-
trol on the atmospheric CO, on multi-millennial timescale. The response of terrestrial carbon
to glacial boundary conditions is usually seen as an obstacle in explaining low glacial CO,
levels. By introducing new carbon pools into terrestrial carbon model, we show that dynamics
of soil carbon in the regions affected by the ice sheet growth could change the view on the
role of terrestrial biosphere in glacial periods. Especially during the deglaciation period, the
land could act as a source of several hundred GtC to atmosphere, contrary to the conventional
terrestrial biosphere models that simulate carbon storages growth during deglaciation. While
development of modelling approaches to simulate permafrost carbon and carbon stored under
ice sheets are still in the initial phase and their calibration is a challenge, we think that these
components are an important part of explanation of the glacial CO, cycles. More efforts need
to be invested into understanding of frozen carbon dynamics.
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Fig. 3 Simulated land carbon storages at the last interglacial (125 ka BP), glacial inception (115 ka BP), Last Glacial
Maximum (20 ka BP), mid-Holocene (6 ka BP), and pre-industrial.
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Radiocarbon Constraints on Southern Ocean
Circulation
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With 2 Figures

The Southern Ocean is thought to play a fundamental role in driving glacial-interglacial car-
bon cycle changes. The reason for this is two-fold: the ice core records of atmospheric CO,
and Antarctic temperature are strongly correlated, and the Southern Ocean is a region that
connects the deep ocean to the surface ocean through deep water formation and sloping iso-
pycnals in the Antarctic Circumpolar Current (ACC). Since the deep ocean is the major res-
ervoir of carbon at the earth surface, it is likely that the change in atmospheric CO, over the
deglaciation is linked to processes involving the deep ocean.

Ocean radiocarbon reconstructions provide an important record of changes in ocean cir-
culation and CO, exchange, and are thus keys for examining the processes that led to the
rapid climate and CO, shifts that characterize the last deglaciation. In this talk I will present
a compilation of new and published radiocarbon data from the Southern Ocean, interpreted
with help from a two-dimensional dynamical model, to examine the circulation history in this
important region. The radiocarbon records are reconstructed from benthic foraminifera from
sediment cores in the high latitude South Atlantic (BARKER et al. 2010, SKINNER et al. 2010)
and deep-sea corals from the Drake Passage (BURKE and RoBINSON 2012). In contrast to
radiocarbon depth profiles in the modern Southern Ocean, these data show a significant mid-
depth radiocarbon minimum during the Last Glacial Maximum (LGM) (Fig. 1). The large
vertical radiocarbon gradients that characterized the LGM then disappeared during the early
deglaciation, resulting in a much more homogenous radiocarbon depth profile. To first order,
these results can be interpreted as increased isolation of waters at mid-depths at the LGM, and
then ventilation and mixing during the early deglaciation. But what were the mechanisms that
led to this glacial mid-depth radiocarbon minimum?

There are several hypotheses that invoke changes in the Southern Ocean to explain gla-
cial-interglacial carbon cycling, and these can be roughly divided into physical and biolog-
ical processes (for an extensive discussion of these see FISCHER et al. [2009] and references
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Fig. 1 From BURKE et al., submitted. (fop) Radiocarbon data plotted as atmosphere normalized A'*C from the At-
lantic sector of the Southern Ocean. Modern water column data are plotted as lines and come from GLODAP (Key
et al. 2004). Data reconstructed from the LGM are plotted as stars (BARKER et al. 2010, SKINNER et al. 2010, BURKE
and RoOBINSON 2012) (bottom). Map showing location of sediment cores or corals (stars) and water column stations
(dots).

therein). In this talk we will focus on the physical processes, namely wind and sea ice. The
wind hypotheses (e.g. TOGGWEILER et al. 2006, ANDERSON et al. 2009) invoke a change in the
strength or position of the westerly winds over the Southern Ocean. These hypotheses suggest
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that weaker or equatorward-shifted winds during the Last Glacial Maximum would reduce
Southern Ocean upwelling, thus limiting the amount of carbon that is brought to the surface
ocean from the deep. Over the deglaciation, the winds either strengthened or shifted poleward
with warming Antarctic temperatures, which would increase Southern Ocean upwelling and
would release CO, to the atmosphere. The sea ice hypotheses (e.g. STEPHENS and KEELING
2000) suggests that a greater extent of sea ice in the glacial period acted to ‘cap’ the Southern
Ocean and reduced air-sea gas exchange, which would result in lower glacial atmospheric
CO, concentrations. Over the deglaciation, as Antarctic temperatures warmed and there was
a reduction in sea ice extent, the Southern Ocean became ‘uncapped’, providing a source of
CO, to the atmosphere.

Last year we put forth a hypothesis that highlighted another potential role for sea ice in
glacial-interglacial climate change: it is intimately linked to the geometry of the overturning
circulation (FERRARI et al. 2014) (Fig. 2). The quasi-permanent sea ice edge in the South-
ern Ocean is the boundary between positive and negative buoyancy forcing in the surface
ocean. North of the sea ice edge, waters become less dense and flow equatorward forming
the upper overturning branch, and south of the sea ice edge waters become more dense and
flow poleward forming the lower overturning branch. Today the overturning circulation forms
one continuous figure-eight loop. North Atlantic Deep Water flows southward in the Atlantic
and upwells south of the sea ice edge, becomes more dense, and returns north in the Atlantic
and Pacific basins in the lower overturning branch. Diapycnal diffusion in these ocean basins
transforms water from the lower overturning branch to a density (corresponding to a depth of
~2 km) that outcrops in the ACC north of the sea ice boundary, thus closing the overturning
circulation loop in the upper branch (Fig. 2). We hypothesized that the glacial expansion of sea
ice (GERSONDE et al. 2005) would result in a shoaling of the boundary between the upper and
lower overturning branches in basins north of the ACC, away from enhanced diapycnal mixing
associated with mid ocean ridges. A shoaling of the boundary above 2 km water depth would
mean that the overturning circulation could not be closed by diapycnal diffusion in a single
figure eight loop, and thus there would have to be two separate overturning cells, and NADW
would be confined to the upper cell (Fig. 2). This geometry is consistent with §'30 and §'*C
data from the Atlantic (e.g. SARNTHEIN et al. 2000, Curry and Oppo 2005, LuND et al. 2011)
which show a shoaling of the boundary between northern- and southern-sourced water during
the LGM. The restriction of northern-sourced water to the upper overturning branch would
result in a deep southern-sourced water mass that was more isolated from the atmosphere com-
pared to today, potentially providing a means to store more carbon in the deep.

To test our hypothesis and determine the effect of this process on glacial radiocarbon
distributions, we created an idealized, 2D, residual-mean dynamical model of the global over-
turning circulation with a decaying tracer that is advected by the circulation to simulate radio-
carbon for a comparison to published radiocarbon data (BURKE et al. submitted). The model
is simple and efficient, but it includes the physical and dynamical elements necessary to test
our hypothesized changes in the circulation. We find that an expansion of sea ice under glacial
conditions leads to a shoaled boundary between the upper and lower branches of the over-
turning circulation as we hypothesized, as well as a minimum in radiocarbon at mid-depths,
as seen in the radiocarbon data. Thus sea ice provides a potential means by which to isolate
the deep ocean and store excess carbon, without relying solely on a large reduction in air-sea
gas exchange. We note that although the westerly winds hypothesis is a popular paradigm,
eddy resolving models of the Southern Ocean do not show a strong sensitivity of overturning

Nova Acta Leopoldina NF 727, Nr. 408, 49-54 (2015) 51



A. Burke, A. L. Stewart, J. F. Adkins, R. Ferrari, M. F. Jansen, A. F. Thompson, and L. F. Robinson

A Modern

Okm

2km

4km

Okm

2km

4km

80S 508 80N

Fig. 2 (Upper) Schematic of the modern overturning circulation. The coloured bands are a zonally-averaged view
of the major water masses, whereby green is North Atlantic Deep Water (NADW), blue is Antarctic Bottom Water
(AABW), red is Pacific/Indian Deep Water (PDW/IDW), and orange is Antarctic Intermediate Water (AAIW). The
dashed vertical lines represent diapycnal mixing of AABW into NADW and PDW/IDW. The dashed black line rep-
resents the boundary between the upper and lower overturning branches. The jagged gray line represents the top of
major bathymetric features showing the depth beneath which mixing is enhanced. (Lower) Schematic of the LGM
overturning circulation. The extent of sea ice is further equatorward compared to the modern. Mixing-driven up-
welling of abyssal waters is confined below 2 km and it cannot lift waters high enough to upwell north of the ice line.
As a result the abyssal overturning circulation closes on itself, forming two distinct cells. From FERRARI et al. 2014.

circulation to changes in winds (MUNDAY et al. 2013), a process known as eddy saturation.
Thus winds alone are not likely to cause a change the overturning circulation on glacial-in-
terglacial timescales; a change in the surface buoyancy forcing is needed. Furthermore, our
model shows that the mid-depth radiocarbon minimum is more sensitive to sea ice extent and
circulation geometry than changes in wind strength.

Following our thought process forward in time from the LGM, we suggest that a con-
sequence of a reduction in the sea ice during deglaciation would be to deepen the boundary
between overturning branches, thus ending the isolation of the deep cell and transitioning
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back into a circulation geometry of a figure-eight cell. This circulation restructuring due to
the reduced extent of sea ice and coupled with increased gas exchange in the surface Southern
Ocean, could potentially drive the changes in atmospheric CO, that have been reconstructed
over this time period. A final point is that the deglaciation is not characterized by a monotonic
increase in temperature and CO,. Notably, the deglacial CO, rise is punctuated by a pause
during the Antarctic Cold Reversal (ACR). We capture an intriguing signal in our shallow
deep-sea coral radiocarbon records during this time period: a sharp decrease in radiocarbon
that lasts ~ 1,000 years. We suggest that this is a result of either an increase in surface strati-
fication or a northward shift of fronts, potentially due to a readvance of sea ice, and that this
may help to explain the pause in the atmospheric deglacial CO,rise.
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An Attempt to Quantify Terrestrial Carbon Storage
during the Last Glacial Maximum and the
Implications for Deglaciation CO, Changes

Philippe Ciais,! Dan ZHu,! Shushi PENG,! Tao WANG,! Gerhard KRINNER,!
Sergei A. ZIMov,? Alessandro TAGLIABUE,! Matthias CUNTZ,* Laurent Bopp,'!
and Colin PRENTICE*

Quantifying the state of the global carbon cycle during the Last Glacial Maximum (LGM) is
needed to understand how CO, changed by some 80 ppm during the last deglaciation. Two
isotopic tracers of the carbon cycle: 80 in O, and '*C in the oceanic and atmospheric carbon
reservoirs, were used by CIAIS et al. (2011) to quantify the state of the carbon cycle during the
Last Glacial Maximum (LGM) some 21,000 years ago.

Using §'*C measurements in the atmosphere from ice cores, and in the ocean from ben-
thic foraminifera, we estimated the distribution of carbon into the land and ocean reservoirs
during the LGM period. Our mass balance approach to bring a data driven constraint on the
LGM carbon pools is derived from BIrD et al. (1996). Namely, we assume that both the mass
of both C and of its stable isotope '*C in the atmosphere-land-ocean carbon system is constant
between the LGM and Holocene. Parameters entering into this calculation are: (i) atmospher-
ic CO, concentration and its 3'*C composition, which were both constrained by new ice cores
measurements, (ii) changes in 8'3C of ocean dissolved carbon, that was diagnosed to 0.34 +
0.05 %o using a new database of cibicides benthic foraminifera in 133 ocean cores, with 60
cores below 3 km depth (see http://motif.Isce.ipsl.fr ), or alternatively from an ensemble of
3D LGM ocean circulations simulations compatible with these data (TAGLIABUE et al. 2009)
and (iii) the '*C of the land biosphere during the LGM and pre-industrial periods, which was
tested for values ranging between 0 %o and 2 %o higher than today, according to vegetation
reconstructions (BIRD et al. 1996) or to land carbon model calculations. Uncertainty in each
parameter was propagated to the estimates of land and ocean carbon pools.

The main results of the CIAIS et al. (2011) study indicated a low terrestrial gross primary
productivity (40 £ 20 Pg C a™!) and a high marine productivity (60 + 10 Pg C a™!) during the
LGM as compared to the pre-industrial Holocene (PIH). Moreover, the terrestrial biosphere
of the LGM contained “only” 370 PgC less than during the pre-industrial Holocene, which
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implies both a smaller than previously thought “biosphere regrowth” storage of terrestrial
carbon between LGM and PIH and a smaller “ocean loss” of carbon to the atmosphere.

Combining the two global atmospheric constraints on gross primary productivity (GPP)
and global land/ocean carbon storage, with a Bayesian inversion of the area of five mega-bi-
omes, we infer during the LGM: (i) a small extent of tropical forests compared to PIH, (ii) a
large extension of cold steppe and tundra biomes with carbon-rich soils, and (iii) the existence
of a pool of inert carbon of 2300 Pg C matched with the typical 13 C signature of organic car-
bon. This elusive inert organic carbon pool needed to close global mass balance of carbon and
GPP, could be located in Yedoma sediments that had continuously and slowly been formed
since 50,000 years BP over non-glaciated areas, in marine organic sediments, in wetlands
that might have developed in the exposed continental shelves during the LGM and in peat.
Yet, reconstructions of LGM biomes from Pollen data suggest that peatland extent during the
LGM should be much smaller than today.

To gain insights on the location of LGM inert pool (LIP), we will present results of the
simulation of soil carbon in the Northern Hemisphere buried below the active layer by cryo-
turbation, and of peatland potential distribution from flooded area during the LGM, using
climate forcing anomalies from PMIP and the ORCHIDEE-MICTv4 land surface model that
contains a specific parameterization of soil C formation and decomposition in the high-lat-
itude frozen soils, coupled with a module simulating the effect on productivity and carbon
storage of large herbivores mega-fauna present during the Pleistocene.

The LIP pool is defined to be stable with respect to the equilibrium between climate and
the carbon cycle during the late glacial period, but it is not inert during the deglaciation and
the Holocene when the carbon cycle was not in equilibrium with climate. In particular, the
large shifts in climate and increase of atmospheric CO, from 20 to 11 ka BP, together with
the disappearance of ice sheets and sea-level rise, should have an impact on the stability of
the LIP.

Thus, more insights are needed about the possible dynamics of this inert pool throughout
the deglaciation history and the Holocene. An attempt to quantify boreal, temperate, and
tropical forest storage change between LGM and PIH and the use of additional data from peat
accumulation during the Holocene lead us to infer that during the deglaciation and evidence
of Yedoma degradation during the Holocene warm period suggests that the LIP lost 700 Pg C
to the atmosphere and ocean between LGM and PIH. This net loss is the sum of a gross loss
of 1,400 Pg C and a gross gain of 600 PgC of carbon due to slow peat accumulation since the
Early Holocene. The lack of evidence for large CO, increases during the Holocene suggests
that the 1,400 PgC loss should have occurred between 20,000 ka BP and the early Holocene
period.

In absence of information about the timing of this large release of terrestrial carbon to
the atmosphere and ocean we can only speculate on the signature of this process on observed
changes in the §'3C of ocean dissolved carbon, changes in A"C of ocean dissolved carbon, in
8!3C of atmospheric carbon during the last glacial transition.
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Latest Insights into Past Carbon Cycle Changes
from CO, and 6'3C,,,,
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With 2 Figures

CO, represents the most important greenhouse gas released into the atmosphere as a result
of human activity. The majority of our knowledge on the increase in CO, since the start of
the industrialization comes from ice cores, which complement the direct atmospheric CO,
measurements obtained at Mauna Loa since the 1950s. The combined CO, record shows an
unambiguous anthropogenic CO, increase over the last 150 years from 280 to about 400 ppm
in 2014. Values above 300 ppm are unprecedented in the long-term ice core record covering
the last 800,000 years, with natural CO, concentrations varying between interglacial and
glacial bounds of about 280 and 180 ppm, respectively (LUTHI et al. 2008, PeTIT et al. 1999).
Moreover, the increase in CO, concentrations during the last termination shows significant
fine structure (MARCOTT et al. 2014, MoNNIN et al. 2001), indicating a sequence of events of
CO, release to the atmosphere involving different processes acting at different points in time.

Although past atmospheric CO, concentrations are known with high precision, the causes
of the observed deglacial CO, changes cannot be easily attributed quantitatively to individual
processes and the cause of the glacial/interglacial 80—100 ppm increase of atmospheric CO,
remains a hot topic of paleoclimate research. Several processes have been implied (BROVKIN
et al. 2012, Ciais et al. 2012, FiscHER et al. 2010, JACCARD et al. 2013, KOHLER and FISCHER
2006, MARTINEZ-GARCIA et al. 2009, MENVIEL et al. 2012, STEPHENS and KEELING 2000,
ToGGWEILER et al. 2006, TscHumMI et al. 2011, WATSON and GARABATO 2006). These include:

— Southern Ocean ventilation by wind or buoyancy feedbacks,

— Iron fertilization of the marine biosphere in the Southern Ocean,
— Changes in the re-mineralization depth of organic carbon,

— Release of permafrost carbon during the deglaciation,

— Decreased solubility due to ocean warming,

— Changes in air/sea gas exchange due to changing sea ice cover,
— Marine carbonate feedbacks.
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However, none of these processes alone is able to explain the glacial/interglacial CO, change.
Substantial progress could come from better estimates of past changes in the carbon stored by
the biosphere or from using stable carbon isotopes to constrain sources and sinks of carbon
and exchange processes with the atmosphere. The vast majority of the carbon cycling in the
Earth system on multi-millennial timescales resides in the ocean. Accordingly, the global
8!3C of inorganic carbon dissolved in seawater (8'Cp,) may provide the best constraint on
past carbon cycle changes (GOODWIN et al. 2011). However, a global compilation of 3!*Cpyc
from marine sediment records is hampered by insufficient spatial representation of vast ocean
regions, the limited temporal resolution of many sediment records, and substantial chronolog-
ic uncertainties. The alternative, to reconstruct the mean §'3C record of the well-mixed atmos-
phere (8'3C,,,,) from the fossil air contained in Antarctic ice cores has been a long-standing
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Fig. | Deglacial record of atmospheric changes in CO, (MARCOTT et al. 2014, MONNIN et al. 2001) and §'*C,,
(Scamitr et al. 2012) and BAUSKA et al. (in preparation). The arrows indicate the approximate glacial/interglacial
changes expected from individual carbon cycle processes according to KOHLER et al. 2005: Changes in sea surface
temperature (dark blue), Southern Ocean ventilation (blue), iron fertilization (red), terrestrial biosphere regrowth
(green) and carbonate compensation (black).
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quest, and only latest analytical progress was able to improve the measurement error while at
the same time cutting down sample size by an order of magnitude.

The new 8'3C,,,, data from the air trapped in Antarctic ice cores, provides improved con-
straints to revisit the enigma of deglacial CO, increase (Fig. 1). Mean §'*C,,, levels during the
Last Glacial Maximum and the Holocene (as well as for MIS6 and MIS5.5) are surprisingly
similar, despite different CO, concentrations and the substantially altered climate system.
This supports again the notion that the §'3C,,, record is the sum of several factors that balance
each other to a large extent as shown in Figure 1. The §'*C,,,, data (LOURANTOU et al. 2010a,
b, ScHMITT et al. 2012, SCHNEIDER et al. 2013) from the last two deglaciations suggest a
sequence of processes that drove atmospheric CO, changes during different stages of the tran-
sition from glacial conditions into a milder interglacial world. At the start of the transitions,
upwelling of old '*C-depleted waters in the Southern Ocean increased the release of CO, to
the atmosphere. This process was synchronous with a demise in iron-stimulated bioproduc-
tivity in the Southern Ocean, when atmospheric dust concentrations declined rapidly. This
carbon release from the ocean was followed by the gradual growth of terrestrial carbon stor-
age in vegetation, soil, and peatlands as evidenced by the slow 8'C,,,, increase. This process
reached well into the subsequent interglacials.

While the well-studied glacial terminations indicate a release of old, isotopically depleted
carbon from the deep ocean, it is not yet known unambiguously, when this carbon has been
transferred to the deep ocean and where this old carbon has been stored. Again §'°C,,, data
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Fig. 2 Record of atmospheric CO, (BEREITER et al. 2012) and §'*C,,, (SCHMITT et al. 2012, SCHNEIDER et al. 2013)
(orange) and EGGLESTON et al. (blue, in preparation). §'*C,,, data points from brittle ice show negative outliers due
to drill fluid contamination. The background indicates the two mode carbon cycle changes in the Southern Ocean
(reduced ventilation in the Antarctic Zone [orange] vs. increased iron fertilization in the Subantarctic Zone [light
blue] as defined by JACCARD et al. 2005).

Nova Acta Leopoldina NF 727, Nr. 408, 59-63 (2015) 61



Hubertus Fischer et al.

covering the entire last glacial cycle can answer the first of these questions. Latest results from
Antarctic ice cores show a gradual increase in 8'3C,,,, over the entire MIS5 and 4, which cul-
minated during an upwelling event (ANDERSON et al. 2009) observed at the MIS4/3 transition,
similar to the one encountered during the last termination. Interestingly, during the MIS5/4
transition, when iron fertilization was most likely to set in, as indicated by the strong increase
in iron bearing eolian mineral dust aerosol (LAMBERT et al. 2012, MARTINEZ-GARCIA et al.
2009, WOLFF et al. 2006), no clear increase in 3'°C,,,, is found. This provides an experimental
upper bound on the amount of CO, reduction by iron fertilization at this time. Again over
MIS3 a similar long-term enrichment in §'3C,,, is observed which ends with the upwelling
event at the beginning of termination I (ANDERSON et al. 2009).

Superimposed on these changes in carbon storage in the abyss, a long-term trend in §'*C,,,,
can also be discerned leading to 0.4 %o lighter values in MIS6 compared to the Last Glacial
Maximum as well as in MIS5.5 compared to the Holocene. Similar offsets are also seen in
marine §'*Cp,c records suggesting long-term changes in the isotopic composition of the entire
ocean/atmosphere carbon pool (SCHNEIDER et al. 2013).
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Effects of Sea-Ice and Ocean-Circulation Changes
on Deglacial Deep-Ocean Radiocarbon Trends

Tobias FRIEDRICH and Axel TIMMERMANN (Honolulu, HI, USA)
With 3 Figures

The mechanisms for the orbital-scale co-variability of atmospheric CO,, continental ice
sheets and temperature during the Pleistocene still remain elusive. Numerous studies have
demonstrated that the last glacial termination records of marine, terrestrial and atmospheric
radiocarbon activity (A'*C) can provide valuable insights into past ocean-ventilation changes,
the exchange of carbon between the ocean and the atmosphere and the origin of a hypothetical
glacial ocean-carbon reservoir (SARNTHEIN et al. 2013, BROECKER and BARKER 2007, OKA-
ZAKI et al. 2012). Such a glacial ocean-carbon reservoir — created by a sluggish ocean circu-
lation and thus a poor ventilation — should be identifiable as a large negative A'*C anomaly
in benthic foraminiferal CaCO; records. Unfortunately, recent studies are inconclusive and
contradictory with respect to the existence and/or a deglacial ventilation of such a reservoir.
Whereas some studies clearly document regional evidence for glacial '*C-depleted deep wa-
ter (GALBRAITH et al. 2007, SKINNER et al. 2010 and others), other studies do not find such
evidence (BROECKER et al. 2004, LunbD et al. 2011, OxkazAKxI et al. 2012 and others).

Probably, the most controversial features found in the deglacial radiocarbon records
(Fig. 1) are given by large millennial-scale excursions in radiocarbon ages during the HE1-
BA-YD transition seen at Baja California (MARCHITTO et al. 2007), in the eastern equatorial
Pacific (StotT et al. 2009), the North Pacific (RAE et al. 2014) and the Nordic Seas (THOR-
NALLEY et al. 2011). These anomalies have previously been interpreted in terms of a redis-
tribution of '*C-depleted water in the context of the ventilation of a large-scale deep-ocean
carbon reservoir. The overall lack of consistency in the available A'*C records, however, sug-
gests that local features such as regional ocean circulation changes may have contributed
significantly to the temporal evolution of some A'“C records.

To test this hypothesis in the context of the Nordic Sea records (THORNALLEY et al. 2011)
we conduct model experiments (using the LOVECLIM Earth system model) that mimic the
large-scale ocean circulation changes during Heinrich event 1. A substantial weakening of
the AMOC is generated and lasts for about 3,300 years which is in good agreement with
the estimated duration of HE1 (BARD et al. 2000, McMANUS et al. 2004). As a result of the
overturning circulation slowdown in the North Atlantic ventilation of the deep Arctic ocean
decreases significantly (Fig. 2).

The simulated deep-ocean A'*C-anomalies in the Arctic ocean reach —250-300 %o after
about 2,500 years of the AMOC weakening. The increased residence time of the water is asso-
ciated with a substantial increase in DIC and thus a surplus in carbon storage. Given that simu-
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Fig. 1 Selected A'*C data from recent publications and respective core locations. The black line in the time-series
panels indicates the INTCALO9 calibration curve (REIMER et al. 2009).
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Fig. 2 (A) Simulated AMOC anomaly in Sv. (B) A*C-anomalies in %o (shaded) and DIC anomalies in pmol/kg
(contours) horizontally averaged over Arctic ocean.
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lated water mass ages in the — sea-ice covered — Arctic ocean are in the order of ~1,800-2,200
years (not shown) our preliminary results reveal that during a long-term AMOC weakening such
as HE1, water mass ages in the deep Arctic ocean can reach 5,000 years and more.

We can now ask: What would happen to this extremely old water once the AMOC re-
sumes?

Figure 2 reveals that A'*C-anomalies in the Arctic ocean disappear almost immediately
in the wake of the AMOC strengthening. This suggests that the old Arctic water is replaced
and flushed out into the Nordic Seas. A flushing of this extremely old water in turn could po-
tentially explain the large centennial-scale radiocarbon age variations documented by THOR-
NALLEY et al. (2011). A more advanced version of the model experiment that is currently
conducted has also been equipped with an artificial water mass tracer that will allow us to
discern between water of Arctic and Southern Ocean origin at the Nordic Sea core locations.

Even though the consequences for the interpretation of A'*C-records remain elusive at this
point, our preliminary results already document some interesting conclusions:

— The Arctic ocean may have played an important role in shaping deglacial North Atlantic
A"C-records but only a small role in contributing to the deglacial atmospheric CO, in-
crease.

— Large-scale ocean circulation changes can generate regional ventilation and thus
A'"C-anomalies of substantial magnitude that have absolutely nothing to do with the glob-
al-scale glacial carbon reservoir.

— A regional sea-ice cover (such as simulated for the glacial Arctic) acts as a lid for air-sea
gas exchange and can significantly contribute to the ageing of waters.

Figure 3 compares the simulated annual-mean Northern Hemispheric sea-ice extent for pres-
ent-day and LGM conditions. Whereas under present-day conditions the sea-ice margin in the
Western North Atlantic is close to Denmark Strait, the simulated sea-ice extent was significantly
larger during the LGM. A similar result is obtained for the Southern Hemisphere (not shown).

Fig. 3 Simulated sea-ice and snow cover as well as continental ice sheets for present-day (A) and LGM (B) condi-
tions using a transient simulation of the last eight glacial cycles (FRIEDRICH et al. 2015, in prep.).
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What is the effect of this sea-ice lid on ocean ventilation and marine radiocarbon? In order to
determine the magnitude of this “lid-effect” we designed and conducted model experiments
in which the sea-ice cover climatologies for present-day and LGM conditions respectively
are prescribed in the air-sea gas exchange parametrization of the model. This set-up allows us
to solely account for the “lid-effect” whereas other critical effects of sea-ice on albedo, brine
rejection, wind stress transfer and surface heat fluxes remain completely unchanged. For ex-
ample, the air-sea gas exchange in a present-day simulation is diagnosed using an LGM sea-
ice cover climatology and the resulting change in ocean ventilation and marine radiocarbon is
documented. The interesting and surprising results will be (partly) presented during the talk.
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The Role of Air-Sea Disequilibrium in Ocean
Carbon Storage and its Isotopic Composition

Eric D. GALBRAITH (Montreal, Canada)
With 3 Figures

The equilibration timescale for a nonreactive gas (such as oxygen) in the mixed layer is on
the order of weeks. In contrast, CO, reacts with water, so that the dominant components of
Dissolved Inorganic Carbon (DIC) are bicarbonate and carbonate. Because air-sea exchange
of DIC must pass through the bottleneck of the tiny dissolved CO, pool, its equilibration is
more than an order of magnitude slower than nonreactive gases, typically requiring about a
year. As a result, at much of the sea surface, the concentration of DIC — and its isotopes —
are significantly out of equilibrium with the atmosphere. Modification of this disequilibrium
could have played a significant role in glacial-interglacial changes — both in well-recognized,
and obscure, ways.

The concentration of DIC in any parcel of water at the sea surface can be conceptualized
as the sum of two components (Fig. 1). The first, and by far dominant component, is the sat-
uration concentration, DIC,,. This concentration is determined by the temperature, salinity,
and alkalinity of the water, as well as the partial pressure of CO, in the overlying atmosphere
(pCO,). The difference between the saturation concentration and the actual concentration is
defined as the ‘disequilibrium’ DIC, DICy;.,. Models suggest that the global preindustrial
DICiseq was fairly small, less than 3% of DIC, (ITo and Forrows 2013). However, this
is partly due to the cancellation between the large positive DIC; of the Southern Ocean,
where CO,-rich deep waters are brought only briefly to the surface before sinking, and nega-
tive DIC ;4 in the North Atlantic, where waters are undersaturated due to cooling and biolog-
ical uptake prior to sinking. The global DIC ., was almost certainly larger during the LGM.

The most well-known mechanism by which DICy;, could have contributed to glacial
carbon storage was suggested by KEELING and STEPHENS (2001). Because sea-ice gets in the
way of air-sea exchange, an expansion of Antarctic sea ice across the Southern Ocean surface
would have significantly increased the already large DIC ;. concentration of Southern Ocean
waters. This must have occurred, although it is difficult to quantify due to uncertainties in the
reconstructions of glacial sea ice extent and difficulty in simulating the dynamics of sea ice,
the mixed layer, and deep water formation in the Southern Ocean.

Two additional factors could have further increased the global inventory of DIC ;. during
the LGM. First, because most of the DIC;, in the Southern Ocean surface is inherited from
upwelled waters, themselves enriched in carbon by the soft-tissue pump during their sojourn
in the abyss, any mechanism that increases the store of soft-tissue-pump carbon in the deep
Southern Ocean (such as iron fertilization or deep remineralization) would have enhanced
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Fig. 1 DIC components at the surface (preformed) and in the subsurface (remineralized). Modified after GALBRAITH
and JaccArD 2015.

DICyieq- Second, a change in global water mass distribution, such as the ‘standing volume
effect’” of SKINNER (2009), could have increased the global amount of DICy;., by expanding
the volume of deep waters occupied by Southern-sourced waters rich in DIC ;..

The pCO, effect also has implications for the distributions of carbon isotopes in the ocean
during the glacial and deglaciation. Because they are ratios, the equilibration timescale for
8!3C and A'C is approximately one order of magnitude longer than for DIC itself, and varies
linearly with DIC/CO,. This implies that the equilibration timescale for §'3C and A*C was a
remarkable ~50 % longer during the LGM than it was during the preindustrial. This enhanced
disequilibrium would have impacted each isotope system in its own way, as evaluated using a
global 3-dimensional ocean model by GALBRAITH et al. (in review).

For radiocarbon, the slow equilibration caused by low glacial pCO, would have caused
1C to build up in the atmosphere, all else being equal. The model simulations suggest this
effect alone would have raised atmospheric A"C by ~30 %o (Fig. 2). As a result, the reservoir
ages of the global ocean surface would have been, fairly uniformly, ~250 years higher than
preindustrial during the LGM. The pCO, effect would have varied linearly with 1/CO, over
the deglaciation. Meanwhile, expanded sea ice could have greatly slowed radiocarbon uptake
by Southern Ocean surface waters, thereby decreasing the radiocarbon content of deep South-
ern Ocean waters even with no change in circulation rates.

For the stable carbon isotopes, the model suggests that enhanced disequilibrium due to
the pCO, effect would have caused glacial Southern Ocean waters — charged with a heavy
burden of poorly equilibrated, low-3'3C respired carbon — to have become lower in §!°C. As a
result, the internal oceanic gradients of 3'*C would have been amplified, increasing the differ-
ence between North Atlantic and Southern Ocean waters on the order of 0.2 %o (Fig. 3). This
effect would have contributed to the enhanced §'*C contrast between Northern and Southern
source waters in the Atlantic (CURRY and Oppo 2005). Again, expanded sea ice in the South-

72 Nova Acta Leopoldina NF 721, Nr. 408, 71-74 (2015)



The Role of Air-Sea Disequilibrium in Ocean Carbon Storage and its Isotopic Composition

1K

Depth [km]
0

H A b

-33 =31
AMC (%) relative to atmosphere (LGM-pCO, minus PI-pCO,)

Fig. 2 Simulated glacial-interglacial changes in oceanic A'*C, relative to the atmosphere, due only to the pCO, effect
on air-sea exchange. Modified after GALBRAITH et al. (in review).
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Fig. 3 Simulated glacial-interglacial changes in oceanic 3'*C, relative to the atmosphere, due only to the pCO, effect
on air-sea exchange. Modified after GALBRAITH et al. (in review).

Nova Acta Leopoldina NF 727, Nr. 408, 71-74 (2015) 73



Eric D. Galbraith

ern Ocean would likely have exacerbated the disequilibrium, further decreasing the 3'*C of
Southern Ocean waters.

It is important to point out that the pCO, effect on the disequilibrium of the carbon iso-
topes is resolved in models that include carbon speciation and changes in pCO,. However, the
fact that the effect is often unrecognized, and interacts with other mechanisms of glacal-in-
terglacial change, can obscure its role. In addition, it is difficult to reconstruct DIC ., from
observational records, hampering its identification in glacial CO, dynamics.

During the deglaciation, the retreat of Southern Ocean sea ice and ~50 ppm rise of pCO,
during the interval 17.5 to 14.5 ka would have greatly reduced the air-sea disequilibrium of
DIC and its isotopes. Among other effects, this would have shifted low '*C out of the South-
ern Ocean and into the upper ocean and atmosphere, amplifying the effect of a simultaneous
weakening of the soft tissue pump.

References

CURRY, W. B., and Oppo, D.: Glacial water mass geometry and the distribution of §'C of YCO, in the western Atlan-
tic Ocean. Paleoceanography 20, doi:10.1029/2004PA001021 (2005)

GALBRAITH, E. D., and JACCARD, S. L.: Deglacial weakening of the oceanic soft tissue pump: global constraints from
sedimentary nitrogen isotopes and oxygenation proxies. Quat. Sci. Rev. 109, 38—48 (2015)

GALBRAITH, E., Kwon, E. Y., BiancHI, D., HAIN, N. P, and SARMIENTO, J.: The impact of atmospheric pCO, on
carbon isotope ratios of the atmosphere and ocean. Global Biochem. Cycles (in review)

Ito, T., and FoLLows, M. J.: Air-sea disequilibrium of carbon dioxide enhances the biological carbon sequestration
in the Southern Ocean. Global Biogeochem. Cycles 27/4, 1129-1138 (2013)

KEELING, R. F,, and STEPHENS, B. B.: Antarctic sea ice and the control of Pleistocene climate instability. Paleocea-
nography /6/1, 112-131 (2001)

SKINNER, L.: Glacial-interglacial atmospheric CO, change: a possible standing volume effect on deep-ocean carbon
sequestration. Clim. Past 5/3, 537-550 (2009)

Prof. Eric GALBRAITH, Ph.D.

McGill University

Department of Earth and Planetary Science
3450 University St.

Montreal, Quebec

Canada H3A 2A7

Phone: +1 514 3983677

E-Mail: eric.galbraith@mcgill.ca

T4 Nova Acta Leopoldina NF 721, Nr. 408, 71-74 (2015)



Nova Acta Leopoldina NF /217, Nr. 408, 75-79 (2015)

The Last Four Glacial CO, Cycles Simulated
with the CLIMBER-2 Model

Andrey GANOPOLSKI (Potsdam) and Victor BROVKIN (Hamburg)
With 2 Figures

Antarctic ice cores reveal that atmospheric CO, concentrations, at least during the past 800
ka, varied synchronously with global ice volume and the magnitude of glacial-interglacial
CO, concentration variations reached 100 ppm. It has been shown in a number of studies with
climate-ice sheet models (e.g. GANoOPOLSKI and CAaLov 2011) that glacial cycles represent
a strongly nonlinear response of the climate-cryosphere system to the astronomical forcing,
primarily, through the variations of summer insolation in boreal latitudes of the Northern
Hemisphere. At the same time, atmospheric CO, concentration represents an important in-
ternal positive feedback which strongly amplifies the longest (100 ka) component of glacial
climate variability and translates globally regional climate signal from waning and waxing
ice sheets. Explanation of full magnitude of glacial-interglacial variations of atmospheric
CO, concentrations and the link between ice sheets evolution and CO, concentration still
remain major scientific challenges. Most of previous studies addressed possible mechanisms
of glacial CO, drawdown, and only few (e.g. BROVKIN et al. 2012) attempted to explain CO,
dynamics during entire glacial cycle, including glacial termination. Proposed mechanisms of
the glacial-interglacial CO, variability include: change in the ocean temperature and volume,
redistribution of different waters masses, change in ventilation of the deep and intermediate
ocean, change in ocean alkalinity, biological productivity and several other mechanisms. Al-
though paleoclimate records provide some useful constraints, the relative role of different
mechanisms is still debated.

1. The Model and Experimental Setup

For our analysis we use the Earth system model of intermediate complexity CLIMBER-2
(PETOUKHOV et al. 2000). CLIMBER-2 includes a 2.5-dimensional statistical-dynamical at-
mosphere model, a 3-basin zonally averaged ocean model coupled to a thermodynamic sea
ice model, the 3-dimensional thermomechanical ice sheet model SICOPOLIS, the dynamic
model of the terrestrial vegetation VECODE and the global carbon cycle model. The carbon
cycle model includes land carbon, oceanic geochemistry, a model for marine biota, and a
sediment model (BROVKIN et al. 2007, 2012). Weathering rates scale to runoff from the land
surface, the coral reef growth depends on the sea level rise. The scale of nutrients utiliza-
tion in sub-Antarctic ocean is proportional to the dust deposition over the Southern Ocean.
Volcanic outgassing has been assumed to be constant through the glacial cycles. The model

75



Andrey Ganopolski and Victor Brovkin

A 500 a
475 \E\
- 450 E
425 %
2 400 <
E 07
~
= 14
o
& -2
-3
(4]
C [
S
50 ©
o
100 o©
@
0
4
i 08{p
T 0.6
-
O 0.4
S
c
<
E
a
o
o
(@)
O
Ty
o
2
M
o
e
o
a
o
M
LA L L4 L L L4 L o
400 350 300 250 200 150 100 50 0
Time (ka)

Fig. 1 Transient simulations of the last four glacial cycles forced by orbital variations and observed concentration
of well-mixed GHGs. (A) Maximum summer insolation at 65°N; (B) radiative forcing (relative to preindustrial) of
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also includes the dust cycle model which simulates atmospheric dust loading and dust depo-
sition rate. The later affects surface albedo of snow and iron fertilization effect in the South
Ocean. Different components of the model have different spatial resolution. Atmosphere and
ice sheets are coupled bi-directionally using a physically based energy balance approach (Ga-
NOPOLSKI et al. 2010). Ice sheet model is only applied to the Northern Hemisphere. The
contribution of the Antarctic ice sheet to global ice volume is assumed to be constant during
glacial cycles and equal to 10 %. The CLIMBER-2 model in different configurations has been
used for numerous studies of past and future climates, in particular, simulations of glacial
cycles (GaNoPOLSKI et al. 2010, GANopOLsKI and CALOV 2011) and carbon cycle operation
during the last glacial cycle (BROVKIN et al. 2007, 2012).

In our experiment, we prescribed temporal variations in astronomical parameters (ec-
centricity, precession and obliquity). Similarly to BROVKIN et al. (2012) atmospheric CO,
calculated by the carbon cycle module was not used as radiative forcing for the climate model
component, which instead was forced by the prescribed equivalent CO, concentration, which
accounts for the radiative forcing of three major greenhouse gases — carbon dioxide, methane
and nitrous oxide. Their concentrations are taken from the Antarctic ice cores. Similarly,
CO, fertilization effect on vegetation was computed using reconstructed CO, concentration.
Therefore, there is no feedback of the simulated atmospheric CO, concentration to climate.
Unlike our previous work (BROVKIN et al. 2012), “Antarctic” dust deposition rate, which is
used in the parameterization of the iron fertilization effect in the Southern Ocean, was not
prescribed but simulated by the model. As the initial conditions we use the final state of the
climate-cryosphere system which was obtained from our earlier simulation of the last glacial
cycle. The model was run from 400 ka BP until the present.

2. Results

Simulations of the climate system response to orbital forcing and prescribed CO, concentra-
tion are described in detail in GANOPOLSKI and CALov (2011). Simulated ice sheets volume,
their spatial distribution and other climate characteristics are in reasonably good agreement
with paleoclimate reconstructions (see Fig. 1). Simulated glacial cycles are characterized by
global surface air temperature variations of about 5 °C, maximum sea level drops by more
than 100 m and tripling of the sea ice area in the Southern Ocean during the glacial maxi-
ma. Simulated CO, concentration closely follows global ice volume variations. The model
correctly reproduces the magnitude of glacial-interglacial CO, variability of about 80 ppm.
At the same time, the model underestimates the rate of CO, rise during glacial terminations
and fails to simulate short CO, “overshoots” seen in the ice core records at the onset of MIS7
and MIS9 interglacials. Comparison of simulated deep ocean 3'*C with paleoclimate recon-
structions show that the model correctly simulates larger '*C variability in the deep Atlantic
compare to the deep Pacific but underestimates the magnitude of glacial-interglacial 3'*C
variability, especially in the Atlantic. Under glacial condition the model simulates shoaling of

well-mixed GHGs; (C) global ice volume expressed in sea level equivalent; (D) Antarctic dust deposition rate in
arbitrary units; (E) atmospheric CO, concentration; (F) deep South Atlantic §'*C; (G) deep North Pacific §'*C. Black
line — modelling results, blue line — empirical data, red line — prescribed forcings.
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the Atlantic meridional overturning circulation (Fig. 2A, B). As the result, the deep Atlantic
under glacial conditions is filled with poorly ventilated water masses of southern origin (Fig.
2C). Because the dissolved inorganic carbon content of southern-source water is higher than
that of North Atlantic deep water, carbon storage in the deep ocean increases significantly
under glacial conditions (Fig. 2D).

B LGM AMOC

Depth (m)

Depth (m)

60 30S EQ 30N 60N 60S 30S EQ 30N  BON
Latitude Latitude

Fig. 2 Glacial-interglacial change in the Atlantic meridional overturning circulation (AMOC), dissolved inorganic
carbon (DIC) and §"3C. (A) Modern AMOC (Sv); (B) glacial AMOC (Sv); (C) difference between glacial and inter-
glacial Atlantic §'*C (%o); (D) difference between glacial and interglacial Atlantic DIC (umol/kg).

According to our modelling results, physical mechanisms — reduction in SSTs and changes in
“standing volume” (i.e. redistribution between water masses of southern and northern origin,
BRrROVKIN et al. 2012) in response to the expansion of ice sheets and the resulting lowering of
sea level — lead to the initial drop of CO, during each glacial inception. Enhanced stratifica-
tion and more extensive glacial sea ice cover in the Southern Ocean also contribute to glacial
CO, drawdown by reducing CO, outgassing in the Southern Ocean. This initial drop in CO,
concentration is amplified by the CaCOj; cycle and is followed by an increased build-up of
ocean alkalinity during the rest of the glacial cycles, as exposed tropical shelves serve as a
source of CaCOj to the ocean, and CaCOj burial is shifted from shallow waters to the deep
sea. Increased nutrient utilization in the Southern Ocean plays an important role towards the
end of each glacial cycle by contribution of up to 20 ppm to the CO, decline. The role of the
land carbon is discussed in the companion paper by BROVKIN and GANOPOLSKI in this issue.
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3. Conclusions

We present here the first simulations of the last four glacial cycles with interactive ice sheet
and carbon cycle models. The model is able to reproduce the major aspects of glacial-inter-
glacial variability, including temporal dynamics of atmospheric CO, concentration. At the
same time, the model underestimates the rate of CO, rise during glacial termination and lacks
CO, “overshoots” observed at the beginning of several interglacials. These problems may
be related to the intrinsic limitations of zonally averaged ocean model or some missing pro-
cesses. Our modelling results demonstrate that the carbon cycle remains out of equilibrium
during glacial cycles which makes initialization of a carbon cycle model serious problem. In
this study, we did not consider the feedback from simulated atmospheric CO, to the physical
climate model because climate component of CLIMBER-2 was forced by prescribed equiv-
alent CO, concentration. The next step will be simulation of glacial cycles driven solely by
orbital forcing.
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Oceanic Reservoir Ages, 1*C Concentrations, and
Carbon Dynamics (also in the “Mistery Interval”)

Pieter M. GROOTES and Michael SARNTHEIN ML (Kiel)
With 2 Figures

Although the fact that the surface ocean is depleted in *C relative to the atmosphere is well
known, it has not been easy to determine the natural degree of depletion due to the distur-
bance of the atmospheric '*C content by atmospheric nuclear weapons tests started in 1954.
Initial information, largely derived from paired marine/terrestrial samples providing mostly
near-coastal coverage, indicated a globally averaged *C depletion of the surface ocean by
about 5 % with some local deviations. This depletion is similar to the one reached after 400
years of decay from atmospheric concentration, and customarily '“C depletions are reported
as apparent decay ages, the “reservoir ages”. Since transport of '“C from its production at
the stratosphere/troposphere transition to its decay in the (deep) ocean leads to differences
in “C concentration between the well-mixed atmosphere and different oceanic reservoirs,
this description as an apparent age is misleading, especially for the surface ocean where
the '“C concentration reflects the balance between ocean-atmosphere exchange and oceanic
mixing instead of decay. Considering the paucity of data, the '*C depletion/reservoir age was
assumed to be constant over time, at least for the Holocene. The analytical capabilities of
accelerator mass spectrometry (AMS) have, however, increasingly documented oceanic '*C
depletions changing with location and time. These changes reflect the atmospheric produc-
tion of '“C as well as the dynamics of the carbon cycle in the ocean and atmosphere. The '4C
record of planktonic and benthic foraminifera in sediments thus holds important information
on the behaviour of these systems in the past.

As the ocean reservoirs, especially the deep ocean, contain large amounts of carbon
(>90% of the active carbon of the global carbon cycle resides as DIC in the ocean), their
reservoir ages are considered to be fairly stable. Thus, indications of large, rapid changes in
ocean reservoir age are often seen as problematic. Yet, the difference in '*C concentration
between an oceanic reservoir and the atmosphere, that is the apparent oceanic reservoir age,
may vary significantly with changes in the '*C concentration in the atmosphere — that contains
less than 2 % of the active carbon — without a significant change in the '“C concentration of
the oceanic reservoir (Fig. 1). Such atmospheric changes may be due to *C production and/
or oceanic outgassing. Thus the “C concentration of a surface ocean reservoir cannot be used
as a stand-alone indicator of ocean dynamics, but requires complementary information on
atmospheric and oceanic mixing for its interpretation (Fig. 2).

To develop radiocarbon calibration beyond the range of tree rings, it was assumed that *C
concentrations in the surface ocean closely follow those in the atmosphere with a constant,
though locally different, offset expressed as reservoir age. This approach is still used for
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Fig. 1 Atmospheric A*C (bidecadal values) used as input for the model calculations and calculated surface ocean
(0—75 m), thermocline (751000 m), and deep ocean (1000—3800 m) A'“C values. The oceanic '“C depletion relative
to the atmosphere is often reported as an apparent reservoir age.

IntCal 2013, where the meanwhile documented variability in reservoir ages is treated as extra
uncertainty in the data or, in some cases, leads to the exclusion of the data from the calibration
data set (REIMER et al. 2013). Following this reasoning, one may assume that the fine structure
of the atmospheric '*C record over time — with periodic increases and decreases in atmospher-
ic "C concentration reflected by steep parts (“jumps”) and “flat” parts (“‘plateaus”) in the age
calibration curve — can also be observed in the *C record of the undisturbed surface ocean.
Thus, tuning a suite of '*C age plateaus and jumps in the planktonic '“C record of a sediment
core to the corresponding suite of age plateaus in the atmosphere can provide both absolute
ages and reservoir ages (SARNTHEIN et al. 2007). By now, the deglacial sections of 14 sedi-
ment records from key sites in the ocean circulation have been tuned (SARNTHEIN et al. 2015,
and unpublished data) to the varve counted Suigetsu record of past atmospheric '*C concen-
trations (BRONK RAMSEY et al. 2012). For the sediment records concerned, the varve counted
timescale appears preferable to the modelled Suigetsu timescale that is generally used. Yet,
the varve counted Suigetsu timescale creates in the deglacial some, as yet unresolved, prob-
lems with calibration data derived from carbonates. The tuning has revealed surprisingly high
and variable reservoir ages for the surface as well as the deep ocean, ranging from 100 to
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Fig. 2 Simplified scheme of the meridional overturning circulation (blue arrows) and accompanying changes in '“C
concentration in the modern ocean. The '*C ages and carbon contents are subject to a delicate balance between (i)
the gradual aging of preformed carbon from the northern North Atlantic (NA) via the Southern Ocean (SO) up to
the subpolar North Pacific (NP) and (i) the incremental absorption of young biogenic organic and inorganic carbon
supplied by the biological pump from the sea surface. Vertical mixing (black arrows) brings intermediate and deep
waters depleted in '“C to the surface. TA indicates Tropical Atlantic, TIP the Tropical Indo-Pacific.

2500 years. To obtain the '“C concentration of the local surface or deep ocean, the atmos-
pheric *C concentration of the time needs to be multiplied by the fraction of atmospheric '*C
indicated by the reservoir age. As the atmospheric '“C concentration during the LGM was
quite high and the deglacial showed a variable and strongly decreasing concentration, the '*C
concentration changes calculated for the oceanic reservoirs are generally far more modest and
are easy to reconcile with the general understanding of carbon dynamics in the ocean.
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The Global Ocean Carbon Sink:
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With 1 Figure

The increasing load of anthropogenic CO, in the Earth System and the substantial amount of
climate variability and change continues to challenge our understanding of the contempora-
neous global ocean carbon sink, thereby providing us many lessons for our quest to explain
the glacial-interglacial changes in atmospheric CO,. Of particular interest are the changes in
the Southern Ocean carbon sink, i.e., the region that remains at the forefront in any attempt
to quantify how the ocean controlled the atmospheric CO, evolution over the last 20,000
years. The Southern Ocean is also pivotally important in current times, being responsible
for more than 40 % of the global uptake of anthropogenic CO, (MIKALOFF-FLETCHER et al.
2006) despite covering only 30 % of the global ocean south of 30°S. Further, models suggest
that it takes up three quarters of the total excess heat generated by the increasing levels of
greenhouse gases in the atmosphere (FROLICHER et al. in press), making it a key control valve
not only for the past, but also for the present climate. While the annual rate of ocean uptake
has increased considerably over the last few decades, as expected based on the substantial
increase in atmospheric CO,, there is considerable concern that this sink might saturate or
even reverse in response to future climate change. In fact, several model-based studies have
pointed out that this saturation might be occurring already in the Southern Ocean, as its sink
strength began to slow down in the last two to three decades relative to expectations (Le
QUERE et al. 2007, LoVENDUSKI et al. 2008). These studies attributed this saturation to a
southward movement and intensification of the westerly winds in the Southern Hemisphere,
causing an increase in the upwelling of deeper waters that are naturally enriched in inorganic
carbon, leading to an enhanced outgassing of this “natural” CO,. This wind-driven mech-
anism has a direct analog to some of the proposed mechanisms for the glacial-interglacial
CO, change (e.g. ANDERSON et al. 2009). However, while this proposed slow-down of the
Southern Ocean carbon sink has been identified in several model studies including those that
interpret atmospheric CO, gradients, it has not been corroborated with in-situ observations,
nor is it clear whether this was a temporary “hiatus” from which the ocean recovered since
then, or a progression toward a new low-uptake state.

Here, we use two novel sets of observations in order to assess the recent evolution of the
oceanic sink for atmospheric CO, with an emphasis on the Southern Ocean. These two sets
of very complimentary observations are: (i) surface ocean observations of the partial pressure
of CO, (BAKKER et al. 2014), from which monthly resolved global air-sea CO, fluxes can be
estimated for the period from 1982 onward (LANDSCHUTZER et al. 2014, RODENBECK et al.
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2014), and (ii) ocean interior observations of dissolved inorganic carbon and ancillary proper-
ties, from which the accumulation of anthropogenic CO, between the 1990s and the mid-2000s
can be derived (CLEMENT et al. in prep., GRUBER et al. in prep.). The ocean interior results
suggest a global increase in the anthropogenic CO, inventory of about 34+7 Pg C between
1994 and 2006, largely consistent with expectations based the increase in atmospheric CO,
(MIKALOFF-FLETCHER et al. 2006). In contrast, the cumulative air-sea CO, flux over this peri-
od amounts to only about 19+4 Pg C. The large discrepancy can be resolved when considering
that the CO, flux across the air-sea interface also contains a “natural” CO, flux component
associated (i) with the steady-state outgassing of carbon stemming from the carbon input by
rivers (about ~5 Pg C) and (ii) climatic perturbations (~5 Pg C). In fact, the surface ocean ob-
servations suggest that most of this lower than expected uptake between 1994 and 2006 stems
from the Southern Ocean, whose sink strength was particularly weak in the 1990s, supporting
the model based studies (Fig. 1). Interestingly, over the same period the thermocline of the
temperate latitudes of the Southern Hemisphere accumulated a lot of anthropogenic CO,, im-
plying a strong uptake of anthropogenic CO, in the Southern Ocean. This apparent paradox
can be resolved by considering that the enhanced upwelling and general vertical overturning in
the Southern Ocean induced by the intensification of the westerly winds not only enhances the
loss of natural CO, to the atmosphere, but also tends to enhance the uptake of anthropogenic
CO, and its subsequent transport northward via mode and intermediate waters.

However, since ~2002, the situation in the Southern Ocean appears to have reversed (Fig. 1).
We interpret this reinvigoration of the Southern Ocean carbon sink to be likely caused by a reor-
ganization of the Southern Ocean westerly wind belt, which became more zonally asymmetric
since 2002, with more cyclonically dominant conditions in the Pacific sector, and more anti-cy-
clonically dominant conditions in the Atlantic. As result, colder than normal air was advected
from the Antarctic continent over the Pacific sector, and warmer than normal air advected from
subtropical latitudes over the Atlantic and part of the Indian sector. The de-stratification effect
of the cooling in the Pacific sector might have been partially compensated by a simultaneous
freshening caused by the increased glacial melt water fluxes from Antarctica and increased
northward transport of sea-ice and its subsequent melting. This likely kept the efficiency of the
biological pump high, and avoided the build-up of high levels of dissolved inorganic carbon
(DIC), which would have driven the surface ocean partial pressure of CO, (pCO,) up. In the
Atlantic and Indian sector, the atmospheric circulation changes likely caused also a southward
deflection of the major fronts and a deepening of the thermocline, leading to the upwelling of
warmer waters with lower than normal DIC. This reduction in DIC more than compensated the
warming, keeping surface ocean pCO, well below that of the atmosphere. Thus, the cooling
driven pCO, trend in the Pacific, and the dissolved inorganic carbon-driven trend in the Atlantic
and Indian Ocean worked in tandem to prevent the partial pressure of CO, to increase across
the entire Southern Ocean, thus enhancing the uptake of atmospheric CO, nearly everywhere.

The reasons underlying the development of a more asymmetric circulation pattern in the
Southern Hemisphere are not fully understood yet, but could be associated with the more
prevalent La Nifia conditions in the equatorial Pacific since the early 2000. This is arguably
speculative, but if it is indeed the case that changes in tropical climate can trigger changes
in the Southern Ocean carbon sink, then entirely new scenarios for how the Earth System
evolved out of the Last Glacial Maximum are conceivable, i.e., scenarios that involve telecon-
nection pattern between the tropics and the high latitudes with strong impacts on the Southern
Ocean carbon window.
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Fig. 1 Evolution of the Southern Ocean carbon sink over the last two decades. (A) Timeseries of the net air-sea CO,
flux for the region south of 30°S. Shown are the neural network-based estimates of LANDSCHUTZER et al. (2014)
and the mixed-layer scheme-based estimates of RODENBECK et al. (2014) together with a model-based estimate of
the evolution of the sink in the absence of any climate variability. (B) Number oft observations in the SOCAT?2 data
base south of 44°S. (C) Spatial pattern of the linear trend in the air-sea pCO, difference for the 1990-2001 period
based on the LANDSCHUTZER et al. estimates. (C) as (B), except for the 2002-2011 period. The hatching masks trend
estimates that are not statistically significant.
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Simulating Atmospheric Radiocarbon through
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The radiocarbon ('*C) isotopic composition of atmosphere and ocean have long been a tar-
get of climate research because they record changes in ocean circulation and carbon cycle
across the end of the last ice age, the largest climate transition in recent geologic times. The
general notion is that during glacial times CO, was sequestered in the deep ocean, where it
was isolated from '*C resupply from cosmogenic “C production and has to loose much of its
radiocarbon content to decay. During deglaciation this sequestration of carbon was upended
by changes in the carbon cycle and ocean circulation, thereby releasing the previously iso-
lated low-'*C CO, back to the atmosphere. Changes in the Southern Ocean utilization and
transport of nutrients are thought to be central to the glacial sequestration of carbon at depth
and the deglacial release of CO, from the ocean (e.g., SIGMAN et al. 2010, Hain et al. 2010,
2013), but sensitivity experiments with a carbon cycle box model show that these processes
would have surprisingly little effect on the '“C/C (i.e., A"*C,,,,) ratio of CO, in the atmosphere
(HaIN et al. 2014).

In the context of the atmospheric CO, A'“C,,,, changes since the last ice age, two episodes
of sharp A*C,,,, decline have been related to either the venting of deeply sequestered low-'*C
CO, through the Southern Ocean surface or the abrupt onset of North Atlantic Deep Water
(NADW) formation. In model simulations using an improved reconstruction of cosmogenic
14C production, Atlantic circulation change and Southern Ocean CO, release both contribute
to the overall deglacial A'*C,,, decline, but only the onset of NADW can reproduce the sharp
A™C,, declines (HAIN et al. 2014). This finding suggests that millennial-timescale variations
of A'C,,, during the deglaciation are a sensitive recorder of changes in global circulation
patterns, with only a modest imprint arising from changes in the carbon cycle that are respon-
sible for the deglacial ocean release of CO, to the atmosphere.

If ocean circulation is indeed the primary driver of millennial-timescale A'“C,,, variations,
the exact timing of the changes in A'C,,, may hold important information on the climate
dynamics that are operating during glacial terminations. Along these lines, the onset of both
episodes sharp A'C,,, decline precedes the canonical timing of abrupt Northern Hemisphere
warming by about 500 years. Thus, to fully simulate A'*C,,,, data requires an additional pro-
cess that immediately precedes the onsets of NADW formation. We hypothesize that these
“early” AC,,, declines record the thickening of the ocean’s thermocline, giving rise to an
expansion of buoyant body of water that constitutes the subtropical gyres at the expense of
the volume of deep water. Due to the large differential in '*C/C between upper ocean and
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deep waters we estimate that A'C,,,, declines 12 %o per 100 m of thermocline thickening/
pycnocline deepening. This implied change in the density structure and circulation of the
ocean is consistent with simple physical models (e.g. GNANADESIKAN 1999) and it arises in
general circulation models in response to forced shutdown of NADW and/or changes in the
Southern Hemisphere westerly winds (e.g. ZHANG 2007, CHANG et al. 2008, MIGNONE et al.
2006, LAUDERDALE et al. 2013) — such as reconstructed for Heinrich stadial 1 and the Young-
er Dryas preceding the onset of NADW formation. Based on these findings, we suggest that
the onset of the sharp A'*C,,, decline records an imbalance in the ocean’s buoyancy budget
that progressively modifies the ocean’s density structure so as to set up the subsequent abrupt
re-initiation of NADW formation (HAIN et al. 2014).
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With 2 Figures

We argue for a pervasive link between cold climates and polar ocean stratification (HAUG et
al. 1999, SIGMAN et al. 2004, 2007). In both the Subarctic North Pacific and the Antarctic
Zone of the Southern Ocean, ice ages were marked by low productivity (Fig. 1 and 2, JAc-
CARD et al. 2010, 2013). The accumulated evidence from sediment cores points to an increase
in density stratification that reduced the supply of nutrients from the ocean interior into the
sunlit surface in both of these regions. The last ice age was associated with stratification
of the Antarctic and the subarctic North Pacific, and it can be argued that the well-known
glacial decrease in North Atlantic Deep Water indicates a similar stratification of the North
Atlantic. This link also applies to longer timescales, including the onset of extensive Northern
Hemisphere glaciation 2.7 million years ago, which was concurrent with stratification of the
Subarctic North Pacific and the Southern Ocean. The generality of the cooling/stratification
connection calls for a general mechanism. Such a mechanism is provided by the non-linear
relationship between the temperature of seawater and its density: Cooling of the ocean will
decrease the role that temperature plays in the density structure of the polar water column,
allowing the freshwater cap that is always present in the polar regions to cause greater den-
sity stratification, allowing the freshwater cap to intensify further. Nutrient-rich polar ocean
regions such as the Antarctic and the Subarctic Pacific represent a “leak” in the biological
pump, allowing deeply sequestered carbon dioxide to escape back into the atmosphere, and
stratification of these regions largely stops that leak. Thus, the link between climate cooling
and the stratification of nutrient-rich polar regions represents a positive feedback in the cli-
mate system, raising atmospheric carbon dioxide during warm periods and reducing it during
cold periods.
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Fig. 1 Records of (A) atmospheric pCO, (LUTHI et al. 2008), (B) ODP 1094 planktic foraminifera §'30, (C) ODP
1094 Ba/Fe (data smoothed by a five-point running mean), (D) ODP 1094 Ca/Fe (data smoothed by a five-point
running mean), (E) Fe flux to subantarctic core ODP1090, and (F) ODP 1090 sedimentary alkenone concentration
covering the past 1 Ma. Red/grey shadings highlight intervals were Antarctic (AZ)/subantarctic (SAZ) processes,
respectively, are dominantly controlling the partitioning of CO, between the ocean interior and the atmosphere (from
JACCARD et al. 2013).

During the last ice age, opal accumulation (and Ba/Al) in the Antarctic (Fig. 1) and the Sub-
arctic North Pacific (Fig. 2) has been much slower than it is during the current interglacial
period, suggesting less biological production and a reduced rain of biogenic material to the
seafloor during glacial times. In the same glacial-age Antarctic and Subarctic North-Pacif-
ic sediments, the 'SN/"N ratio of diatom-bound organic matter is markedly higher, which
suggests that nutrient consumption (the ratio nutrient uptake to nutrient supply) was greater
during ice ages. Taking these observations together, it can be argued that the glacial Antarctic
and Subarctic North-Pacific surface was more isolated from the nutrients and carbon of deep
Antarctic water, or, more physically, that the surface of the “polar twins”, the Antarctic and
Subarctic North-Pacific, was stratified during the last ice age.
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Fig. 2 Ca/Al (A) and Ba/Al (B) records from subarctic North Pacific ODP Site 882 compared to the EDC deuterium
(dD) (C) (JouzkL et al. 2007) and CO, (LUTHI et al. 2008) (D) records during the past 800 ka. Glacial terminations
are indicated using Roman numerals in subscript (from JACCARD et al. 2010).

Over the last deglaciation, the Southern Ocean is considered the dominant source of the at-
mospheric CO, rise with the Southern Hemisphere warming driving physical and biogeo-
chemical changes in the Southern Ocean that vented CO, to the atmosphere starting at 17.6 ka.
However, cooling or stalled warming characterized the Southern Ocean during the Bglling/
Allergd period and the post-Younger Dryas period. Detailed reconstructions of CO, over
the deglaciation show ~15 ppm maxima corresponding with the Bglling/Allergd period and
the post-Younger Dryas period. Both periods were characterized by Northern Hemisphere
warming, including the subarctic North Pacific. Biogenic productivity proxies and nitrogen
isotopic evidence indicate that, beginning at the Bglling/Allergd and after the Yougner Dryas,
the Subarctic North Pacific underwent a marked increase in vertical mixing within the upper
ocean, leading to the modern condition of incomplete consumption of the nutrient supply. Bio-
genic opal flux and calcium carbonate data indicate that, during the Bglling/Allergd period
and possibly in the post-Younger Dryas interval as well, vertical mixing reached so deeply
in the Subarctic North Pacific that deeply sequestered CO, would have been vented to the
atmosphere. Thus, overturning the Subarctic North Pacific may explain the atmospheric CO,
peaks corresponding to Northern Hemisphere warming events, just as the Southern Ocean has
vented CO, to the atmosphere during its own periods of warming.
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Feedbacks on Interannual to Glacial Cycle
Timescales

Martin HEIMANN (Jena)
With 2 Figures

The climate system and the global carbon cycle constitute a tightly coupled system: changes in
atmospheric carbon dioxide concentration (CO,) modify the radiative balance of the atmos-
phere which impact the climate at the surface of the Earth, while changes in climate impact
the major sources and sinks of CO, on land and in the ocean which control the atmospheric
CO, concentration level. Figure 1 shows a conceptual view of this system, whereby only the
“fast” components are considered, i.e. CO, in the atmosphere, dissolved carbon in the ocean
in inorganic and organic forms, carbon stored in terrestrial vegetation and soil. The “slow”
carbon cycle, i.e. carbon cycling with the lithosphere through volcanism, erosion and sedi-
mentation on timescales of 100,000 years and more are neglected.

Currently, this system is massively perturbed by the anthropogenic inputs of CO, from the
burning of fossil fuels and changes in land use (a. o. deforestation). In the past, however, this
system was primarily perturbed by natural changes in radiative forcing, such as the ice-age

Fig. 1 Schematic of the coupled global climate — global carbon cycle system
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cycles. Which sign has and how strong is the feedback loop in this system? i. e. how strongly is
a perturbation of the system amplified or damped if the feedback loop is included or not? This
question has been addressed in FRIEDLINGSTEIN et al. (2003), who defined the terrestrial g; and
oceanic g climate sensitivity as the amount of carbon gained or lost from these reservoirs for a
global average temperature increase of 1K in the absence of any other perturbation. Likewise,
the geochemical carbon cycle sensitivities b; and by were defined as the land and oceanic
carbon reservoir changes to an atmospheric change in CO, concentration of 1 ppm. Using this
concept, a simple mathematical representation of the coupled system feedback loop is readily
derived. This concept has been extensively used to analyse comprehensive global coupled car-
bon cycle — climate model simulations over the industrial period until the year 2100; e.g. for
the C4MIP models (FRIEDLINGSTEIN et al. 2006) and the more recent CMIP5 models (ARORA
et al. 2013, FRIEDLINGSTEIN et al. 2014). In general, these models show overall a positive
feedback, however, with a large variability of responses mostly with respect to the response
of the terrestrial carbon system. It is therefore of critical importance to explore the range of
possible constraints provided by observations of carbon cycle — climate variations in the past.

— Glacial cycles
[Torn and Harte 2006, Shakun et al. 2012]
Millennial/centennial time scale
[Frank et al. 2010)
- Decadal time scale [Rafelski et al. 2009]

I ENSO time scale

50 60

ACQO3/AT [ppm K1)

Fig. 2 Apparent carbon cycle — climate sensitivity (change in atmospheric CO, per 1 K change in global temperature)
estimated from different climate records and models. Upper part: observational estimates as a function of time scale;
lower part: calculated sensitivity from C4MIP and CMIPS models.

Using a simple theoretical perturbation analysis framework, it is easy to show that the mag-
nitudes of the climate (g;, go) and the carbon cycle (b, go) sensitivities and the combined
feedback factor are strongly dependent on the timescale of the perturbation. While these sensi-
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tivities are not directly observable (however they can be determined of models by perturbation
simulation experiments), observations of past variations of atmospheric CO, and concurrent
estimates of global average temperature changes provide a constraint on the “apparent carbon
cycle — climate sensitivity” S, which is defined here as the change in global CO, per change in
temperature for a given climate variation. S can be derived from the individual carbon reservoir
sensitivities (g;, go, by, bo) defined above and is also a function of timescale of the perturba-
tion. Figure 2 shows in the upper part a summary of observational evidence from the literature
of S as a function of time scale (indicated on the y-axis), from interannual variations to gla-
cial-interglacial cycles. In the lower part of Figure 2 are shown the distributions of estimates of
S from the C4AMIP and CMIP5 model simulations, which pertain to a 50—100 year timescale.

The observational estimates of the apparent carbon cycle — climate system sensitivity exhibit
higher values for longer timescales. This is evident given that the dynamics of the more inert
carbon pools on land (e. g. deeper soils, permafrost) and in the ocean (e.g. deeper waters, sur-
face sediments) can only be excited if a perturbation last longer. For the current climate change
problem, this analysis indicates that observational evidence on the carbon cycle — climate sensi-
tivity is at the lower end of the C4MIP and the CMIP5 models. On the other hand, in the present
framework the estimates from the observed estimates of the glacial — interglacial changes in
CO, and temperature provide an upper bound on the carbon cycle — climate sensitivity. Explor-
ing further observational constraints on S and its underlying terrestrial and oceanic sensitivities
as a function of time scale constitutes an important goal for carbon cycle — climate research.
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Radiocarbon Distribution and Radiocarbon-Based
Circulation Age of the Atlantic Ocean during the
Last Glacial Maximum
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and Michael ScHULZ!

With 3 Figures

Although the volume and the distribution of water masses in the glacial Atlantic has been
well established using benthic foraminiferal §'3C and Cd/Ca, no robust results have been
obtained regarding the ventilation age of glacial deep Atlantic. The *C age of a water mass
has been suggested as promising proxy for the deep ocean circulation rate. The preformed
Y4C of deep waters would decay at a known rate once they are isolated from the atmosphere
and being transferred into the ocean interior. In practice, however, the application of B-P
age (1C age difference between paired planktonic and benthic foraminifera) or deep water
A'™C for reconstructing past ocean circulation age has long been hindered for several reasons.
First, surface reservoir ages at core locations could differ from those at deep water formation
areas, and both kinds of reservoir ages are temporally variable. Second, deep water at a given
location and depth in the Atlantic is usually a mixture of water masses from several sources
with different initial “C ages, and the mixing ratio is also temporally variable. Only when wa-
ter-mass sources and their initial ages can be reconstructed, and the mixing ratio of different
water masses at a given location and water depth can be estimated by using an independent
conservative water-mass tracer, the ocean circulation age could then be inferred.

We combine existing results with newly measured '*C ages of paired benthic and plank-
tonic foraminifera from 28 sediment cores (Fig. 1) to map the seawater A*C distribution at
the Last Glacial Maximum (LGM, 24-18 ka BP) in the Atlantic Ocean. We further attempt
to calculate the circulation age of the glacial Atlantic through assuming seawater 3!°C as a
largely pseudo-conservative tracer in the LGM Atlantic.

In the upper 1500 m the mean AA*C value (the A*C difference between deep water A*C
and the contemptuous atmospheric A*C) of all LGM reconstructions is —170 %o, which is
65 %o less than the pre-bomb mean value (Fig. 2). Below 1500 m, the majority of the LGM
AAYC reconstructions range between —220 %o and —310 %o. The mean value of all LGM
AAYC reconstructions below 1500 m is —275 %o, nearly 190 %o less than the pre-bomb value.
Taken together, the LGM AA'C above 1500 m and below 1500 m show a much stronger gra-
dient relative to that of the pre-bomb era.

1 MARUM - Center for Marine Environmental Sciences and Faculty of Geosciences, University of Bremen, Bre-
men, Germany.

2 School of Ocean and Earth Science, Tongji University, Shanghai (China).

3 Godwin Laboratory for Palaecoclimate Research, Department of Earth Sciences, University of Cambridge, Cam-
bridge (UK).
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Fig. 1 Vertical distribution of the Atlantic sediment cores with the LGM seawater radiocarbon reconstructions. Me-
ridional sections of seawater A*C (after correction of the bomb effect) along the western and the eastern Atlantic are
derived from the gridded GLODAP dataset. The position of the two sections is indicated in enclosed panels.

Circulation ages of the LGM Atlantic are estimated based on three assumptions. First, the ma-
jority of the LGM Atlantic was filled with waters from three sources, i.e. glacial North Atlan-
tic Deep Water (GNADW), glacial Antarctic Intermediate Water (GAAIW) and glacial Ant-
arctic Bottom Water (GAABW). Second, 3'3C and AA™C end-member values of GNADW,
GAAIW and GAABW were constant or showed limited changes over a few thousand years
prior to the LGM and within the LGM. The initial '*C age of GNADW is taken from the sim-
ulation output (ButzIN et al. 2005, FRANKE et al. 2008), while that of GAAIW is based on
deep water coral reconstructions from the Drake Passage (BURKE and ROBINSON 2012). The
initial '*C age of GAABW is the mean value of reconstructions from cores MD07-3076 and
TNO57-21 (BARKER et al. 2010, SKINNER et al. 2010). Third, we assume that seawater §'°C
can be considered as largely pseudo-conservative tracer in the Atlantic during the LGM. This
assumption is only justified if the replenishment of deep waters was accomplished relatively
rapidly, such that the remineralization of sinking organic particles did not significantly alter
the seawater 8'°C signature.

When plotting all results in a §'*C-AA'*C diagram (Fig. 3), we find that the glacial AATW
values happen to lie on the mixing line between the GNADW and GAABW. Except for a few
outliers, the vast majority of reconstructions fall along the mixing line within uncertainties.
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Fig. 2 Comparison of the pre-bomb AA'“C values (A and C) with the LGM reconstructions (B and D) at a set of
Atlantic core locations. The LGM AA!C value at each other is the mean result of several samples, and the associated
uncertainty represents =1 sigma standard error. Question marks indicate data excluded from the final analyses. The
LGM water depths of all sediment cores are adjusted by —120 m.

This strongly suggests that the reconstructed AA'C signals hold significant information on
mixing but only little information on circulation ages. The current dataset suggest that circu-
lation ages of the majority of the deep Atlantic (> 1500 m) are less than 400 years during the
LGM (Fig. 3), which is comparable to or even slightly less than pre-bomb value of 200—-400
years. This implies a fast glacial deep water circulation rate, which also supports our assump-
tion of taking 8'*C as a pseudo-conservative tracer.

A strong ocean circulation during the LGM could actually explain a large number of
observations. The chemical gradient between the upper and the lower Atlantic, shown by the
vertical distribution of seawater §'3C, Cd/Ca and AA'*C data, is the most robust characteristic
of the glacial Atlantic. To sustain such a strong gradient, besides that end-member values of
the LGM AABW and NADW are significantly different, either a strong export of the LGM
AABW and NADW or a very limited mixing across the NADW/AABW boundary or a com-
bination of both is also required. Indeed, the transport to vertical diffusivity ratio of AABW
in the southwestern Atlantic is estimated to be an order of magnitude larger during the LGM
than the Holocene (HoFFMAN and LuND 2012). Given that the vertical mixing in the LGM
Ocean interior is probably strengthened due to the generally enhanced wind field and the
greater tidal mixing in deep basins (WuNscH 2003), a strengthening of the water mass export
is a more likely explanation for the presence of the chemical gradient.
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Fig. 3 The §'*C-AA'C diagram of the LGM bottom waters at a set of Atlantic sediment cores and water masses
from three end members. Blue and red diamonds are data from the western and the eastern Atlantic, respectively.
Black diamonds denote sediment cores located within the ventilated thermocline, where bottom waters are possibly
influenced by subducted waters from other sources besides the GNADW and GAAIW. Error bars represent +1 sigma
standard deviation for 8'3C and +1 sigma standard error for AA'*C. The green line is the mixing line between the
GNADW and GAABW. Dashed lines represent contours with the constant radiocarbon age offset from the mixing
line when assuming that 8'3C is a conservative tracer.
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The Combined Effects of Changes in Ocean
Chemistry, Biology, and Hydrodynamics on
Alkalinity

Tatiana ILYINA (Hamburg)
With 1 Figure

Seawater total alkalinity (TA; determined by the charge imbalance of the conservative ions
in seawater) and total dissolved inorganic carbon (TCO,; the sum of carbon species) control
the variations of pCO, in seawater, which in turn directly determine the air — sea exchange of
CO,. Because TA and TCO, are conserved during mixing and are unaffected by changes in
temperature and pressure (ZEEBE and WOLF-GLADROW 2001), they are key parameters of the
marine carbonate system used as state variables in models of ocean biogeochemistry. Oceanic
TA is altered by three main processes, being (i) changes in freshwater fluxes, such as precip-
itation/evaporation, riverine discharge of fresh water, ice growth and melting, (ii) production
of CaCO; by calcifying organisms (e.g. coccolithophorids, corals, foraminifera) and CaCO;
dissolution in the water column and deep-sea sediments; and (iii) production and reminerali-
zation of organic matter by microalgae. Increase in the surface ocean TA enhances the oceanic
uptake of atmospheric CO,, while decreasing TA lowers the oceanic capacity to take up and
store carbon. Changes in seawater TA by a variety of mechanisms are thought to be responsible
for modulating the variations of atmospheric CO, along glacial-interglacial timescales (e.g.
RickaBy et al. 2010, KLEYPAS 1997, ARCHER and MAIER-REIMER 1994). Enhancement of
TA has been proposed as a mean of deliberate manipulation of climate (KOHLER et al. 2013,
ILyiNA et al. 2013a). Therefore, understanding the spatiotemporal distribution of TA changes
is critical to grasp the oceanic capacity to uptake and store carbon. Furthermore, dissolution of
CO, in seawater does not change TA, but may affect processes controlling its cycling. Hence,
it is also interesting to study TA in the context of climate change, i. e. in a rising CO, ocean.
Projections of future climate change calculated within the 5® Phase of the Coupled Model
Intercomparison Project (CMIP5) with the Max Planck Institute’s Earth system model (MPI-
ESM, GIORGETTA el al. 2013) will be presented. CMIP5 experiments examined here include
a historical run covering the period 1850-2005 and three future climate change scenarios re-
ferred to as extended concentration pathways (ECPs) running from the year 2006 until 2300.
These ECPs follow the standard RCP scenarios in terms of the achieved radiative forcing of
8.5, 4.5, and 2.6 W m by the end of the 21 century with simple stabilization assumptions
for the atmospheric CO, concentrations made onwards. Such extended future climate change
projections ran only in the low resolution model version (LR) of MPI-ESM driven by pre-
scribed atmospheric CO, concentrations. The oceanic biogeochemistry component of MPI-
ESM is the model HAMOCC (ILyINA et al. 2013b) which runs as a subroutine of the OGCM
MPIOM. The horizontal resolution of the oceanic component of MPI-ESM-LR is about 1.5°.
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The model HAMOCC simulates inorganic carbon chemistry (MAIER-REIMER and HAs-
SELMANN 1987) and uses an extended NPZD-type description of marine biology (Six
and MAIER-REIMER 1996) in which phytoplankton and zooplankton dynamics depend on
temperature, solar radiation, and co-limiting nutrients (phosphate, nitrate, iron, silicate).
HAMOCC uses one phytoplankton type for primary production but separates two types
of planktonic shell materials (opal and calcium carbonate shells, respectively), which are
exported from the euphotic zone with different sinking rates. TA in the model is the sum
of carbonate, borate alkalinities, and water dissociation products. TA is altered during pro-
duction and dissolution of CaCO;. Dissolution of CaCO; is a function of the carbonate
ion and the calcium ion concentrations, as well as temperature and pressure dependent
stoichiometric constant, and is driven by the deviation from the saturation state. Biogenic
calcite particles, produced in the euphotic zone, precipitate if seawater is supersaturated
with respect to CaCOj; and start dissolving if the water column or the sediment pore-water
is undersaturated with respect to CaCOj;. Seasonal growth of phytoplankton increases TA,
while aerobic remineralization of organic matter decreases it. Additionally, TA is altered
during denitrification. The model HAMOCC also includes a sediment module (HEINZE
et al. 1999) which calculates formation and dissolution of sediments basically simulating
the same biogeochemical processes as in the water column. Globally uniform weathering
fluxes are prescribed over the simulation period.

Both the physical and the biogeochemical state of the oceans are undergoing major
changes as a result of global warming and ocean acidification (/PCC 2013). These ongoing
changes perturb fundamental mechanisms that act to modify TA in the ocean. Yet, resulting
changes in TA are not intuitively projected. In our simulations, changes in the distribution
of TA are calculated in response to the intensified hydrological cycle, reorganization of the
circulation patterns, changes in biological processes and carbonate chemistry. Consistent with
these, both positive and negative anomalies are projected in TA (Fig. 1). Because changes in
TA are closely related to changes in salinity, TA anomalies at the surface resemble the pat-
terns of salinity anomalies. Weaker correlation between anomalies in surface salinity and TA
is found in the equatorial Pacific and in the Indian Ocean. These areas of the global ocean
are characterized by higher primary production, including production of CaCO;, relative to
other oceanic areas. In response to a decreased nutrients supply to the surface, the primary
production and corresponding export production of organic matter and CaCOj is reduced.
Furthermore, only rather small changes in salinity are projected in these regions of the ocean.
Hence, changes in TA here are driven by changes in biological processes. In the subsurface
and deep ocean, effects of changes in production and dissolution of CaCO; on changes in TA
are not pronounced in our projections, as the ocean stays largely supersaturated with respect
to CaCOj over the simulated time range. The contribution of carbonate dissolution becomes
prominent on longer temporal scales (ILYINA and ZEEBE 2012). Additionally, reduced pro-
duction of CaCOj; due to ocean acidification can have a significant effect on the precipitation
of CaCOj and thereby modify the global distribution of TA (e. g. ILYINA et al. 2009). Region-
ally, subsurface TA anomalies are also driven by changes in organic matter remineralization
by respiration and denitrification.

In summary, we show that changes in seawater TA can modulate oceanic uptake of car-
bon. Furthermore, our results indicate that TA is projected to undergo changes, which should
not be ignored when diagnosing the oceanic capacity to take up and store carbon in future
projections, as well as in calculations of air-sea CO, exchange on glacial-interglacial time-
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Fig. 1 Changes in TA umol kg for the scenario RCP8.5 in 2090-2100 relative to 1850—1860 at the ocean surface,
averaged over the upper 100—1000 m, and over the depth of 1000-3000 m.

scales. Finally, we show that changes in mixing/ventilation, production and dissolution of
CaCO;, remineralization of organic matter by aerobic and anaerobic processes, and sedimen-
tary fluxes act in concert to contribute to the projected changes in TA. Thus, these processes
have to be included prognostically in modelling studies.
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Deglacial Changes in Ocean (De)Oxygenation

Samuel L. JaccarD (Bern, Switzerland) and Eric D. GALBRAITH
(Montreal, Canada)

Oxygen is supplied to seawater by marine photosynthesis and exchange with the atmosphere,
and consumed by the respiration of organic matter in the ocean interior. Both sides of this re-
lationship are thus dependent on physical ocean circulation: oxygen supply is determined by
the physical transport of oxygenated waters from the mixed layer into the ocean subsurface,
while organic matter export relies on the physical circulation to supply the surface ocean with
nutrients. Thus, the occurrence of oxygen-depleted (hypoxic) waters is inextricably linked
to ocean circulation, both through the supply and demand of oxygen. In addition, the oxy-
gen flux is physically dependent on the combined effects of the temperature dependence of
oxygen solubility and the degree of saturation at the surface, crucially influenced by wind
and sea-ice processes. All of these factors are linked to the sea surface conditions in the high
latitude source areas where the thermocline is ventilated. It is expected that as these regions
warm, large-scale deoxygenation of the upper oceans will ensue. Recent observations appear
to confirm this prediction, though these changes remain subtle in the face of natural decadal
variability (ITo and DEuTsCH 2010). Paleoceanographic records extend beyond the noise of
recent decadal variability, to provide an independent perspective on the links between climate
and hypoxia.

A number of factors should have conspired to increase the oxygenation of the upper ocean
during the last ice age. First, lower temperatures would have increased oxygen solubility,
while strong winds at high-latitudes would have helped to equilibrate the surface waters and
contributed to vigorous thermocline ventilation. In addition, global cooling would have en-
hanced the vertical transport of carbon from the surface to the deep ocean, due to the overall
temperature dependence on the remineralization rate of sinking organic matter (MATSUMOTO
2007). The nutrient inventory of the upper ocean indeed appears to have been lower (SIGMAN
and HAuG 2003), which would have decreased the demand for oxygen through remineraliza-
tion in much of the upper ocean. Consistent with this, paleoceanographic proxy records from
near oxygen minimum zones have been interpreted as showing generally higher oxygen con-
centrations during the Last Glacial Maximum (LGM; GALBRAITH et al. 2004). Importantly,
the deep ocean (below ~2.5 km) appears to have been different, with lower oxygen concen-
trations during the LGM, consistent with greater respired carbon storage there (JACCARD and
GALBRAITH 2012, JACCARD et al. 2014 and references therein).

In order to elucidate the global evolution of ocean oxygenation throughout the degla-
ciation, we compiled available records of the four most commonly measured sedimentary
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proxies of low-oxygen concentrations (JACCARD and GALBRAITH 2012, JACCARD et al. 2014).
Three of these (redox-sensitive trace metal concentrations, benthic faunal assemblages and
sedimentary laminations) are sensitive to oxygen concentrations at the sediment-water inter-
face of the sediment core site. In addition, we include bulk sedimentary §'°N (GALBRAITH et
al. 2013), which is enriched by denitrification in the cores of oxygen minimum zones, from
which it spreads by mixing and advection to adjacent regions where it can be recorded in
sedimentary organic matter.

The deglacial transition at the end of the last ice age involved a warming of the global
surface ocean by approximately 2°C (SHAKUN et al. 2012), similar to the magnitude of
anthropogenic warming, but over a period of more than 10,000 years. Chronicling the de-
glacial progression between the LGM and Holocene requires a temporal framework. The
oxygen-sensitive proxies are therefore analysed according to the sense of change between
the four well-recognized intervals of the last deglaciation (JACCARD and GALBRAITH 2012,
JaccarD et al. 2014). First among these, during the LGM to the Heinrich stadial 1 (HS1)
transition, a coherent deoxygenation occurs in the upper 1000 m of the eastern tropical
Pacific. In contrast, all available proxies show that oxygenation increased throughout the
Arabian Sea during the LGM to HS1 transition. Meanwhile, none of the numerous records
from north of 20 °N in the Pacific show any sign of change, nor do trace metal records from
the SE Pacific. Foraminiferal abundances in the North Atlantic registered a coeval deox-
ygenation, though the degree of oxygen depletion there was relatively minor (to near the
threshold of hypoxia, but not significantly beyond). Subsequently, the transition from HS1
to the Bglling-Allergd/Antarctic Cold Reversal (BA/ACR) saw an extremely widespread
decrease in oxygenation throughout the Indo-Pacific that extended as deep as 3000 m. The
only exceptions to this are among the eastern tropical Pacific sites that experienced the
early deoxygenation during the LGM to HS1 transition. Globally, this transition represents
the lion’s share of the deglacial upper-ocean deoxygenation, given that the northern Pacific
and Indian Oceans include the vast majority of the world’s hypoxic waters. In most sed-
iment records with high temporal resolution, this transition occurs very quickly. Finally,
and perhaps most surprisingly, the BA/ACR to Holocene transition involved a coherent
increase in oxygenation throughout most of the low-oxygen waters of the Indo-Pacific,
particularly the North Pacific. This late deglacial increase in oxygenation is apparent in
all available records, with no apparent dependence on water depth. In fact, the increase of
oxygenation between the BA/ACR and the Holocene is more consistent among records than
is the overall LGM to Holocene upper-ocean deoxygenation. The dramatic coherency of
regional changes in upper-ocean oxygenation that occurred between the deglacial intervals
shows that deoxygenation varied more strongly on a millennial timescale than it did on the
longer, glacial-interglacial timescale. Ocean oxygenation, therefore, did not respond line-
arly to changes in global temperature, particularly given that the LGM to BA/ACR change
involved only a fraction of the total glacial-interglacial temperature increase, and the large
HS1 to BA/ACR transition involved warming only in the Northern Hemisphere. So what
drove these clear, millennial-timescale changes in oxygenation?

As discussed above, the two possible causes are changes in the oxygen supply rate, and
changes in subsurface respiration rates. During HS1, oxygen supply might have been expect-
ed to decrease in waters ventilated by the Southern Ocean, due to warming at high southern
latitudes, while oxygen supply to the North Pacific may have increased due to wind-driv-
en changes in circulation (MEISSNER et al. 2005). Meanwhile, weakening of the monsoonal
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upwelling may have reduced export in the Arabian Sea (ALTABET et al. 2002), even while
increased trade winds enhanced upwelling in the Eastern tropical Pacific (KIENAST et al.
2006). Additionally, changes in the density structure of the ocean (SCHMITTNER et al. 2007)
or the strength of the Southern westerlies (ANDERSON et al. 2009) may have increased the
supply of nutrients to the eastern tropical Pacific during HS1 (RoBINSON et al. 2007). The lack
of apparent LGM to HS1 change in the North Pacific may indicate either that oxygenation
changes there were indeed minimal, or that hypoxia was entirely absent during the LGM and
therefore could not become any less extensive during HS1, so that increased oxygenation
was not recorded by the proxies. During the transition to the BA/ACR, when the Northern
Hemisphere warmed abruptly, decreased oxygen solubility would have been accompanied by
an invigoration of the global overturning circulation that increased the nutrient supply to the
surface ocean (SCHMITTNER et al. 2007). Thus, during the deglacial transitions, it seems likely
that changes in both oxygen supply and oxygen consumption would have contributed to the
observed patterns, due to coupled changes in oceanic and atmospheric circulation, intimately
linked to the large-scale overturning of the ocean.

Although the overall deoxygenation of the upper Indo-Pacific during the first half of the
deglaciation is in keeping with the expectation of less oxygen in a warmer ocean, the sense
of change between the BA/ACR and the Holocene is not. Despite the persistence of rela-
tively large ice sheets and global average temperatures that were still well below modern,
the northern Indo-Pacific hypoxic zone appears to have contracted following the BA/ACR.
Given that the colder subducting waters would have had higher saturation oxygen concen-
trations than today, the consumption of oxygen must have been higher. Two mechanisms
are proposed for this.

First, a deglacial trend from low preformed nutrients to high preformed nutrients could
have coincided with rapid oxygen supply to the deep ocean and/or the Southern Hemisphere,
so that a large burden of remineralization was focused in the upper portion of the northern
Indo-Pacific; all else being equal, this would imply that the preformed nutrient inventory of
the ocean increased following the BA/ACR, which is consistent with nitrogen isotope records
from the Southern Ocean and subarctic Pacific (GALBRAITH et al. 2013 for a review). Sec-
ond, it is possible that the consumption rate of oxygen decreased from the BA/ACR to the
Holocene due to a deglacial decrease of global nutrient inventories. It has been argued that
the nitrogen and phosphorus inventories of the global ocean were 10-25 % higher during the
glacial period, due to reduced removal of nitrogen and phosphorus through denitrification
and apatite burial, respectively (DEUTSCH et al. 2004, GANESHRAM et al. 2002). It has been
reasoned that the reduction of these nutrient inventories was a response to the warmer condi-
tions of the Holocene, limiting the global export production to that which could be respired
given the global oxygen supply, thereby preventing widespread anoxia (LENTON and WATSON
2000). This suggestion is consistent with proxy evidence that export flux in the North Pacific
was particularly high during the BA/ACR (KoHFELD and CHASE 2011) though testing the
idea with export proxies is problematic, since the regional demand for oxygen is integrated
over large areas and cannot be reliably inferred from a few points.

Forecasting the evolution of oceanic oxygen concentrations over the upcoming centu-
ries will require a thorough understanding of the physical ocean response to anthropogenic
forcing, as well as the changes in respiration rates that will result. Although the geological
archive from the last deglaciation cannot directly help with these predictions, it presents em-
phatic evidence that the evolution of oxygenation will not be a straightforward function of
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temperature, and that we may be in for surprises. Improved constraints on the deglaciation
will require new palaeo-proxies that can quantify changes in dissolved oxygen and respired
carbon concentrations, as well as greater spatial coverage.
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With 2 Figures

Proxy information from ice cores, marine sediments, peat, and other archives demonstrate a
fascinating spatio-temporal evolution of the coupled climate and biogeochemical system on
orbital-to-decadal timescales. However, we are still far from a complete understanding of the
drivers, mechanisms, and feedbacks governing past changes in the Earth System. This is part-
ly related to limited modelling capacities. While traditional and highly stylized box models
are relatively easy to construct and can be run over many thousand years, they lack physical
and biogeochemical realism and spatial resolution. On the other hand, the community is just
starting to perform single runs with comprehensive state-of-the-art Earth System Models over
several millennia as they are costly to apply. In addition, these models often miss representa-
tions of important components for long-term CO, variations such as ocean sediments or peat.
Earth System Models of Intermediate Complexity can fill the gap by providing spatially-ex-
plicit information, e.g. by resolving tracer gradients in ocean sediments or north-south move-
ments in the distribution of peatlands over glacial-interglacial cycles, the possibility to run
sensitivity simulations over hundred thousands of years and to include representations for
many tracers and isotopes.

In the presentation, results from transient simulations over glacial-interglacial periods and
of illustrative sensitivity experiments with the Bern3D-LPX climate-carbon cycle model will
be discussed. A focus is on mechanisms governing past variations in atmospheric CO, and the
associated spatial and temporal imprints (Fig. 1) on carbon isotopes, deep-ocean carbonate
ion concentrations, the export of biogenic particles, and on peatland distribution and carbon
storage in the land biosphere. Results are compared to proxies from marine, ice, peat, and
other archives. In the following, we provide a brief overview of the Bern-LPX model and
summarize some recent publications based on Bern3D-LPX results.

1. Model and Mechanisms
The Bern3D-LPX model couples an atmosphere energy balance model with a 3-dimensional
geostrophic-frictional balance ocean model, and a sea ice module with representations of the

terrestrial and oceanic biogeochemical cycles, including ocean sediments. The ocean module

1 Now at Department of Life Sciences, Imperial College London (UK).
2 Now at Climate Change Research Centre, University of New South Wales (Australia).
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Fig. 1 An illustration of spatio-temporal tracer dynamics in the ocean (MENVIEL and Joos 2012). Change in deep
ocean carbonate concentration (left) and 8'°C (middle) as simulated by the Bern3D model and reconstructed from
sediment cores (symbols) over the last 10,000 years. The right panel shows the simulated §'*C evolution (blue) and
as reconstructed from the available 5'*C sediment data.

includes the tracers dissolved inorganic and organic carbon, alkalinity, phosphate, oxygen,
silica, iron, the carbon isotopes '*C and '“C, isotopes of neodymium, protactinium, and thori-
um, nitrous oxide, and CFCs and considers biological production, dissolution, and sedimen-
tation of opal, calcium carbonate, and organic particles. The LPX land module is a dynamic
global vegetation model that simulates the dynamics of vegetation cover, albedo changes,
peat and wetland area extent, carbon and nitrogen fluxes and stocks, land-atmosphere fluxes
of carbon dioxide, methane and nitrous oxide, anthropogenic land use including shifting cul-
tivation, and fire (STOCKER et al. 2013).

Mechanisms of glacial-interglacial CO, change investigated with the Bern3D-LPX model
include among others changes in Southern Ocean overturning, in North Atlantic Deep Water
formation, iron fertilization of marine phytoplankton, changes in ocean phosphate invento-
ry, changes in the remineralization depth of organic matter and calcium carbonate particles,
changes in the distribution of peatland and changes in peat carbon stocks, or volcanic outgas-
sing of CO,. An important aspect is that the inclusion of an ocean sediment module and of
weathering and burial fluxes allows for multi-millennial scale changes in the total inventories
of carbon, alkalinity, nutrients and isotopes in the ocean-atmosphere-land biosphere system
and for associated millennial-scale adjustment processes including a newly identified “organ-
ic matter-nutrient-sediment feedback”.

2. Deglacial CO,, Southern Ocean Ventilation, and the Influence of Volcanism

TscHuMI et al. 2011 examined the sensitivity of atmospheric CO,, its carbon isotope compo-
sition, and oceanic properties to changes in deep ocean ventilation, the ocean carbon pumps,
and sediment formation in the Bern3D ocean-sediment carbon cycle model. The results pro-
vide support for the hypothesis that a break up of Southern Ocean stratification and invigor-
ated deep ocean ventilation were the dominant drivers for the early deglacial CO, rise of 35
ppm between the Last Glacial Maximum and 14.6 ka BP. Another rise of 10 ppm until the
end of the Holocene is attributed to carbonate compensation responding to the early deglacial
change in ocean circulation. A multi-proxy analysis which indicates that an acceleration of
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deep ocean ventilation during early deglaciation is not only consistent with recorded atmos-
pheric CO, but also with the reconstructed opal sedimentation peak in the Southern Ocean at
around 16 ka BP, the record of atmospheric §'*C-CO,, and the reconstructed changes in the
Pacific CaCOj; saturation horizon. A limitation is that our coarse resolution model does not
properly represent near-coast convective processes in the Southern Ocean and is only able to
simulate a slowly-ventilated deep ocean when forced with unrealistic boundary conditions.

HuyBERrs and LANGMUIR (2009) proposed that an increase in volcanic activity provoked
by ice sheet melting contributed substantially to the deglacial CO, increase. ROTH and JOOS
(2012) evaluated their volcanic CO, emission scenarios in the Bern3D carbon cycle-climate
model. The simulated increase of atmospheric CO, peaks around 6 ka BP at 46 ppm for the
central scenario and with a range between 13 and 142 ppm. Modelled carbonate ion con-
centration in the deep ocean decreases and the calcite saturation horizon shoals on global
average by 440 m (150 to 1500 m). The comparison of our model results and available proxy
evidence suggests a small role for volcanic carbon emissions in regulating glacial-intergla-
cial CO, variations, but uncertainties prevent a firm conclusion. A problem with the volcanic
emission hypothesis is in the timing of emissions which peak in the early Holocene, a period
of decreasing atmospheric CO,.

3. Glacial-Interglacial Changes in CO,

MENVIEL et al. (2012) transiently simulated changes in atmospheric CO, and climate over
the last glacial-interglacial cycle for a range of forcing scenarios. A third of the glacial-inter-
glacial atmospheric CO, change can be explained by relatively well-established forcings such
as temperature, salinity, a shallowing and weakening of the Atlantic Meridional Overturning
Circulation, iron fertilization of the marine biosphere by aeolian dust input and land carbon
inventory changes. A hypothetical 10 % increase in the oceanic phosphate inventory decreases
atmospheric CO, by 50 ppm during the glaciation, however, due to the long residence time
of phosphorus in the ocean and the long timescales of ocean sediment interactions it only
contributes to a 5 ppmv increase between 20 and 0 ka BP. A deepening of particulate organic
matter remineralization can effectively lower pCO, during the glaciation, however, it leads to
a significant increase in deep carbonate ion concentration and to changes in export produc-
tion which are in poor agreement with paleo-proxies. The parameterization of brine rejection
around Antarctica could lead to 10—20 ppmv change in CO,, but its timing casts doubt onto
its effectiveness in forcing CO, variations over the last glacial-interglacial cycle. Variations in
the Atlantic Meridional Overturning, including its collapse and recovery, only slightly mod-
ulate atmospheric CO, over the glacial period and the last termination and are, in contrast to
recent suggestions, not responsible for the bulk of the modelled deglacial CO, rise.

The role of changes in the marine remineralization of particulate organic matter (POM)
and calcium carbonate has been further investigated. ROTH et al. (2014) mapped the responses
to changes in remineralization length scales with the Bern3D ocean-sediment model for
atmospheric CO,, 8'3C and tracer fields for which observations and palacoproxies exist (Fig.
2). Results show that the “sediment burial-nutrient feedback™ amplifies the response in at-
mospheric CO, by a factor of four to seven. A transient imbalance between the weathering
flux and the burial of organic matter and calcium carbonate leads to sustained changes in the
ocean’s inventory of phosphate, carbon, carbon isotopes, and alkalinity and in turn in surface
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nutrient availability, marine productivity, and atmospheric CO, and §'*CO,. It takes decades
to centuries to reorganize tracers and fluxes within the ocean, many millennia to approach
equilibrium for burial fluxes, while 3'*C signatures are still changing 200,000 years after the
perturbation. The results highlight the role of organic matter burial for both CO, and §'*C and
the substantial impacts of seemingly small changes in POM remineralization on atmospheric
CO, and 8'3C. More general, weathering-burial feedbacks can effectively and strongly en-
hance the impact of changes in marine biological processes on atmospheric CO, and could
had contributed to the long-term CO, decrease from interglacial to glacial maximum condi-
tions. However, the multi-millennial timescales of the amplification imply little importance of
this feedback for glacial terminations with comparably short duration.
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Fig. 2 An illustration of the multi-millennial timescales associated with imbalances in the weathering and burial
of organic material. Results are from experiments where a step-like change in the remineralization length-scale of
particulate organic matter (POM) is prescribed at time O (ROTH et al. 2014). (A) Evolution of §'3C in the atmosphere
for the closed system (no sediment, no burial; black) and open system (red); labels indicate the prescribed reminer-
alization depth after the step change. (B) Hovméller diagram of the change in §'3C of DIC averaged over the tropical
Atlantic and (C, D) anomaly in §'*C of DIC after 15 ka in the open and closed systems in a transect through the Atlan-
tic, Southern and Pacific oceans and when remineralization depth is increased from 250 to 275 m. The burial-weath-
ering feedback leads to a temporary increase in the mean ocean §'3C signature as indicated by the red colours in (C),
whereas the within ocean reorganization leads to a §'*C enrichment in the upper ocean and depletion below.

4. Deglacial Changes in Global Peatlands

Peatlands currently store about 550 GtC and are a major component of the land carbon cycle.
Predicting the spatio-temporal dynamics of global peatlands is the key to understand their
role under past and future climate change. LPX-Bern, including the module to simulate peat
carbon and peat area dynamically (SpaHNI et al. 2013, STOCKER et al. 2014), was forced with
varying climate boundary conditions as simulated for the transition from the Last Glacial
Maximum (LGM) to today. This reveals the spatial dynamics of peatlands in response to cli-
matic shifts, ice sheet retreat, and sea level rise. In line with maps of pollen records of sphag-
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num cores, a northward shift of peatlands is simulated over the past 20,000 years. A large
expansion of the total peatland area is simulated for the Eurasian continent. In South-East
Asia, tropical peatlands, wide-spread at the LGM, are simulated to have been submerged by
rising sea levels. Our results suggest that C stored in peatlands was around present-day levels
at the LGM, dropped during the deglaciation and accumulated gradually at higher latitudes
under the more stable climatic conditions during the Holocene.
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Ice Core Records: Climate Reconstruction

Jean JouzgL (Gif-sur-Yvette, France)

With 2 Figures

Since about 60 years, water stable isotopes, 8'%0 and 3D (more recently §'70) are key tools
to reconstruct climate parameters from polar ice cores giving access to continuous and very
detailed paleoclimate series from Greenland and Antarctica. This includes information about
the mean annual local temperature, T, and — assuming that it is linked to the derivative of the
saturation vapour pressure — about the precipitation rate which is a key parameter for ice core
dating. It also includes information about the oceanic origin of the precipitation (e.g. from the
deuterium-excess).

Temperature reconstruction is based on the linear relationship between annual values of
3D and 3'%0 and T,, particularly well observed in polar regions and well explained by both
simple and complex isotopic models. In a conventional approach, the present-day spatial
relationship between the isotopic concentration of the precipitation (8D or §'%0 which can
indifferently be used as paleothermometers) and T, defined over a certain region, is assumed
to hold in time throughout this region. Of course the fact that present-day isotope concentra-
tions and local temperatures are correlated is not sufficient to validate this critical assumption.
Such factors as the evaporative origin and the seasonality of precipitation can also affect 5D
and 3'80. If these factors change markedly under different climates, the spatial slope can
no longer be taken as a reliable surrogate of the temporal slope for interpreting the isotopic
signal. For example, there is now ample evidence that temporal slopes are considerably lower
(by up to a factor of 2) than the observed present-day spatial slope, for Greenland sites.

In this review, we will focus on the temperature interpretation of the large isotopic shifts
associated with glacial-interglacial changes and on the detailed recontructions of deglacial
periods. We will examine the complementarity between water isotopes (Fig. 1) and other ap-
proaches such as borehole paleothermometry, changes in the isotopic composition of nitrogen
in the entrapped air bubbles and information derived from difference in firn diffusion of 6D
and 8'30 (Fig. 2). We will also discuss how this information is used for estimating accumula-
tion changes and for ice core dating.
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Fig. 1 Comparison between the initial isotopic records (%o, left axis) and the site temperature (°C, right axis, same
temperature scaling for all records) estimated after correction for sea water isotopic composition and moisture source
correction taking into account deuterium excess data, for EDC and EDML (STENNI et al. 2010), Vostok (VIMEUX et
al. 2001) and Dome F (UEMURA et al. 2004, KawaMURA et al. 2007). The resolution of the Tsite records varies be-
tween 200 years (EDC and EDML), 300 years (DF) and 400 years (Vostok). They have been normalized with respect
to the last millennium and smoothed using a binomial filter to highlight only multi millennial trends. (A) Current
interglacial, and (B) Last interglacial. With this approach, strong increases in deuterium excess during interglacials at
Vostok and DF (not shown here) appear to account for long term interglacial isotopic decreases.
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Fig. 2 Greenland temperature reconstructions with 1 s uncertainty envelope for GISP2 (blue), NGRIP (purple),
NEEM (green), and CCSM3 GCM output (gray) adapted from BUIZERT et al. (2014).

References

Buizerr, C., GKINIS, V., SEVERINGHAUS, J. P., HE, F., LECAVALIER, B. S., KINDLER, P., LEUENBERGER, M., CARLSON,
A. E., VINTHER, B., MASSON-DELMOTTE, V., WHITE, J. W. C., L1U, Z., OTTO-BLIESNER, B., and BrooK, E. J.: Green-
land temperature response to climate forcing during the last deglaciation. Science 345/6201, 1177-1180 (2014)

GKINIS, V.: Water isotope diffusion rates from the NorthGRIP ice core for the last 16000 years: glaciological impli-
cations. Earth Planet. Sci. Lett. 405, 132-141 (2014)

JouzkL, J.: Water stable isotopes: atmospheric composition and applications in ice core studies. In: KEELING, R. F.
(Ed.), and HoLLAND, H. D., and TUREKIAN, K. K. (Exec. Eds.): The Atmosphere. Treatise of Geochemistry. Vol.
5.5.08,214-2562013, 214-256. Amsterdam: Elsevier Ltd. 2014

KawaMURrA, K., PARRENIN, F., Lisiecki, L., UEMURA, R., VIMEUX, F., SEVERINGHAUS, J. P., HUTTERLI, M. A.,
NAKAZAWA, T., Aok, S., JoUZEL, J., RAymo, M. E., MAaTsuMoTO, K., NAKATA, H., MoTOYAMA, H., FUJITA, S.,
GoTto-AzuMA, K., Fui, Y., and WATANABE, O.: Northern Hemisphere forcing of climatic cycles in Antarctica
over the past 360,000 years. Nature 448, 912-915 (2007)

MASSON-DELMOTTE, V., BUIRON, D., EKAYKIN, A., FREZZOTTI, M., GALLEE, H., JOUZEL, J., KRINNER, G., LANDAIS,
A., MoToYAMA, H., OERTER, H., PoL, K., POLLARD, D., RiTz, C., SCHLOSSER, E., SIME, L. C., SODEMANN, H.,
STENNI, B., UEMURA, R., and VIMEUX, F.: A comparison of the present and last interglacial periods in six Antarc-
tic ice cores. Clim. Past 7/2, 397-423; doi:10.5194/cp-7-397-2011 (2011)

PARRENIN, F., MASSON-DELMOTTE, V., KOHLER, P., RAYNAUD, D., PAILLARD, D., SCHWANDER, J., BARBANTE, C.,
LANDAIS, A., WEGNER, A., and JOUZEL, J.: Synchronous change in atmospheric CO, and Antarctic temperature
during the last deglacial warming. Science 339, 1060—-1063; doi:10.1126/science.1226368 (2013)

STENNI, B., MASSON-DELMOTTE, V., SELMO, E., OERTER, H., MEYER, H., ROTHLISBERGER, R., JOUZEL, J., CATTANI,
O., FALOURD, S., FISCHER, H., HOFFMANN, G., IACUMIN, P., JOHNSEN, S. J., MINSTER, B., and UpisTI, R.: The
deuterium excess records of EPICA Dome C and Dronning Maud Land ice cores (East Antarctica). Quat. Sci.
Rev. 29, 146-159 (2010)

Nova Acta Leopoldina NF 727, Nr. 408, 123-126 (2015) 125



Jean Jouzel

UEMURA, R., YosHIDA, N., KUriTA, N., NAKAWO, M., and WATANABE, O.: An observation-based method for re-
constructing ocean surface changes using a 340,000 year deuterium excess record from the Dome Fuji ice core,
Antarctica. Geophys. Res. Lett. 37, L13216; doi:10.1029/2004GL019954 (2004)

VIMEUX, E., MASSON, V., DELAYGUE, G., JOUZEL, J., PETIT, J.-R., and STIEVENARD, M.: A 420,000 year deuterium
excess record from East Antarctica: Information on past changes in the origin of precipitation at Vostok. J. Geo-
phys. Res. 106, 31863-31873 (2001)

Prof. Dr. Jean JOUZEL

Laboratoire des Sciences du Climat
et de I’Environnement

(IPSL, CEA-CNRS-UVSQ, Bt 701)
Point Courrier 129

CEA - Orme des Merisiers

91191 Gif/Yvette, Cedex

France

Phone: +33 169087713

Fax: 433169087716

E-Mail: jean.jouzel @lsce.ipsl.fr

126 Nova Acta Leopoldina NF 721, Nr. 408, 123-126 (2015)



Nova Acta Leopoldina NF /27, Nr. 408, 127-134 (2015)

Using Paleo-Oceanographic Data Synthesis to
Test Ideas about Changes in Atmospheric CO,
Concentrations during Glacial Inception

Karen E. KOHFELD (Burnaby, Canada) and Zanna CHASE (Hobart, Australia)
With 1 Figure

Several hypotheses have been put forth to explain the 80—100 ppm change in atmospher-
ic carbon dioxide concentrations that has occurred consistently on glacial-interglacial time-
scales over the past 800,000 years (SIGMAN et al. 2010). A combination of process-based
modelling and paleo-environmental data from the geological record suggest that while chang-
es in ocean biology have likely played a role as an important feedback mechanism, changes
in marine biology alone cannot explain the full glacial-interglacial change in atmospheric
carbon dioxide concentrations (KOHFELD et al. 2005, KoHFELD and RIDGWELL 2009). This
result points towards an important, triggering role of physical changes in the global ocean as
a main driver of changes in atmospheric carbon dioxide concentrations, in particular during
the earliest part of the glacial cycle.

A number of hypotheses have involved physical mechanisms as the key drivers of glacial
interglacial changes in atmospheric carbon dioxide concentrations including: sea ice expan-
sion (STEPHENS and KEELING 2000, FERRARI et al. 2014), polar surface water stratification
(Francors et al. 1997, SiGMAN et al. 2004), change in the position and intensity of Southern
Hemisphere westerly winds (TOGGWEILER et al. 2006, ANDERSON et al. 2009) and changes
in the degree of deep-ocean mixing leading the deep-ocean stratification (ADKINS et al. 2002,
WATSON and NAVEIRO-GARABATO 2006, ADKINS 2013, DE BoeEr and HoGcG 2014). While
many of the hypotheses focus on changes in physical oceanographic conditions that may have
occurred between the Last Glacial Maximum (hereafter LGM, ~19-23 ka) and the Holocene,
only a few (ADKINS 2013, TIMMERMANN et al. 2014, PEacock et al. 2006, GANOPOLSKI and
BrovkIN 2014) consider the change in environmental conditions during glacial inception.
The CO, record from Antarctic ice cores demonstrates that atmospheric CO, had decreased
by 34—45 ppmv between 80—110 ka, a change that represents 40—55 % of the total glacial-in-
terglacial signal. The goal of this presentation is to consider the implications of the timing of
hypothesized changes in physical processes during glacial inception. In other words, is there
evidence that any of these physical changes occurred early enough in the glacial cycle to en-
hance the uptake of CO, by the world’s oceans during glacial inception?

To understand conditions during glacial inception, we use compilations of sea-surface
temperature (SST) reconstructions, polar planktonic oxygen isotope data, and existing com-
pilations of carbon isotope data from foraminifera (OLIVER et al. 2010) for sites with data that
extend from 130,000 years ago to today. We compiled sea surface temperature data recon-
structed using alkenone (49 sites), Mg/Ca ratios (15 sites), and faunal assemblage reconstruc-
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tions (planktonic foraminifera, diatoms, and radiolarian, 55 sites) from 117 deep-sea cores
distributed between 57°N and 57°S. To gain an understanding of how conditions may have
been changing in the high polar latitudes, we supplemented these SST reconstructions with
oxygen isotope data from planktonic foraminifera from high-latitude sites between 50 and
72°N (15 sites) and between 50 and 68°S (4 sites).

We examine conditions for several time periods during glacial inception that represent dif-
ferent levels of atmospheric CO, changes: Stage 5e (120—130 ka), Stage 5d (100-110 ka),
Stage 5a (80-90 ka), Stage 4 (60—70 ka) and the Marine Isotope Stage 2 (here defined as 18-28
ka). For the sake of comparison we averaged information over 10,000 years for each interval.
‘We compare these data with evidence for changes in sea level (WAELBROECK et al. 2002), orbital
insolation forcing (BERGER and LOUTRE 1991), ice core temperature estimates (JOUZEL et al.
2007), and proxies of sea ice extent (WOLFF et al. 2010). In all cases, we assess the conditions
at Stages 5d, 5a, and 4 by comparing them with the total magnitude of change between Stage Se
and the LGM (Stage 2, 18-28 ka), which we take as indicative of the full glacial signal.

As a first order approximation, averaging the SST changes at all 117 sites suggests tem-
peratures were on the order of 1.5°C cooler during Stage 5d compared with Stage Se, a
change that represents just over 1/3 of the total Stage Se-LGM temperature change. A simple
calculation (using CO2SYS), based on this preliminary estimate of whole-ocean temperature
change, suggests that the effect of temperature on the solubility of CO, could account for on
the order of 18 ppm reduction in atmospheric CO, by Stage 5d. It is worth noting that the
global SST reduction is likely an underestimate because of under-representation of oceanic
regions poleward of 55° latitude. At the same time, SSTs in high-latitude polar regions will
undoubtedly be constrained by freezing temperatures, which could reduce the effect of this
bias on the global temperature change. Using the sea level approximation of WAELBROECK
et al. (2002), we estimate that the effect of ice volume on global salinity had only reached
30 % of its interglacial-glacial total impact, which would have added about 2 ppmv of CO, to
the atmosphere. Combining these two effects results in 16 ppmv reduction, or roughly half
of the total observed 34 ppmv change in atmospheric CO,, by Stage 5d. Release of terrestrial
carbon would offset this figure, and based on the sea-level reconstruction (WAELBROECK et al.
2002) we estimate the decrease in the terrestrial biosphere by Stage 5d to cause an increase in
atmospheric CO, of 4.5 ppmv, or 30 % of the 15 ppmv glacial-interglacial increase in pCO,
driven by terrestrial carbon release (SIGMAN and BoYLE 2000). Thus the combined reduction
in atmospheric CO, attributable to changes in sea-surface temperature, salinity, and the ter-
restrial biosphere is on the order of ~11 ppmv.

In terms of the spatial patterns in cooling, the high latitude and tropical regions did not
cool equally during glacial inception (Fig. 1). Not only did the tropics (40°S and 40°N) cool
less overall during the glacial cycle, the proportion of the total observed cooling during glacial
inception (Stage 5d) was only a small fraction (—0.7 °C, or about 25 %) of the total observed
cooling between Stage Se and the LGM. The same can be said of SSTs reconstructed in the
northern high latitudes (40-57°N), which show a slow response early during glacial inception.
In contrast, cooling in the Southern Hemisphere south of 40°S — as recorded in SSTs and in the
EPICA Dome C ice core — kept pace with CO, reductions. In fact, 50—65 % of the total Stage
5e-LGM cooling had already occurred in the high-latitude Southern Hemisphere by Stage 5d,
when 34 ppmv (41 %) of the glacial-interglacial CO, reduction had occurred (Fig. 1).

Taken alone, the reconstructed temperature response suggests that physical changes in the
Southern Hemisphere preceded the response observed in the Northern Hemisphere. However,
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Change in Surface Temperature, Oxygen Isotopes, and Sea Ice Proxies
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Fig 1 Changes in atmospheric carbon dioxide (black); sea-surface temperatures for 40°S-40°N (yellow), 40-56°N
(light orange), 40-57°S (light blue); EPICA surface temperature (dark blue), EPICA sea salt Sodium (ssNa) as a
proxy for sea ice extent (furquoise), and the 5'*0 of polar planktonic foraminifera from 50—72°N in the North At-
lantic Ocean (red-orange) during Stage 5d (100—110 ka), Stage 5a (80-90 ka), and Stage 4 (60-70 ka). Changes are
expressed as the percent of the total change estimated for each proxy between Stage Se (120—130 ka) and the Last
Glacial Maximum (LGM, here estimated as 18-28 ka).

these estimates of changes in the global average temperature do not include a representation
of SSTs poleward of 56° latitude in both hemispheres. We can supplement existing sea-sur-
face temperature estimates in polar regions using oxygen isotope data from planktonic fo-
raminifera from 15 sites between 50°N and 72°N in the North Atlantic Ocean. After removing
an estimate of ice volume, these records suggest that, on average, oxygen isotope values of
planktonic foraminifera increased by approximately 0.70 %o between Stage Se and Stage
5d, a change that could equate to several degrees of cooling, and represents more than 90 %
of the total Stage 5e-LGM change. Interpreting the 8'%0 of polar planktonic foraminifera is
complicated by influences such as seawater salinity and foraminiferal vital effects (e.g., depth
habitat and season of growth). However, interpreting this regional change as a substantial
decrease in temperature during glacial inception is supported by recent high-resolution faunal
reconstructions from two sites at 55 and 61°N in the North Atlantic (MOKEDDEM et al. 2014),
suggesting that the vast majority of the cooling in the high-latitude North Atlantic had likely
already occurred by Stage 5d, 100,000 years ago.

This evidence for early cooling in the high latitude North Atlantic region could provide
support for the hypothesis of ADKINS (2013), who suggests that early cooling of North Atlan-
tic Deep Water (NADW) in the formation region during glacial inception could serve as the
precursor to the change in the density balance between NADW and Antarctic Bottom Water
(AABW). ADKINS (2013) suggests that when the pre-cooled NADW was upwelled along the
coast of Antarctica, it reduced the melting of land ice and its associated freshwater contribu-
tion to AABW. As a result, a colder, more saline AABW could have been formed, the density
of NADW was decreased relative to the more saline AABW, and deep water stratification was
initiated. Reductions in summer insolation forcing in the Northern Hemisphere precedes that
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of the Southern Hemisphere between Stages Se and 5d (BERGER and LOUTRE 1991), which
would be consistent with a Northern Hemisphere initiation of cooling that is observed in the
planktonic oxygen isotope data and would support this hypothesis.

One potential implication of this hypothesis is that the cooling of North Atlantic SSTs —
and their subsequent influence on the salinity and density of AABW — should lead to the
initiation of deep-ocean stratification that allowed for trapping of carbon dioxide in the deep
ocean, resulting in changes in the distribution of the §'3C of benthic foraminifera. Is this
change observed? Examination of the §'*C data from the Atlantic Ocean (OLIVER et al. 2010)
demonstrates that evidence for substantial AABW expansion does not occur until Stage 4. We
can reach two possible conclusions from this observation: (i) that deep-water stratification
does not occur until Stage 4; or (ii) that deep-water stratification only becomes detectable in
8!3C data when complementary, surface water productivity changes amplify the deep water
signal in the South Atlantic through nutrient trapping.

Combining evidence from multiple proxies may be useful in resolving this question. In-
terpreting 8'*C purely as a water mass tracer is complicated by the effects of air-sea gas
exchange, productivity, and sea-ice on C isotope fractionation. In contrast, Nd isotope ratios
in seawater are minimally affected by mass-dependent fractionation, and are therefore almost
conservative, with the potential to serve as robust circulation tracer (FRIEDRICH et al. 2014).
We are aware of only two Nd isotope studies covering the first half of the last glaciation. By
measuring benthic oxygen isotopes, C isotopes and Nd isotopes in the same South Atlantic
core (4981 m water depth), PloTROWSKY et al. (2004) demonstrate a clear sequence of events
at the stage 5/4 transition. They find ice-sheet growth and deep water cooling happens first (as
shown by benthic 5'80), followed by a large decrease in benthic §'3C, which is then followed
by a shift in Nd isotopes. These records strongly suggest the decrease in 5'°C observed in this
core, and indeed in the larger compilation (OLIVER et al. 2010), is driven by non-circulatory
effects related to reorganization of the carbon cycle. The change in thermohaline circulation,
as recorded by Nd isotopes, clearly occurs after the change in the carbon cycle, at around the
start of Stage 4. Similarly, BOHM et al. (2014) show, using 2*!Pa/***Th ratios and Nd isotope
ratios, that the AMOC operated in the ‘warm’, or ‘on” mode throughout much of the last gla-
cial cycle, with the influence of NADW at Bermuda Rise beginning to decrease only around
50 ka, and reaching a minimum at the peak of the last glacial period. More records of Nd
isotope composition at the 5/4 transition are needed to verify this conclusion, but together the
Nd and 8"3C data suggest that the initial cooling of the NADW was not sufficient to invoke
the change in deep water density structure implied by Adkins’ hypothesis by Stage 5d, and
that deep water stratification only begins to play a significant role in reducing atmospheric
CO, during Stage 4.

In this case, other mechanisms are needed to explain the ~22 ppm decrease in CO, up to
Stage 4 not explained by temperature, salinity, and terrestrial carbon. What do the data sug-
gest together? SST records south of 40°S, along with EPICA Dome C surface temperature
and non-sea-salt Calcium data (indicative of sea-ice extent) (WOLEF et al. 2010), all suggest
that the Southern Hemisphere temperature and sea ice responses kept pace with changes in
Southern Hemisphere summer insolation changes at 60°S (Fig. 1). Furthermore, temperature
reconstructions suggest that meridional temperature gradients were enhanced during Stage
5d relative to Stage 5e, consistent with insolation forced modelling simulations of glacial
inception (TIMMERMANN et al. 2014). According to these simulations, stronger meridional
temperature gradients led to stronger westerly winds, which would not support westerly wind
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weakening as a dominant mechanism during Stage 5d. Southern Hemisphere sea-ice extent
had already increased considerably by the end of Stage 5d (~60 % of the total Stage 5e-LGM
change), and therefore may have contributed to reduction of atmospheric CO, by reducing
air-sea gas exchange (STEPHENS and KEELING 2000). Another possibility is that polar surface
stratification may have been initiated at this time, either in response to decreased salinity,
and/or due to the “equation of state” mechanism, where seawater density is less sensitive to
temperature, and more sensitive to salinity, and low temperatures (SIGMAN et al. 2010). The
few Southern Hemisphere sites poleward of 50°S used in this study suggest little or no change
in the 3'80 planktonic foraminifera. Once ice volume effects are accounted for, the average
change is actually slightly negative. This could be a result of no observed temperature change,
or temperature decreases that are coupled with changes in the §'30 of sea water (which could
result from freshwater inputs). With only four data points it is difficult to interpret this infor-
mation as a regionally extensive signal. However, evidence for expanded sea ice (WOLFF et
al. 2010) and reduced opal fluxes (JACCARD et al. 2013) could provide indirect support for en-
hanced surface water stratification. In sum, although the existing data are somewhat indirect
and inconclusive, there is some evidence pointing to the expansion of sea ice cover and the
initiation of surface water stratification in the Southern Hemisphere as dominant contributors
to CO, drawdown early in the glacial inception during Stage 5d.

Another interesting characteristic of the SST data presented here is that spatially, the
maximum cooling is found in the Subantarctic Zone already during Stage 5d. In previous data
syntheses, this maximum cooling was found to be coincident with large changes in biogenic
export production during the LGM (KOHFELD et al. 2013). These authors proposed that the
strong coincidence of the zone of maximum cooling and biological productivity suggested
that productivity changes were linked to physical circulation changes. In contrast, recent work
(Jaccarp et al. 2013, MARTINEZ-GARCIA et al. 2014) has suggested that the productivity re-
sponse that is observed in the Subantarctic zone is probably driven by iron fertilization. The
region-wide SST reconstruction in this study demonstrates that a large fraction of the cooling
of the Subantarctic Zone had already occurred prior to any evidence for large productivity
increases in the Subantarctic Zone. Thus, regardless of the source of the iron reaching the
Subantarctic zone, this combined evidence supports the idea that biogeochemical (Fe) rather
than physical conditions drove increases in the Subantarctic Zone productivity after Stage Sa.

In summary, this study uses a new compilation of SST reconstruction from 117 deep-sea
cores, polar planktonic oxygen isotope data from 19 high-latitude sites, existing compila-
tions of carbon isotope data from foraminifera (OLIVER et al. 2010), for sites with data from
130,000 years ago to today, to assess changes in physical oceanographic conditions during
glacial inception. When combined with proxies of surface temperature and sea-ice extent
from the EPICA Dome C ice core (JOUZEL et al. 2007, WOLFF et al. 2010), this analysis
reveals several interesting points. First, surface temperature reconstructions all suggest that
substantial cooling had already begun in both the northern and southern high-latitudes be-
tween Stage Se and Stage 5d, 130-100 ka, while low-latitude temperatures had not changed
substantially. The largest fraction of the total glacial-interglacial temperature change is ob-
served in the high-latitude North Atlantic Ocean, as evidenced from oxygen isotope records
from polar planktonic foraminifera. This cooling, coupled with estimated changes in ocean
salinity and the terrestrial biosphere, likely result in a ~11 ppmv reduction in CO, by Stage
5d. Second, while the large temperature changes reconstructed for the high-latitude North
Atlantic provide support for a North Hemisphere trigger for deep-ocean circulation changes
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that led to deep-ocean stratification during Stage 5d, evidence for deep-ocean stratification is
not strongly detectable either the in the 5'*C of benthic foraminifera or the existing Nd isotope
data from deep-sea cores. This could suggest that other physical mechanisms (such as sea-ice
expansion and surface water stratification) play an early role in reducing atmospheric CO,
prior to Stage 5d, with deep-ocean stratification playing a larger role at the onset of Stage 4.
Finally, the juxtaposition of substantial (~2 °C) cooling prior to the onset large increases in
productivity in the Subantarctic Zone support previous assertions that biogeochemical rather
than physical changes are responsible for the increases in Subantarctic productivity, which
likely contributed to changes in atmospheric carbon dioxide after Stage 4.
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High Latitude Impacts on Deglacial CO,:
Southern Ocean Westerly Winds and
Northern Hemisphere Permafrost Thawing

Peter KOHLER, Christoph VOLKER, Gregor KNORR (Bremerhaven), and
Edouard BARD (Aix-en-Provence, France )

With 2 Figures

Climate in the high latitudes changed massively during the last deglaciation. Temperature
rose due to the polar amplification more than twice as much as in the global mean leading
predominately to the shrinking of various parts of the cryosphere: decline of northern hem-
ispheric (NH) land ice sheets and permafrost thawing, and a reduction in sea ice extent in
both hemispheres. It is thus a rather natural choice to also analyse how changes in these polar
regions might influence the global carbon cycle and atmospheric CO,. Here we use carbon cy-
cle models to analyse two examples of the impact of high latitude climate change on deglacial
CO,: (i) changes in the position of the westerly winds in the Southern Ocean during the Last
Glacial Maximum (LGM) (based on VOLKER and KOHLER 2013); (if) Northern Hemisphere
permafrost thawing at the onset of the Bglling/Allergd (B/A) around 14.6 ka ago (based on
KOHLER et al. 2014).

1. Southern Ocean Westerly Winds

The synchronicity of changes in atmospheric CO, and Antarctic temperature found in ice
cores (e.g. PARRENIN et al. 2013) has led to hypotheses which suggest Southern Ocean pro-
cesses as causes for a dominant part of the observed deglacial rise in atmospheric CO,. ToGG-
WEILER et al. (2006) e.g. proposed that changes in the Southern Hemispheric (SH) belt of
westerly winds are the cause for a dominant part of the observed deglacial CO, rise. The rea-
soning of TOGGWEILER et al. (2006) is that nowadays Southern Hemispheric westerly winds
lead to the upwelling of carbon-rich waters via a northward Ekman transport. If this wester-
ly-induced upwelling is reduced (either by a northward shift or a reducing of the strength of
the westerlies), less carbon-rich water is brought to the surface. As a consequence, net oceanic
carbon uptake would drag CO, from the atmosphere to the surface of the Southern Ocean,
where it would finally be transported to the abyss with deep waters formed around Antarctica.
TOGGWEILER et al. (2006) argued about latitudinal shifts in the wind belt (equatorward during
colder climates) while they performed simulation scenarios in which the strength, not the po-
sition of the SH westerly winds, was modified under the assumption that the effect of both on
atmospheric CO, might be similar. In VOLKER and KOHLER (2013) we provided a sensitivity
test of the westerly wind hypothesis in which various shortcomings of the original study or
its successors (MENVIEL et al. 2008, TscHuMI et al. 2008, D’ORGEVILLE et al. 2010, LEE et
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al. 2011) are overcome: We used a (i) full ocean general circulation model (the MITgcm) (i)
including a fully prognostic sea ice model and applied (iii) LGM background conditions us-
ing (iv) a realistic bathymetry. In doing so, the potential role of the different carbon pumps on
atmospheric CO, can be elucidated. In detail, we shifted the Southern Ocean westerly winds
both southward and northward by up to 10°.

We find (Fig. 1) that a southward (northward) shift in the westerly winds leads to an inten-
sification (weakening) of no more than 10 % of the Atlantic meridional overturning circulation
(AMOOQC). This response of the ocean physics to shifting winds agrees with other studies start-
ing from preindustrial background climate, but the responsible processes are different. In our
setup, changes in AMOC seemed to be more pulled by upwelling in the south than pushed by
buoyancy changes and subsequent downwelling in the north, opposite to what previous stud-
ies with different background climate are suggesting. The net effects of the changes in ocean
circulation lead to a rise in atmospheric pCO, of less than 10 patm for both northward and
southward shift in the winds. For northward shifted winds the zone of upwelling of carbon- and
nutrient-rich waters in the Southern Ocean is expanded, leading to more CO, outgassing to the
atmosphere but also to an enhanced biological pump in the subpolar region. For southward
shifted winds the upwelling region contracts around Antarctica, leading to less nutrient export
northward and thus a weakening of the biological pump. These model results do not support
the idea that shifts in the westerly wind belt play a dominant role in coupling atmospheric CO,
rise and Antarctic temperature during deglaciation suggested by the ice core data.

70°8g00550°S4(0g30°S 0° 60°N 70°8600g50°S4(0g30°S 0° 60°N
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Fig. 1 Conceptual view of how changes in the SH winds influence the ocean circulation and the carbon cycle (after
VOLKER and KOGHLER 2013). Impact of Southern Ocean westerly winds shifted (left) 10°S, and (right) 10°N as func-
tion of latitude. (Middle) Condensed changes in the carbon cycle comparing the LGM simulations. Strength of the
biological pump (green) and of the gas exchange (blue) depict how carbon varies between atmosphere, surface, and
deep ocean. ACC: Antarctic Circumpolar Current, ET: Ekman transport, and AL: Agulhas leakage.

According to our results, the impact of changes in the SH westerlies on ocean circulation and
on atmospheric CO, during the deglaciation might have been as follows: Independent esti-
mates (KOHFELD et al. 2013) suggest that the SH westerly wind belt was probably shifted to
the north by no more than 5° in the LGM. In the atmospheric forcing of our LGM simulation
the maximum in zonal wind stress was already shifted north by 4°. We, therefore, argue that
starting from our LGM reference simulation, a southward shift of the westerly winds by 5°
is the closest analogue to what might have happened in the past during termination I. These
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changes in the SH winds probably evolved slowly over the whole deglaciation, not abrupt in
a short time window of a few centuries. It might thus explain only a small part of less than
10 % of the deglacial AMOC enhancement and a rise in atmospheric CO, by 7 patm. Thus,
it becomes clear that SH westerly wind belt variation was not the dominant process which
tightly couples atmospheric CO, and high-latitude SH temperature during terminations or
even over whole glacial cycles.

2. Northern Hemisphere Permafrost Thawing

One of the most abrupt and yet unexplained past rises in atmospheric CO, (10 ppmv in two
centuries in the EPICA Dome C [EDC] ice core) occurred in quasi-synchrony with abrupt
northern hemispheric warming into the Bglling/Allergd, about 14.6 ka ago. In KOHLER et
al. (2014) we used a U/Th-dated record of atmospheric A'*C from Tahiti corals to provide
an independent and precise age control for this CO, rise. We also used model simulations to
show that the release of old (nearly '“C-free) carbon can explain these changes in CO, and
A™C. The A™C record provides an independent constraint on the amount of carbon released
(125 PgC). We suggest, in line with observations of atmospheric CH, and terrigenous bio-
markers, that thawing permafrost in high northern latitudes could have been the source of
carbon, possibly with contribution from flooding of the Siberian continental shelf during
meltwater pulse 1A. Our findings highlight the potential of the permafrost carbon reservoir
to modulate abrupt climate changes via greenhouse-gas feedbacks. These calculations and
conclusions were challenged by the new CO, data (MARCOTT et al. 2014) from the West
Antarctic Ice Sheet Divide Ice Core (WDC), which have a higher temporal resolution. We
therefore revised our carbon release experiments (Fig. 2) in order to meet these new WDC
CO, data. We furthermore used a new age distribution during gas enclosure in ice which in-
cludes the most recent understanding of firn densification. We then can align EDC and WDC
CO, data and propose a peak amplitude in atmospheric CO, of about 15 ppmyv around 14.6
ka BP corresponding to a C pulse of 85 PgC released in 200 years (0.425 PgC per year). This
is 68 % of the initial suggested strength of the C pulse of 125 PgC, that then led to a peak
amplitude in true atmospheric CO, of 22 ppmv. CO, data from other ice cores suggest that
the amplitude in atmospheric CO, was in-between both these scenarios. The revised scenario
proposes a carbon release that is still large enough to explain the atmospheric A*C anomaly
of —(50-60) %o in 200-250 years derived from Tahiti corals. However, in the revised scenar-
io the released carbon needs to be essentially free of '4C, while in the previously suggested
scenario there was still the possibility that the released carbon still contained some '*C and
had a difference in the A*C signature to the atmosphere A(A'*C) of —700 %o. The previous
scenario, therefore, contained a larger possibility that the released carbon might eventually
been released from the deep ocean. The revised interpretation proposed here strengthens the
idea that the carbon was released from permafrost thawing, since this had more likely a nearly
YC-free signature than any other known source. We therefore conclude, that the new WDC
CO, data are not in conflict with our permafrost thawing hypothesis, but indicate only that the
magnitude of the released carbon might have been smaller than initially suggested.

Nova Acta Leopoldina NF 721, Nr. 408, 135140 (2015) 137



Peter Kohler, Christoph Volker, Gregor Knorr, and Edouard Bard

A : B
125 PgC in 200 yrs 30 085 PgC in 200 yr 30
= o55 |t —— atmosphere | === En—o 35—030y (WDC)
e === E,10=400yr (EDC) 1 25 ===~ E,=050=150y (EDC) 125
Q. o50 | | — atmosphere
= 20 . {120 =
245 | g_
@) 15 ¢ 115 &
O 240 | N =
.0 10 ¥éi 10 E)a
S
235 |
2 b 5 5 O
% 230 | o WDG-3ppmv 4
o Taylor Dome | 0 Taylor Dome | 0
§ 225 e EDC@AICC2012  © Siple Dome Mo EDC@A|CC§012 o Siple Dome
© 220 L] EDC@Parrepin ° Byrd ‘ L] EDC@Parrer"un N Byrd ‘
-04 -02 00 02 04 06 -04 -02 00 02 04 06
Time (kyr) Time (kyr)
C
. . . 125 PgC in 200 yr, AMOC weak
— | a0 simulated
\8 280 N |||| 40 ---- simulated-0.04%, per yr
T g0 L “'l|||:"’h {20 — simulated-0.10%, per yr
o
vo 240 1o O\O 085 PgC in 200 yr, AMOC weak
'_<] s, S— e simulated
| i o~ ---- simulated-0.04%,, per yr
% 220 20 §_ro —— simulated-0.10%,, per yr
< 200 | -40 g], Tahiti-based A'C
] (@] raw data
CE> 180 ¢ -60 = |inear approximation
= 160 | -80 O nonlinear approximation
' ' g ' IntCal13
150 148 146 144 142 140 Tt
Time (kyr BP)

Fig. 2 Simulated atmospheric CO, and A'*C anomalies around 14.6 ka BP following the idea of NH permafrost
thawing (KOHLER et al. 2014). True atmospheric CO, as simulated by either a carbon release of (A) 125 PgC or (B)
85 PgC. Signal filtered with the log-normal function with a mean width E of (A) 400 years to mimic gas enclosure in
EDC or by (B) 30 and 150 years to mimic gas enclosure in WDC or EDC, respectively, following the newly proposed
age distribution characteristics of the OSU firn densification model (MITCHELL et al. 2013, MARCOTT et al. 2014).
Shape of the log-normal filter function is determined by the parameter ¢ given in the subscript to E with ¢ = 1.0 be-
ing the previous standard choice leading to a long-tailed filter function, while new evidences point to a more narrow
age distribution, thus to 6<1.0 (A): Ice core CO, data (+1SD) from EDC (ScHMITT et al. 2012, MONNIN et al. 2001,
LouraNToOU et al. 2010) on two different chronologies (PARRENIN et al. 2013, VEREs et al. 2013) AICC2012 and
PARRENIN, Taylor Dome on revised age model (SMITH et al. 1999, AHN et al. 2004), Siple Dome (AHN et al. 2004),
Byrd on age model GICCO5 (NEFTEL et al. 1988, PEDRO et al. 2012). (B): Additionally to CO, data in (A) the new
WDC CO, data (MARCOTT et al. 2014) are plotted as individual data points and as 3-point-running mean (blue line),
both shifted by —3 ppmv. All CO, time series in (A, B) are shifted to have the beginning of the abrupt CO, rise att =0
ka. (C): Impacts of both scenarios of a carbon release event around 14.6 ka BP on atmospheric A'*C, including tran-
sient background anomalies and compared with the Tahiti-based A*C signal (start and stop of A'*C anomaly given
by bold black circles, mean+1SD) derived in KGHLER et al. (2014) from the data published in DURAND et al. (2013)
(magenta circles, mean+1SD) and how this disagrees with the IntCall3 stack (REIMER et al. 2013).
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Abrupt Climate Change Experiments:
The Bglling/Allergd Transition

Gerrit LOHMANN, Xu ZHANG, and Gregor KNORR (Bremerhaven)
With 3 Figures

1. Introduction

Within glacial periods, and especially well documented during the last one, there are dramatic
climate transitions, including high latitude temperature changes approaching the same mag-
nitude as the glacial cycle itself with world-wide teleconnections, recorded in archives from
the polar ice caps, high to middle latitude marine sediments, lake sediments, and continental
loess sections (e.g. BENDER et al. 1999). FLouN (1986) proposed as a concept of abrupt
climate change to include both singular events and catastrophes such as extreme El Nifios,
as well as discontinuities in paleoclimate indices. One hypothesis for explaining deglacial as
well as Dansgaard-Oeschger climatic transitions is that the Atlantic meridional overturning
circulation (AMOC) flips between different modes, with warm intervals reflecting periods of
strong deep water formation in the northern North Atlantic and vice versa (GANOPOLSKI and
RAHMSTORF 2001). As an alternative approach, one can estimate the underlying dynamics
with its bifurcation directly from data (KwasNIOK and LoHMANN 2009). Several hypotheses
of the ocean dynamics during the terminations are discussed (in the following sections 2-5),
including the effect of global warming (sections 2, 4, 5), freshwater history (sections 2, 3,
5), ice sheet height (section 4), and orbital forcing (section 5). For section 2 we use an ocean
general circulation model (OGCM) coupled to an energy balance of the atmosphere. For sec-
tions 3-5, we apply the Earth system model COSMOS consisting of an AOGCM including
interactive vegetation for the glacial dynamics.

2. Deglacial Warming Induces an Abrupt AMOC Transition

The question is what causes the abrupt warming at the onset of the Bglling as seen in the
Greenland ice cores. There is a clear antiphasing seen in the deglaciation interval between
20 and 10 ka ago: During the first half of this period, Antarctica steadily warmed, but little
change occurred in Greenland. Then, at the time when Greenland’s climate underwent an
abrupt warming, the warming in Antarctica stopped. KNORR and LOHMANN (2007) describe
how global warming (which may be induced by greenhouse gases and feedbacks) can induce
a rapid intensification of the ocean circulation (Fig. 14, B). The basic mechanism is related to
arelease of convectively unstable warm subsurface water in the northern North Atlantic. Sub-
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sequently, a sudden increase of the northward heat transport draws more heat from the south,
and leads to a strong warming in the north. This ‘heat piracy’ from the South Atlantic has
been formulated by CROWLEY (1992). A logical consequence of this heat piracy is the Ant-
arctic Cold Reversal (ACR) during the Northern Hemisphere warm Bglling/Allergd. Figure
1C shows that an abrupt onset of the AMOC is triggered by a continuous global background
warming during the deglaciation with a typical hysteresis behaviour.

Figure 1C, D emphasizes the combined effect of hosing and AMOC strengthening due to
global warming. The hosing provides only a second-order effect, only affecting the timing
of the transition. In MWPI, the release of the MPW-1A to the North Atlantic retards the
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Fig. 1 Temporal changes in the global background climate and AMOC. The background climate conditions are lin-
early interpolated between glacial and modern conditions. All experiments start from the glacial equilibrium and the
gradual warming is stopped after 7000 model years (A). (B) The green curve (B1) represents the experiment without
any deglacial freshwater pulses. Experiments B2 (yellow curve), B3 (red curve), and B3 (green curve), exhibit differ-
ent successions of deglacial meltwater pulse scenarios to the North Atlantic. The beginning of the respective fresh-
water perturbations is indicated by the blue arrows. (C) Hysteresis diagram based on B1. (D, E) Temporal signature
of the different meltwater scenarios (see text in section 2). Panels (A), (B), (C) are from KNORR and LOHMANN 2007.
Model is of intermediate complexity: LSG-EBM (PRANGE et al. 2003, KNORR and LOoHMANN 2003).
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abrupt AMOC amplification by about one decade, but does not inhibit the amplification of
the AMOC. The rising freshwater flux of MWP-1A causes a drop back to the “off-mode”
simultaneously to the maximum meltwater magnitude. The AMOC remains stalled until the
warming proceeds to more than 50 % of the total termination 1 warming at 7500 years. In
experiment MWP2 the MWP-1A is released 1000 years later than in MWP1, and the AMOC
is also suppressed to the “off-mode”, and the recovery to an interstadial AMOC occurs 500
years after the cessation of MWP-1A within a century. The application of MWP-1A in the
Weddel Sea results in a slight increase of the NADW export in experiment MWP3. The di-
vision of the meltwater inflow to both, the North Atlantic and the Weddel Sea in MWP4 also
ceases NADW export to the South Atlantic for about 1000 years with a minimal retarded
model response compared to MWP2. The application of a weaker meltwater pulse than in
MWP4 temporarily reduces, but does not shut-down the AMOC in MWPS5.

3. Northern and Southern Hosing and Overshoot in the AMOC

A quite different concept is that deglacial meltwater may induce a Northern Hemisphere
warming after the meltwater has stopped. A freshwater hosing of 0.2 Sv (1 Sv = 10° m?¥/s) has
been applied for 150 years in the North Atlantic (NA) in the Ice-Rafted Debris (IRD) belt in
the North Atlantic Ocean (40°N-55°N) or in Southern Ocean (SO) in the region (52°-62°S,
40°W-62°W), respectively (Fig. 2). The NA hosing experiment indicate an AMOC reduc-
tion, but the following recovery stages after 250 years exhibit a clear overshoot (Fig. 2A4). One
can subdivide the underlying dynamics of the overall recovery into two stages: one directly
following the end of the freshwater perturbation that describes the initial resumption and a
superposed phase that coincides with the AMOC overshoot dynamics (GONG et al. 2013,
ZHANG et al. 2013). The deep water formation in the South Labrador Sea reduces to 47
Sv, and a shutdown of deep water formation in the GIN Sea is diagnosed. Subsequently, an
instant restart of deep water formation in the South Labrador Sea is triggered, whereas the
restart in the GIN Sea occurs 30 years later. The corresponding trigger mechanism is related
to a modified salinity stratification and subsurface warming that quickly build up during the
freshwater perturbation. The surface anomaly in surface temperature is shown in Figure 2B.
The SO hosing provides almost no change in AMOC (Fig. 2A), and the surface temperature
signature shows only a minor cooling after 150 years in the North Atlantic (not shown).
RocCHE et al. (2010) explored the impact of freshwater pulses with respect to different geo-
graphical locations. L1u et al. (2009) showed in their experiments covering the deglaciation
that a Bglling-type overshoot can be obtained when the freshwater hosing history has been
prescribed in such a way that the reconstructed temperatures and AMOC are resembled.

4. Influence of CO, and Northern Hemisphere Ice Sheet Height

During times when the ice sheets were at intermediate ice-sheet volume, large millennial-scale
warmings are accompanied by increases in atmospheric carbon dioxide with a global-scale
impact (SCHULZ et al. 1999). Here, we show the role of CO, changes on AMOC during times
of intermediate glacial ice volume (ZHANG et al. 2014). A transient simulation in which we lin-
early increase atmospheric CO, concentration from 185 to 205 ppm within 500 years, under an
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Fig. 2 (A) AMOC response to freshwater hosing of 0.2 Sv in the North Atlantic Ocean (NA) or in Southern Ocean
(SO), respectively. The NA hosing experiment indicate an AMOC reduction, but the following recovery stages after
250 years exhibit a clear overshoot (B). (C) Transient CO, forcing and AMOC response. Bold lines show the 30-year
running mean of the original data (grey lines). The vertical purple, blue and red dotted lines represent the starting
points for the transient simulations, abrupt AMOC transitions and cooling in the Southern Hemisphere, respectively.
Negative model years indicate the control simulation of a glacial state, but with 40 % Northern Hemisphere ice sheet
height which is close to the height threshold. (D) Surface temperature anomaly between year 600—700 (warming)
and 300-400 (cooling) of panel (C). Model: Fully coupled AOGCM COSMOS in T31 resolution (References in
ZHANG et al. 2013). Panels (C), (D) are from ZHANG et al. 2014.

intermediate ice sheet height (40 % of the Last Glacial Maximum ice-sheet level), indicates an
abrupt onset of AMOC (Fig. 2C) and thus surface temperature in the North Atlantic (Fig. 2D).
The surface temperature in Figure 2D is shown as anomaly between the model year 600—700
(warming) and 300—400 (cooling) in this simulation (Fig. 2C). The response can be understood
in terms of a transition in a bistable system with respect to the ice sheet height (ZHANG et al.
2014). The ice sheet height seems to be an important background parameter for multiple equi-
libria of the AMOC and millennial variability at intermediate ice-sheet height. For the termina-
tion, it is most likely a second-order effect since the lowered ice sheet will weaken the AMOC.
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5. Influence of Southern Hosing, CO,, and Orbital Forcing

Additional hypotheses related to Southern Hemisphere hosing from the Antarctic Ice Sheet
(AIS) and warming are tested for deglaciation. Freshwater enters into the Southern Ocean
where freshwater input at 21-14 ka before present (ka in the following) is linearly scaled by
the reconstructed IBRD flux (WEBER et al. 2014). To determine the effect of different fresh-
water sources, three transient freshwater forcing experiments were conducted under glacial
background conditions (DG1, 2, 3). Freshwater flux is added to the coastal areas of East AIS
(0°-180°E) and West AIS (120°W-60°W). In DG, the forcing is assumed to originate from
the East AIS. In DG2, East (West) AIS forcing is used for the period 21-15 ka (15-14 ka).
DG3 assumes East AIS forcing at 21-16 ka and West AIS forcing at 16—14 ka. Two other ex-
periments (DG2C and DG2CO) were conducted to examine the effect of CO, (DG2C) as well
as a combination of CO, and orbital forcing (DG2CO) on AMOC and surface temperature
(Fig. 3). DG2C and DG2CO show almost the same signature in time and space indicating that
the CO, effect is stronger than the effect by insolation. Figure 3D, E shows the surface tem-
perature anomaly between 14.7—14.6 ka (warming in the north, Figure 3A) and 15.55-15.4 ka
(cooling in the north, Fig. 3A4) in simulations DG2 and DG2CO, respectively.
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Fig. 3 (A, B, C) Temperature and AMOC response to external forcing. The freshwater is determined by assuming that
50 % of the maximum sea level rates during MWPIA (40 mm/year) originated from Antarctica. The corresponding
peak freshwater forcing around Antarctica reaches values of 0.23 Sv (WEBER et al. 2014). DG1: the freshwater forc-
ing is assumed to originate from the East AIS. DG2: East (West) AIS forcing is used for the period 21-15 ka (15-14
ka). DG3: East AIS forcing at 21-16 ka and West AIS forcing at 16—14 ka. In DG2C, varied CO, concentrations
were prescribed for the period 1814 ka. Orbital forcing covering the period from 17-14 ka were additionally used
in DG2CO. (D, E) shows the surface temperature anomaly between 14.7-14.6 ka and 15.55-15.4 ka in simulations
DG2 (D) and DG2CO (E). Model: Fully coupled AOGCM COSMOS in T31 resolution.
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Figure 3C indicates an AMOC increase for all of the scenarios prior to 14.7~14.6 ka which we
may call the Bglling transition. It can be shown that cooling over Antarctic (Fig. 3B) strongly
depends on the timing of freshwater injection (during 14.7—14.6 ka) when there is a strong
meltwater pulse. This SO meltwater pulse will cease the AMOC strength after a delay when
the freshwater signal transports to the North Atlantic. Thus, the warming over Greenland dur-
ing 14.7-14.6 ka is not related to the contemporary SO meltwater pulse, but to the absence
of SO freshwater forcing prior to this time. It is worth noting that these runs were accelerated
by factor of 5, implying the simulated warming in our runs may not directly represent the real
Bglling warming.

Location shifts of freshwater injection around Antarctic can explain the warming along
the west coast of Antarctic in Figure 3D, E. For the water around Antarctica, WEBER et al.
(2014) found a more pronounced halocline during periods of strong freshwater forcing as the
main cause for the subsurface warming in the Southern Ocean during deglaciation. Such sub-
surface warming may have induced instabilities in the coupled atmosphere-ocean-ice system
which could be important for ice-shelf instabilities and shall be investigated in the future.

6. General Conclusions

The forcing and feedback mechanisms during the termination have not fully been explored.
More model experiments yield more complex views, which are sometimes even contradic-
tory. Robust features seem to be: Global warming induces stronger AMOC, Northern Hem-
isphere freshwater hosing weakens AMOC with a potential temperature and AMOC over-
shoot, Southern Hemisphere hosing shows a moderate weakening of AMOC after a delay
of the order of 100 years, higher Northern Hemisphere ice sheet height produces stronger
AMOC. These principle features shall be tested for different model with different levels of
complexity. It is important to explore the phase space of abrupt climate changes like the de-
glaciation, and to explore the separation between first and second order effects (LOHMANN
2014). This is also important to understand past warm climate states where models show a
mismatch with the data, e.g. for the Holocene (LOHMANN et al. 2013, Liu et al. 2014) or the
Pliocene (SALZMANN et al. 2013). This indicates that at least some underlying assumptions
might need to be revisited, reflecting phase three of KUHN’s (1962) theory of scientific de-
velopment.
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Abrupt Changes in the Global Carbon Cycle
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Two long-standing questions in carbon cycle dynamics are what caused the glacial-to-inter-
glacial rise in atmospheric carbon dioxide (CO,) and the millennial scale variations during
Marine Isotope Stage 3 (MIS 3). The enduring paradigm is that the underlying processes
are related to the Southern Ocean, and operate at millennial (or longer) timescales, which is
largely based on the strong covariance of CO, with Antarctic temperature. We present a CO,
record spanning the last glacial and deglacial periods from the West Antarctic Ice Sheet Di-
vide ice core (WDC), which has a sampling resolution of 25-150 years. Our work provides
new evidence that a centennial scale component of atmospheric CO, variability exists during
both the CO, rise of the last termination, and the more rapid oscillations of MIS 3.

CO, varied in three distinct modes (MONNIN et al. 2001, MARCOTT et al. 2014) during the
last termination: a relatively gradual mode on the order of 10 ppm per millennia, a relatively
rapid mode of approximately 10—15 ppm per century, and a stable mode where CO, did not
change for 1-2 ka. The rapid increases in CO, were also accompanied by rapid 50-200 ppb
increases/decreases in CH,, potentially linking the changes to a common causal mechanism,
such as the rate of Atlantic meridional overturning circulation (AMOC). During MIS 3 sim-
ilar centennial and millennial changes occur in CO, as recorded at WDC, complimenting
existing datasets from other sites around Antarctica (INDERMUHLE et al. 2000, LOULERGUE et
al. 2007, AHN and BrRoOK 2008, AHN et al. 2012, BEREITER et al. 2012), but recorded at much
higher temporal resolution. Notably, the rapid changes in both CO, and CH, observed during
Heinrich stadial (HS) 1 of the last deglacial also occur during HS 4 and 5, but are seemingly
absent in the other HS’s, thus complicating a simple AMOC or ice rafting episode connection.
During the slower, millennial scale CO, changes of MIS 3, we also find that the relative peak
CO, values tend to lag nearly all of the Antarctic isotope maxima (AIM) events by approxi-
mately 300—600 years, and that the canonical “A” type structure of the CO, changes in MIS
3 is not faithfully reproduced at WDC. Many of the signals appear more saw-toothed in form.
This is likely due to the comparatively higher accumulation and minimal smooth at WDC
compared to previous reconstructions.

What is clear from our new WDC data is that natural CO, can change very rapidly
(~10 ppm in 100-200 years), which is not fully captured by existing Earth System models.

1 Department of Geoscience, University of Wisconsin-Madison, 1215 W Dayton St., Madison, WI, USA.
2 College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, 104 COAS Admin. Build., Corval-
lis, OR, USA.
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Our understanding of how atmospheric CO, behaves under natural forcings therefore needs
refining. What is less clear is the suite of mechanisms that initiate and modulate these changes
over the last 70 ka. It is tempting to explore links to AMOC, given the observations from the
last termination and some HSs of MIS 3 where both CO, and CH, rapidly change at times
when AMOC is also changing. In other instances, this simple relationship breaks down or is
obscured by other processes that influence the carbon cycle. Our talk will highlight our new
data and provide potential hypothesis for our new observations.
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Iron Fertilization of the Subantarctic Ocean
during the Last Ice Age

Alfredo MARTINEZ-GARCiA,! Daniel M. SIGMAN,? Haojia REN,?
Robert F. ANDERSON,* Marietta STRAUB,' David A. HODELL,’
Samuel L. JAccARD,® Timothy 1. EGLINTON, and Gerald H. HauG ML!

With 2 Figures

The concentration of major inorganic nutrients nitrate and phosphate is perennially high in
one quarter of the surface ocean. However, despite this excess of macronutrients, iron avail-
ability limits phytoplankton growth in the Southern Ocean, the equatorial Pacific and the
subarctic North Pacific. The Southern Ocean is the largest of these high-nutrient low-chloro-
phyll (HNLC) regions and therefore represents the area of the ocean where variations in iron
availability can have the largest impact on Earth’s carbon cycle through its fertilizing effect
on marine ecosystems.

Combining his discovery of iron limitation in the modern Southern Ocean, and the first
observations of increased glacial dust deposition recorded in Antarctic ice cores, John H.
MARTIN proposed the “iron hypothesis™: that iron fertilization of the ice age Southern Ocean
caused an increase in productivity, which increased the rain of organic carbon into isolated
deep waters and thus contributed to the reduction in atmospheric CO, observed during ice
ages (MARTIN 1990).

Paleoceanographic records from the Subantarctic Atlantic have revealed a remarkable
correlation between phytoplankton productivity and aeolian iron flux (KUMAR et al. 1995,
MARTINEZ-GARCIA et al. 2009) supporting the iron hypothesis. In the context of the observed
coupling between higher dust flux, and increased Subantarctic productivity, the key test for
the iron hypothesis in the Subantarctic is whether surface nutrient concentrations declined.
If the ice age increase in Subantarctic productivity was due to iron fertilization, then the
“major’” nutrients nitrate and phosphate in surface waters would have been more completely
consumed in the production of phytoplankton biomass, thereby lowering their concentrations
in the Subantarctic surface. Changes in the completeness of nitrate consumption by phyto-
plankton (and thus surface nitrate concentration) can be reconstructed using the isotopes of
nitrogen because isotope fractionation during the assimilation of nitrate by phytoplankton
leads to a 6'°N increase in Subantarctic surface nitrate and biomass N as nitrate consumption
progresses (ALTABET and FRANcoIS 1994, DIFIORE et al. 2006).

1 Geological Institute, ETH Zurich, Sonneggstrasse 5, 8092 Zurich, Switzerland.

2 Department of Geosciences, Princeton University.

3 Research Center for Environmental Changes, Academia Sinica, Taiwan.

4 Lamont-Doherty Earth Observatory, Columbia University.

5 Department of Earth Sciences, University of Cambridge, UK.

6 Institute of Geological Sciences and Oeschger Center for Climate Change Research, University of Bern.
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In a sediment core from the Subantarctic Atlantic (ODP Site1090, Fig. 1), we analysed fo-
raminifera-bound nitrogen isotopes to reconstruct ice age changes in surface nitrate con-
centration in concert with millennial-scale 2*°Th-normalized fluxes of iron and productivity
proxies, providing the first comprehensive paleoceanographic test of John MARTIN’S ice age
“iron hypothesis” (MARTINEZ-GARCIA et al. 2014). The data shows that peak glacial times
and millennial cold events were nearly universally associated with increases in dust flux,
export production, and nutrient consumption (the last indicated by higher FB-8'°N) (Fig. 2).
This combination of changes is uniquely consistent with ice age iron fertilization of the Sub-
antarctic Atlantic.
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Fig. 1 Location of Ocean Drilling Program (ODP) Site 1090 and PS75/56-1 relative to modern nitrate concentration
and ice age dust deposition. Black contours indicate climatological surface nitrate concentration in austral summer
(December to February, in micromolar) (GARCcIA et al. 2010). Colours depict model-reconstructed dust deposition
during the Last Glacial Maximum (in g/m%y) (MAHOWALD et al. 2006). (Adapted from MARTINEZ-GARCIA et al.
2014.)

The strengthening of the biological pump associated with the observed increase in nutrient
consumption during the high-dust intervals of the last two ice ages can explain up to ~40 ppm
of the CO, decrease that characterizes the transitions from mid-climate states to full ice age
conditions. In addition, our data indicate that the connection of dust flux, productivity, and nu-
trient consumption applies to millennial-scale oscillations within the last ice age, providing a
new explanation for the observed atmospheric CO, changes during these climate oscillations.

Fig. 2 Records of Subantarctic dust-borne iron flux, phytoplankton productivity, surface nitrate consumption, and
atmospheric CO, over the last glacial cycle. (A) Atmospheric CO, concentrations measured in Antarctic ice cores
(AHN and Brook 2008, BEREITER et al. 2012, PETIT et al. 1999). The pink shaded area highlighting the decline
in atmospheric CO, that correlates with large dust flux, productivity and nutrient consumption increases. (B) G.
bulloides FB-d"N (red circles) and **Th-normalized iron flux from ODP Site 1090 (black line), calculated using
the **Th-normalized mass flux measured in the parallel core TN057-6. (C) >**Th-normalized alkenone flux from
TNO057-6 (0-90 ka) and ODP Site 1090 (90-160 ka). TN057-6 alkenone concentrations are from SAcHs and AN-
DERSON 2003. (D) Dust flux at Antarctic ice core EPICA Dome C (EDC) (LAMBERT et al. 2012). (Adapted from
MARTINEZ-GARCIA et al. 2014.)
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The analysis of foraminifera-bound nitrogen isotopes, dust and productivity proxies in a core
located in the Subantarctic Pacific (PS75/56-1, Fig. 1) will soon allow us to evaluate the im-
pact of iron fertilization in this sector of the Southern Ocean characterized by lower ice age
dust fluxes.
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A Carbon Isotope Perspective on the Glacial
Circulation of the Deep Southwest Pacific

I. Nicholas McCAvVE (Cambridge, UK)
With 2 Figures

In a depth transect from 1200 m to 4900 m in the SW Pacific east of New Zealand, benthic
carbon and oxygen isotopic profiles reflect the structure of water masses at present and in-
ferred for the past. Between Holocene and Last Glacial Maximum (LGM) these have retained
a constant structure of Lower Circumpolar Deep Water-Upper Circumpolar Deep Water/
North Pacific Deep Water-Antarctic Intermediate Water (LCDW, UCDW, NPDW, AAIW)
with little apparent change in the depths of water mass boundaries between glacial and in-
terglacial states (Fig. 1). Among the lowest values of LGM benthic 3'*C in the world ocean
(~1.03 %o based on Cibicidoides wiillerstorfi) occur here at ~2200 m. Comparable values
occur in the Atlantic sector of the Southern Ocean (HODELL et al. 2006), while those from the
North Pacific are distinctly higher, suggesting that the Southern Ocean, not Glacial NPDW
was the source for the unventilated/nutrient-enriched water seen here. Oxygen and carbon
isotopic data are compatible with a glacial cold deep water mass of high salinity, but lower
nutrient content (or better ventilated), below ~3400 m depth. A stratum ~1500-2000 m thick
of old (ventilation age ~2.7 ka vs. 1.6 ka at present [SKINNER et al. 2015]), nutrient-rich water
(mean 3'3C of —0.84 %o) entering the Pacific during the LGM is indicated by these data. This
contrasts with the South Atlantic where unventilated/nutrient-enriched water with 8'3C ~ 0.9
%o extends down to the sea bed. The Ross Sea is the most likely source of the ventilated gla-
cial deep water with §'3C of —0.31 %o entering the Pacific below ~3500 m.

MCcCAVE et al. (2008) regarded the S Atlantic as the major source for the low §'*C water
flowing in the ACC over the major sills above 3500 m depth around Kerguelen and the Mac-
quarie-Balleny Ridges to arrive east of New Zealand in the deep western boundary current
(DWBC). The top of this water mass at Chatham Rise was ~ 2000m (Fig. 1, 2). Neutral
density surfaces slope downwards to the north, so that, presuming a similarly shaped glacial
density structure (c.f: FERRARI et al. 2014), this low §'3C water, mixing with higher $!*C Ross
Sea Bottom Water (RSBW) would become the bottom and deep water north of the equator,
occupying much of the North Pacific, albeit with higher 3'*C (Fig. 2). For a 50/50 RSBW/
UCDW mixture that would be 0.58 %o, but data from the mid-latitude N Pacific gives values
of ~0.2 %o (HERGUERA et al. 1992, MATSUMOTO et al. 2002), less even than the RSBW inflow
value at Chatham rise (Fig. 1), so there remains an unresolved problem in relating the inflow
to the interior of the deep N Pacific. The 2000 m boundary to the top of this low 5'*C water
appears to be universal (Atlantic and Pacific) and justified on theoretical grounds (CURRY and
Orpro 2005, HERGUERA et al. 1992, FERRARI et al. 2014). Flow speed results from both the
Indian Ocean and SW Pacific DWBCs indicate little change in the flow, which could be in-
terpreted as flux, between glacial and the present (MCCAVE et al. 2008, THOMAS et al. 2007).
The present inflow in the Pacific DWBC is ~ 16 Sv (WHITWORTH et al. 1999).
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Fig. 1 Averaged depth profiles of §'%0 and §'°C for the SW Pacific down the north side of Chatham Rise (40°-42°S;
178°E~168°W). Left, Holocene; right, LGM. Oxygen, blue; carbon, green. No corrections for relation to modern
water values or glacial terrigenous carbon influence have been applied. Note that the scale for 3'*0 runs continuously
across the whole diagram with each panel 1.5 %o wide, and that the scale for §'*C is such that each panel is 3 %o wide.
N and S for AAIW sites refer to positions north and south of Chatham Rise.
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Fig. 2 Glacial water masses deduced for the Chatham rise transect superimposed on the neutral density field (y") of
the N=S western Pacific WOCE line P15 along 170°W (TALLEY 2007). The top of the low §'*C watermass at 2000 m
(gUCDW) is continued to the north at the same level, but the base at ~3400 m is shown descending to the north along
present y" of 28.14 kg/m®. Below that is glacial Ross Sea Bottom Water (zRSBW) with mixing symbols along the
upper interface. It is presumed that a similar transformation to North Pacific Deep Water occurred in the glacial as at
present (gNPDW), the Pacific being a ‘dead-end’ ocean. The possibility of a North Pacific convection cell leading to
intermediate water production is not shown.
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Southern Ocean Overturning Role in Modulating
High Southern Latitude Climate and Atmospheric
CO, on Millennial Timescales

Laurie MENVIEL,! Paul SPENCE,! Nick GOLLEDGE,? and Matthew H. ENGLAND'
With 3 Figures

1. Introduction

During the last glacial period and particularly Marine Isotope Stage 3, North Atlantic Deep
Water (NADW) formation weakened significantly on a millennial timescale leading to Green-
land stadials (KisseL et al. 2008). Ice core records reveal that each Greenland stadial is asso-
ciated with a warming over Antarctica, so-called Antarctic Isotope Maximum (AIM) (EPICA
and Community Members 2006). Recent ice core records further suggest that atmospheric
CO, increased with Antarctic temperature only during the long Greenland stadials, i.e. the
Heinrich stadials (AHN and BrRook 2014).

Under present day conditions, the formation of NADW leads to an equatorward ocean
heat transport in the South Atlantic. Previous studies (STOCKER 1998) suggested that the
bipolar seesaw pattern in surface air temperature during AIM was due to a heat redistribution
in the Atlantic basin: as NADW weakens its associated northward heat transport also re-
duces. However, idealized experiments performed with coupled Atmosphere-Ocean General
Circulation Models featuring a significant NADW weakening only display a small warming
(0.5-1 °C) over Antarctica if any (KAGEYAMA et al. 2012), in contrast with estimates for the
large AIM (e.g. AIM12 and AIMS).

Antarctic Bottom Waters (AABW), presently formed under sea-ice on the Antarctic con-
tinental shelf, are an integral part of the global oceanic circulation and make significant con-
tribution to deep ocean ventilation (ORrsI et al. 2002). Due to difficulties in estimating past
Southern Ocean ventilation, possible changes in AABW during the last glacial period and the
deglaciation have received little attention.

Performing transient simulations of MIS3 with prognostic atmospheric CO, and com-
paring our results with paleoproxy records we suggest that enhanced AABW transport could
have played a significant role in shaping the large AIM and the associated atmospheric CO,
increase (MENVIEL et al. 2015). High resolution simulations of the Antarctic ice sheet further
show that weakened AABW during the Antarctic Cold Reversal could have accelerated the
retreat of the West Antarctic Ice Sheet (GOLLEDGE et al. 2014).

1 Climate Change Research Centre, University of New South Wales ARC Centre of Excellence for Climate System
Science, Sydney, NSW 2052, Australia.
2 Antarctic Research Centre, Victoria University of Wellington, Wellington 6140, New Zealand.
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Fig. 1 Results of transient MIS3 simulations performed with LOVECLIM. Standard transient simulation (L-Tr,
blue) and transient simulation with enhanced AABW (L-TrS, magenta) performed with LOVECLIM (MENVIEL
et al. 2015) compared to paleoproxy records (black). Timeseries of (A) applied North Atlantic (blue) and Southern
Ocean (magenta) freshwater forcing (Sv); (B) simulated maximum meridional overturning circulation in the North
Atlantic (Sv, black) and simulated changes in Antarctic Bottom Water (AABW, Sv); (C) simulated NE Greenland
air temperature anomalies (40°W—10°E, 66°N—85°N) compared to the NGRIP temperature reconstruction (HUBER
et al. 2006) on the GICCO5 timescale (SVENSsON et al. 2008); (D) simulated SST anomalies (°C) off the Iberian
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2. Methodology

We perform transient simulations spanning the period 50—34 ka BP with two Earth System
Models (LOVECLIM and the UVic ESCM) to understand the possible link between changes
in NADW, changes in high latitude Southern Hemispheric climate and evolution of atmos-
pheric CO,.

The transient experiments are run with continuously varying orbital and ice sheet forc-
ing (topography and albedo) and with prognostic atmospheric CO,. As both models do not
include an interactive ice sheet, the impact on oceanic circulation of the time-evolution of
ice sheet growth and freshwater release is simulated by applying a freshwater forcing to the
North Atlantic region.

Moderate changes in the mid/high Southern latitudes hydrological cycle can significantly
impact surface salinity. As the atmospheric models used here are simple, it is thus possible
that our standard experiments might not capture the past variability of AABW accurately.
Additional transient experiments are performed, in which a salt flux is added over the South-
ern Ocean during Heinrich stadials 5 and 4, corresponding to AIM12 and AIMS respectively.

Given the importance of mesoscale eddies for meridional heat transport in the South-
ern Ocean, we further investigate the relationship between enhanced AABW formation and
SST changes using a global eddy-permitting ocean sea-ice model (GFDL-MOMO025). From a
present-day control run, a 40 years long simulation is performed with 0.5 psu increase in the
sea surface salinity restoring climatology within 4° latitude of the Antarctic coastline.

3. Impact of AABW Changes during Heinrich Stadials 5 and 4

The simulated NADW weakening during MIS3 yield a 9 °C surface air temperature decrease
over Greenland and a ~3 °C sea surface cooling off the Iberian margin (Fig. 1) during Hein-
rich stadials, in good agreement with paleoproxy records (HUBER et al. 2006, MARTRAT et al.
2007, MENVIEL et al. 2014a).

However, we find that changes in NADW alone are not sufficient to explain the temper-
ature anomaly estimated from Antarctic ice cores during the largest AIM (namely AIM12
and AIMS). In both models, NADW cessation leads to ~0.6 °C air temperature increase over
Antarctica, which is in reasonable agreement with Antarctic temperature anomaly estimates
for AIM10 and AIM7 but is less than half of the estimated anomaly for the large AIM (i.e.
AIM12 and AIMS) (Fig. 1).

margin (15°W-8°W, 37°N—-43°N) compared to alkenone-based SST anomalies from marine sediment core MDOI-
2444 (MARTRAT et al. 2007) on the GICCOS timescale; (E) air temperature anomalies (°C) averaged over Antarctica
(90°S-75°S) compared to temperature anomaly estimates from EPICA Dome C ice core (JOUZEL et al. 2007) on the
EDC3 time-scale (PARRENIN et al. 2007); (F) SST anomalies averaged over the South Pacific Ocean (120°E-285°E,
55°S-35°S) compared to a SST anomaly composite from South Pacific marine sediment cores (PAHNKE et al. 2003,
KAISER et al. 2005, CANIUPAN et al. 2011, Lopes Dos SANTOS et al. 2013). Dashed black lines represent the +1
and —1 standard deviation of the composite; (G) simulated atmospheric CO, (ppmv) anomalies compared to pCO,
anomalies measured in EDML and Talos Dome ice cores (BEREITER et al. 2012, black) and Siple Dome ice core
(AHN and BrOOK 2014, grey). Dashed blue and magenta lines represent experiments respectively similar to L-Tr and
L-TrS but with fully coupled changes in terrestrial carbon.
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Stronger AABW during AIM12 and AIMS doubles the simulated warming at high Southern
latitude thus leading to ~1.5 °C temperature increase over Antarctica in better agreement with
paleoproxy records (Fig. 1, MENVIEL et al. 2015).

The robustness of this southern warming response is tested using an eddy-permitting cou-
pled ocean sea-ice model (GFDL-MOMO025). We find that stronger Antarctic Bottom Water
formation contributes to Southern Ocean surface warming by increasing the Southern Ocean
meridional heat transport (MENVIEL et al. 2015).

In the standard MIS3 transient experiments, NADW weakening decreases the ventilation
in the Atlantic, thus increasing the Dissolved Inorganic Carbon (DIC) content in that basin
(Fig. 2). A strengthening of North Pacific Deep Water (NPDW) increases the ventilation of
the Pacific above ~2000m depth, which decreases the DIC content in that region. The net
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Fig. 2 Dissolved Inorganic Carbon (DIC) anomalies (umol/L) across HS4 (39.1 ka BP compared to 39.9 ka BP) as
simulated in transient experiments performed with LOVECLIM (MENVIEL et al. 2015) and averaged over (left) the
Pacific and (right) Atlantic basins. (A) Results of standard transient experiment (L-Tr) and (B) results of transient
experiment with enhanced AABW (L-TrS). Overlaid is the overturning streamfunction (Sv).
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result is a slight atmospheric CO, decrease during a shutdown of NADW formation. This is in
contrast with the atmospheric CO, increases observed during the first parts of AIM12 (~47.6
ka BP) and AIMS (~39.8 ka BP), which occur during periods of weak NADW formation (HS5
and HS4, respectively).

Transient experiments in which AABW is enhanced display a ~13 ppmv atmospheric CO,
increase during HS5 and HS4 in better agreement with ice core records. Enhanced AABW
formation is shown to effectively ventilate the deep Pacific carbon, bringing DIC rich waters
to the surface of the Southern Ocean and leading to CO, outgassing into the atmosphere
(Fig. 2, MENVIEL et al. 2014b).
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Fig. 3 (A) Stack of iceberg-rafted debris flux measured in marine sediment cores from the Scotia Sea (WEBER et al.
2014) compared to (B) Sea-level contribution through the period 18—8 ka BP, binned at 100-year intervals simulated
by a high resolution Antarctic Ice Sheet model for group means and ensemble mean (solid grey). Experiments are
forced with ocean heat fluxes based on a benthic 5'%0 global stack (green), a Southern Ocean deep temperature
record (blue), a transient simulation of the deglaciation (yellow) and a transient simulation of the deglaciation which
includes weak AABW formation at the time of the Antarctic Cold Reversal (red) (GOLLEDGE et al. 2014). The blue
and green circles represent the timing of meltwater pulses 1A as estimated by DEscHAMP et al. 2012 and Lur et al. 2004.
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4. AABW Changes during the Last Deglacation

Transient simulations of the last deglaciation performed with LOVECLIM have shown that
a weakening of AABW formation at the end of Heinrich stadial 1 would lead to cooling over
Antarctica and at the surface of the Southern Ocean, thus initiating the Antarctic Cold Re-
versal (MENVIEL et al. 2011). Increased Southern Ocean stratification during times of weak
AABW induces a subsurface warming in the Southern Ocean (MENVIEL et al. 2010).

Using a high resolution Antarctic ice sheet model (PISM), we show that this subsurface
warming can thermally erode grounded marine-based ice and instigate a positive feedback
that further accelerate the ice-sheet retreat (GOLLEDGE et al. 2014). Coincident with ice-
berg-rafted debris records from the Scotia Sea (WEBER et al. 2014, Fig. 3), we simulate up
to 4 m rise in sea level equivalent during the broad period of meltwater pulse 1A (15-13 ka
BP), mainly due to a retreat of the West Antarctic Ice Sheet in the Weddell Sea and Antarctic
Peninsula sectors.

5. Summary

We suggest that strong Antarctic Bottom Water formation during HS5 and HS4 could enhance
the bipolar seesaw effect and lead to a warming of Antarctica and the Southern Ocean in
better agreement with paleoproxy records. In addition strong AABW can effectively venti-
late the deep Pacific Ocean and release oceanic carbon into the atmosphere, thus leading to
atmospheric CO, increase during HS5 and HS4 (AIM12 and AIMS, respectively, MENVIEL
et al. 2015).

Conversely, weak AABW formation between 14.8 and 13 ka BP would lead to a cooling
at high Southern latitudes, which could explain the Antarctic Cold Reversal. The associated
Southern Ocean stratification induces a subsurface warming, which leads to an accelerated
deglacial retreat of the West Antarctic ice sheet (GOLLEDGE et al. 2014).

Enhanced AABW formation during Greenland stadials could be due to changes in sur-
face buoyancy forcing over the Southern Ocean and/or to stronger/poleward shifted southern
hemispheric westerlies. The amplitude of the Greenland stadial, the origin and timing of the
meltwater pulse/iceberg discharge as well as the background climatic conditions might fur-
ther modulate the AABW response.
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Atmosphere System to Deglacial Changes
in Atlantic Meridional Overturning
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With 1 Figure

An important feature of the present-day circulation in the Atlantic is the cross-equatorial flow
of warm and shallow waters from the South Atlantic into the North Atlantic. Much of this
transport is maintained at the western boundary through the North Brazil Current, which is
regarded as the major upper component of the modern Atlantic Meridional Overturning Cir-
culation (AMOC) (ZHANG et al. 2011). The associated heat transport into the North Atlantic
promotes a northerly location of the Intertropical Convergence (ITCZ) (MARSHALL et al.
2014) and the associated rainfall maximum for much of the year. At the southern and northern
limits of the ITCZ semi-arid conditions prevail in Northeast Brazil (Nordeste) and the Sahel.

Across the equator, the northward flow with the western boundary current is compensated
through the southward flow of North Atlantic Deep Water (NADW) as the lower branch of the
AMOC. This water mass is collectively formed from surface waters sinking in the Greenland,
Iceland, Norwegian, and Labrador seas and is identifiable as a tongue of nutrient poor and
BC rich water extending southward in the deep Atlantic (KrooPNICK 1985). Nutrient-rich
and low §'*C Antarctic Bottom Water (AABW) formed in the Southern Ocean is penetrating
northward below the NADW.

Since the AMOC underwent substantial variations during the last deglaciation (MCMANUS
et al. 2004), high-resolution sediment records from ocean margin settings offer the opportu-
nity to study interactions between ocean circulation, continental climate and the carbon cy-
cle. We present two previously unpublished sediment cores recently retrieved off NE Brazil
(GeoB16202-2 and GeoB16206-1, ~2°S, 2248 m and 1367 m water depth) and one sediment
core from the continental margin off NW Africa (GeoB9508-5, ~16°N, 2384 m water depth)
(Fig. 1) covering the last deglaciation (MuULITZA et al. 2008). Age models of all cores are
based on calibrated AMS radiocarbon dates and show highly resolved deglacial sections with
sedimentation rates up to 1 mm/year during Heinrich stadial 1 due to intensified terrigenous
input. XRF elemental ratios of bulk sediments and D of plant wax (NIEDERMEYER et al.
2009) have been used to characterize terrestrial climate. Protactinium/Thorium (Pa/Th) ratios
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Fig. 1 Core locations and ideal age (1112.51 m depth) for the control run (0 ka BP) and Heinrich stadial 1 (16 ka BP)
from climate model simulations of Liu et al. (2009). Ideal age (THIELE and SARMIENTO 1990) is a tracer that is
advected and mixed in the same way as temperature and salinity and records time since contact with the surface.
The model data suggest the development of an equatorial tongue with high ideal ages with AMOC slowdown during
Heinrich stadial 1.

on bulk sediments and carbon isotopes ratios of benthic foraminifera have been used to infer
the state of the AMOC and deep water nutrient content.

During Heinrich stadial 1, when the AMOC was substantially reduced due to meltwater
input to the North Atlantic, we observe dry conditions in the Sahel and wet conditions in
NE Brazil consistent with a southward displacement of the marine ITCZ. Off NE Brazil,
contemporaneous changes in Pa/Th ratios and 8D of plant waxes indicate that both AMOC
strength and precipitation were tightly coupled over Heinrich stadial 1, with increasing pre-
cipitation during AMOC slowdown. We show that this response pattern agrees with the re-
sults of climate model simulations (L1u et al. 2009, MERKEL et al. 2010), which suggests that
the southward displacement of the long-term mean position of the ITCZ is directly linked to
the magnitude of the AMOC slowdown.

Carbon isotope ratios measured on single shells of the benthic foraminifer Cibicidoides
spp. show lowest values during Heinrich stadial 1 and the Younger Dryas in all cores. Gen-
erally, carbon isotope ratios are in perfect tune with Pa/Th measured on the deeper core
which suggests a strong nutrient enrichment in deep- and intermediate waters during times of
AMOC slowdown. At the intermediate water depth site, carbon isotope ratios during Heinrich
stadial 1 reach values as low as —1 %o. Since this extreme depletion seems to be restricted to
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the tropical Atlantic, we suggest that a local remineralisation of organic matter and nutrient
enrichment with a sluggish circulation and/or a potential southward and downward extension
of the poor-ventilated equatorial shadow zone are, at least partially, contributing to depleted
values at intermediate water depths (Fig. 1).
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Robustness and Uncertainties of Current
Marine Carbon Cycle Models

Andreas OscHLIEs (Kiel)

Numerical biogeochemistry-circulation models are essential tools for exploring ideas, testing
hypotheses, and making inferences about the possible past and future evolution of climate and
the Earth system. Results of such models are used not only for academic purposes, but are
also used to inform society and decision makers. It is therefore mandatory that we aim for a
good understanding of the robustness and uncertainties of the results of such models. This is
not an easy task as current state-of-the-art models are complex systems, composed of many
different modules describing different components of the Earth system, with different mod-
ules often developed for different purposes, and each one having numerous input parameters
that are difficult to constrain from observations. A complete sensitivity or uncertainty analysis
of such complex models is not routinely done, and this study will describe first attempts to
evaluate the robustness and uncertainty of marine carbon cycle components of current Earth
system models.

We begin with the question of how we can assess whether a given model is any good.
For different research questions “good” will have different meanings, and in the context of
the large-scale and long-timescale carbon cycle, patterns of observed biogeochemical tracer
distributions may serve as a reasonable reference that a “good” model should be able to repro-
duce. Observations are available mostly for the current state of the ocean, and one has to keep
in mind that a reasonable simulation of the present state does not automatically imply that
the same model will provide reasonable simulations of different climate states. A reasonable
simulation of present-day biogeochemical tracer distributions may, however, be regarded as
a necessary test that any high-quality model has to pass. To this extent we have developed a
computationally efficient testbed for marine biogeochemical models that can, via the trans-
port matrix method (KHATIWALA 2007), be integrated for several thousand years per day
(KRIEST et al. 2010, 2012). In this scheme, a seasonally cycling steady-state circulation field
is employed to transport passive tracers and to spin up the biogeochemical model for a range
of different parameter combinations or initial conditions. One interesting preliminary result
is that for typical models of one or two nutrients, dissolved organic matter, one phytoplank-
ton and one zooplankton compartment, the model-derived steady state is independent of the
chosen initial tracer distributions as long as total phosphorus is kept constant. This suggests
some robustness of model results, although this finding has been difficult to generalize given
the strong nonlinearities in biogeochemical model formulations and the associated potential
for bifurcations and multiple steady states. The result is, however, good news for any paleo
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modelling studies that usually have to start from initial conditions about which we have very
little prior knowledge (though even our prior knowledge about the ocean’s phosphorus con-
tent at different times might be very limited, WALLMANN 2012).

In general, the outcome of biogeochemical model integrations will depend on both ocean
circulation and biogeochemical process descriptions. The attribution of any model-data mis-
fits to either of these is therefore not straightforward. An encouraging finding is that initial
model evaluations suggest that even different circulation fields result in very similar biolog-
ical model parameters that yield smallest model-data misfits with respect to global distribu-
tions of nutrients and oxygen (KRIEST and OScHLIES 2013). Less encouraging is that a range
of models, ranging from conceptually simple nutrient-restoring models to state-of-the-art
multi-nutrient multi-plankton functional type models, seems to yield very similar root-mean-
square misfits to observed global distributions of phosphate and oxygen (KRIEST et al. 2012).
If these results are confirmed for different circulation fields and fully optimized biogeochem-
ical model parameters, the biogeochemical model development of the last decades appears
to have had essentially no effect on the ability of the different models to reproduce observed
distributions of these biogeochemical tracers. Overall, all models investigated can at least
simulate global tracer distributions better than a random model, with most explanatory power
being found for the distributions of nutrients and oxygen in the vertical. This vertical distribu-
tion is highly relevant for the ocean-atmosphere partitioning of carbon, which is of particular
interest for research topics such as glacial cycles.

While an evaluation of models with respect to their ability to reproduce the current state
of the ocean is, in principle, possible and straightforward, uncertainties in the simulated
sensitivity of the different models with respect to environmental change are much more
difficult to assess. Specifically tuned models that yield very similar fits to present-day tracer
distributions can simulate changes in simulated primary production of even opposite sign in
response to global warming (TAUCHER and OscHLIES 2011). Changes in simulated export
production and air-sea fluxes of CO, appear, however, more robust with respect to changes
in biogeochemical parameters. Analysis of the way current biogeochemical models simulate
the marine nitrogen cycle suggest far less robust results with respect to its sensitivity to
changes in redox conditions or oceanic nutrient supply from land or from the atmosphere
(LANDOLFI et al. 2013). It is shown that typical formulations used to describe marine nitro-
gen fixation and its response to nitrogen loss processes via denitrification and anammox can
yield counterintuitive results of net losses of marine fixed nitrogen upon addition of new
nitrogen to large parts of the tropical oceans. Changes in redox conditions associated with
oxygen minimum zones can also affect the cycling of iron and phosphorus, with potentially
large impacts on oceanic nutrient inventories and the global carbon cycle. Such processes are
not generally represented in state-of-the-art models such as those used in the Coupled Model
Intercomparison Project Phase 5 (CMIP5), which formed the basis of the model simulations
used in the recent 5™ IPCC Assessment Report. A neglect or misrepresentation of such pro-
cesses that can change the marine nutrient inventory can introduce substantial uncertainty
in model projections of past or future climates that is difficult to quantify. A better process
understanding and case studies involving observed changes ranging from paleoevents to
interannual or seasonal variability appears promising for providing better constraints on
models and estimated uncertainties.

While assessing models via metrics evaluating large-scale patterns of model-data misfits
can provide reasonable information about the models’ ability to simulate the current state of
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the ocean, the investigation of individual processes is advocated to gain more confidence into
the models’ applicability for extrapolations to past and future environmental conditions.
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Glacial CO, as a Key to the
Glacial-Interglacial Problem

Didier PAILLARD (Gif-sur-Yvette, France)
With 2 Figures

The notion of climate change appeared in the mid-nineteenth century with the discovery of
ice ages. Already at that time, the atmospheric concentration in carbon dioxide was suspected
to affect climate, and on these premises ARRHENIUS (1896) estimated that glacial CO, levels
should be about 40 % lower than preindustrial levels. Though based on some erroneous radia-
tive data and modelling, this appears today as an incredibly good prediction, which stands as
a reminder of the clear impact of CO, concentrations on glacial climate. Since the nineteenth
century, a central question in climatology has been to understand the respective roles of the
astronomical forcing and of greenhouse gas changes on the ice age problem. It is worth em-
phasizing that this question is far from being settled in spite of the tremendous progresses
achieved in observing and simulating the present day climate. Indeed, if in the twentieth
century, advances in geochronology have proved unambiguously that ice ages are paced by
the astronomical forcing (HAYs et al 1976), the mechanisms involved are unclear, in particular
concerning the largest 100 ka variations.

The detailed chronology of events during the last deglaciation shows that CO, had already
increased by about 50—60 ppm at 14.6 ka BP while the ice-sheets had not changed much
(see Fig. 1). A direct consequence is the clear lead in the rise of southern or tropical temper-
atures over Northern Hemisphere ones (e.g. SHAKUN et al. 2012). This has long been recog-
nized as a possible “upset” for the Milankovitch theory. Indeed, the astronomical forcing on
Earth’s climate is very weak, but can, nevertheless, affect significantly the ice-sheets: indeed
their mass balance depends largely on local, seasonal, insolation forcing, which experiences
sizeable variations through time. As a result, the astronomical theory tells us that ice-sheet
changes are driving global climatic changes, in particular through their large albedo effect.
This stands in sharp contrast with the geochemical theory of ice ages, based on CO,, which
states on the contrary, that global climatic changes should drive the evolution of ice-sheets.
Obviously, the succession of events observed during the last deglaciation is not consistent
with a simple astronomical causation, but in strong favour of a CO, induced termination.
Terminations are occurring more or less every 100 ka, a periodicity that cannot be easily
explained by the astronomical forcing. The fact that they are systematically associated with
a large atmospheric CO, increase is another strong indication of the role of greenhouse gases
in the 100-ka problem.

The lack of a well-accepted theory of the glacial carbon cycle is currently the main miss-
ing piece in the puzzle of Quaternary climates. Many possible physical and biogeochemical
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Fig. 1 From top to bottom: insolation at 65°N at the june solstice (LASKAR et al. 2004); sea level records (FAIRBANKS
1989, BARD et al. 1996), Greenland 3'0 record as a proxy of Northern Hemisphere climate (DANSGAARD et al.
1993); atmospheric CO, (MONNIN et al. 2001) and antarctic 8D as a proxy of Southern Hemisphere climate (STENNI
etal. 2001). At the onset of the Bglling-Allergd, about 14.6 ka BP, the sea level is within glacial values, while atmos-
pheric CO, has increased by about 50 ppm. More generally, the Southern Hemisphere warms several thousands of
years before the Northern Hemisphere one.
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processes have been suggested (e.g. ARCHER et al. 2000, SiGMAN and BoyLE 2000) but there
is currently no consensus on the most important ones. Most likely, the deep ocean contained
more carbon during glacial times since this is the only large carbon reservoir involved within
the timescales of interest. Most likely also, the Southern ocean is the key area, since the evolu-
tion of atmospheric CO, closely parallels the evolution of Southern records, as examplified by
the strong correlation between pCO, and temperature reconstructions over Antarctica (PETIT
etal. 1999, LUTHI et al. 2008). Most studies are trying to simulate the carbon cycle during the
Last Glacial Maximum with the hope of obtaining atmospheric levels about 100 ppm lower
than during pre-industrial times, as recorded in ice cores. In other words, most studies are
trying to explain lower pCO, as a consequence of cold, ice-sheet induced, climate. But as out-
lined above, we know quite well the succession of events, at least during the deglaciation, and
the causal link between ice-sheets and carbon appears to be just the opposite. What is needed
is a mechanism for lowering CO, that breaks down more or less at the Last Glacial Maximum,
because of the glacial maximum. In other words, the key question might not be “why is pCO,
lower during glacial times”, but “why does pCO, rise just after glacial maxima”. This point
of view offers quite severe constraints on the possible mechanisms involved.

This idea was developed in a conceptual model of ice ages (PAILLARD and PARRENIN
2004) that represents in a consistent way the evolution of both ice sheet volume and pCO,,
but also their lead-lag relationship as emphasized above. This model allows to understand ice
ages as a relaxation oscillation, something often recognized as possibly the best framework
for explaining the qualitative features observed in the Quaternary climatic evolution. The
critical trigger in this relaxation is represented by glacial maxima causing a large CO, release.
In this model, the following physical explanation is proposed: glacial CO, is stored in the
deep ocean thanks to the formation of cold-salty bottom waters on the Antarctic continen-
tal shelves. This mechanism breaks down naturally when the Antarctic ice-sheet reaches its
maximum extent, quite probably a few millennia within or after the Last Glacial Maximum,
mainly as a response of sea level drop.

Since the publication of this concept, several new pieces of information are strongly sup-
porting this idea. In particular, a key ingredient is a lower atmospheric CO, caused by the
formation of cold and salty bottom waters around Antarctica. This mechanism was tested in
a model of intermediate complexity (CLIMBER?2) by BoUTTEs et al. (2010, 2011, 2012). In
this implementation, a prescribed fraction of the salt rejected by sea ice formation around
Antarctica is transported directly in the bottom ocean. This crude parameterization aims at
representing the accumulation of cold and salty waters on the continental shelves, that sink as
bottom gravity currents along the topography down to the abyss. In this model, the standard
level of glacial CO, (in the absence of salty bottom water formation) is about 15 ppm higher
than preindustrial one (280 ppm), mostly due to the reduction of the terrestrial biosphere.
When the salt fraction that sinks to the bottom increases to about 60 %, the atmospheric
CO, is reduced by 50 ppm (in the more diffusive ocean version model) or by 80 ppm (in the
less diffusive ocean version model). Interestingly, this has strong implication on deep ocean
properties. Indeed, deep Southern ocean waters become significantly saltier, in agreement
with sediment pore data (ADKINS et al. 2002). The 3'*C of deep southern ocean also becomes
significantly lower (BOUTTES et al. 2011), thus explaining the deep 8'*C values measured in
benthic foraminifera over the past decades (e.g. DUPLESSY et al. 1988, CURRY et al. 2005). In-
terestingly, the concentrations of both atmospheric and oceanic '*C are also well represented
by this model (MARIOTTI et al. 2013). It is therefore extremely encouraging that this simple
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“salty bottom water” mechanism is able to reproduce quantitatively not only the atmospheric
CO, but also the large scale distributions of its major isotopes.

A key question in climate sciences is the predictive power of models. In the transient
simulations of the deglacial CO, (BOUTTES et al. 2012), an interesting feature is the synchro-
neity of the initial temperature and CO, increases. At that time, it was generally believed that
temperature should lead slightly, by a few centuries, the CO, increase, mostly by extrapolat-
ing results from CAILLON et al. (2003) obtained on termination 3. Still, in our scenario, the
stopping of “salty bottom water”” down-flow results in a destratification of the Southern Ocean
that leads both to an increase of CO, and a decrease of sea-ice extent. In this mechanism,
temperatures around Antarctica and CO, are therefore strongly linked together, and react
simultaneously. Interestingly, this synchronicity at the start of the CO, rise around 18 ka BP,
was recently confirmed (PARRENIN et al. 2013). A posteriori, it can be said that our “salty
bottom water” or “brines” hypothesis made an unexpected prediction.

Recent observations of dense salty water formation on the continental shelves of Antarcti-
ca associated with sea ice brine rejection (OHSHIMA et al. 2013) gives undoubtedly some sup-
port to the hypothesis outlined above, since this processes contribute today to some non-neg-
ligible part of AABW (MEREDITH 2013). Such a mode of bottom water formation is likely to
be much more important in a colder climate, when sea ice formation is likely to be enhanced.
As mentioned above, at the glacial maximum the Antarctic ice-sheet covers a significant part
of the continental shelf and this mechanism breaks down. A key open question is the dynam-
ics of the gravity currents that transport these salty shelf waters down to the bottom of the
Southern Ocean (FOLDVIK et al. 2004, OHsHIMA et al. 2013). Unfortunately, these processes
are not well understood, and not well represented by current state-of-the-art climate models.
Another important mechanism is the basal melting under the ice shelves that provides today
a significant amount of fresh water to the continental shelf waters, thus reducing their den-
sity and their ability to contribute to bottom water formation. More generally, the coupling
between the ocean and basal melting appears today to be widely distributed around Antarc-
tica and more important than previously acknowledged (RIGNOT et al. 2013). According to
regional ocean model studies of the caverns beneath Antarctic ice shelves, reducing the ice
basal melting would greatly enhance the formation of bottom waters (HELLMER 2004) which
would again become more dense and saltier. This is likely to occur during glacial periods thus
favouring salty AABW formation and lower pCO,. If the mechanisms outlined above clear-
ly need further confirmations, many indications from paleoclimatic data, from present day
observations, from regional modelling and from intermediate complexity models, altogether
seem to confirm the initial hypothesis.

As outlined by the example of ARRHENIUS mentioned above, it is not unusual that an
“oversimplified model” can provide accurate predictions, while much better, more physically
based ones — like in the ANGSTROM (1900) paper — are unable to reach similar conclusions.
Paleoclimatologists proved that ARRHENIUS’ predictions were basically right, even if this
model had some serious flaws. In the same spirit, it was suggested that scientists should
predict past atmospheric CO, before it was measured over the eight climatic cycles of Epica
Dome C (WoLEF et al. 2005). Though there was no clearer winner or loser out of this exercise
(HopkIN 2005), this was quite rich in outlining some necessary key assumptions. Similarly,
predicting today the CO, beyond the last million years is a challenging exercise. As explained
above, predictions on the relative timing of events, before it has been ascertained by obser-
vations, should be also a more usual target for climate and carbon models that simulate the
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Fig. 2 Scheme of the mechanism (PAILLARD and PARRENIN 2004). Top: current situation, where salty waters from
brine rejection are mostly mixed with open ocean waters. Middle: with lower sea-level, more intense sea ice forma-
tion, less ice shelf melting, it is likely that the salty waters will overspill down to the bottom of the Ocean. Bottom:
shortly after the glacial maximum in the north, Antarctica will reach its maximum area and will cover a substantial
part of the continental shelves (schemes from BOUTTES et al. 2012). The critical parameter is the fraction (“frac”) of
salty “brine” waters reaching the bottom of the Ocean.
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past. Indeed, the dynamics of events is a much more stringent constraint on processes than
the simulation of steady-states or snapshots, as usually performed in state-of-the-art model
experiments.

The very strong correlation observed in Antarctic cores between southern temperatures
and CO, is a solid indication that Quaternary CO, changes are tightly linked to physical
changes in the Southern Ocean, and quite probably in a rather direct and simple way. The
“salty bottom water” or “brines” hypothesis exposed over the last ten years offers a rather
simple explanation of most observational evidences, both on the glacial-interglacial time-
scale and on the best century-resolved ice cores chronologies. Recent physical oceanographic
data tend to prove the validity of the concept. It seems therefore that we are getting closer to
a more complete understanding of the dynamics of glacial cycles that includes the dynamics
of the carbon cycle. By building such a synthesis between the astronomical theory and the
geochemical theory of ice ages (PAILLARD 2015), we would at last provide a framework for
the largest, well-documented, recent climatic changes, which are Quaternary cycles.
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With 1 Figure

Based on sediment data for the Atlantic Ocean during the Last Glacial Maximum (LGM, 19
to 23 thousand years before present [ka BP]) it has been suggested that the analogue of mod-
ern North Atlantic Deep Water (NADW) was shallower than today (DuUPLEssY et al. 1988,
LABEYRIE et al. 1992, SARNTHEIN et al. 1994 — but compare to GEBBIE 2014). However, no
firm conclusion has been reached yet regarding the strength of the ventilation of the deep
Atlantic Ocean during this time period: Was it weaker, as strong as today or even stronger? A
reliable reconstruction of the ocean state during the LGM is important because it forms the
initial conditions for the sequence of changes in the climate and the carbon cycle during the
last deglaciation and until today.

In order to produce a quantitative reconstruction of the global ocean state during the LGM,
we combine the sediment data with a numerical model and apply data assimilation methods
that allow to systematically (or even automatically) vary selected model parameters in order to
minimize the misfit between the data and the model (cf. KURAHASHI-NAKAMURA et al. 2014).
The sediment data that we consider are carbon isotopic ratios '3C/'2C (§'3C) and *C/">C (A'*C)
of fossil shells of benthic foraminifera, from which we can estimate water properties such as
the carbon isotopic ratios of dissolved inorganic carbon (8'*Cp;c and §'*Cpy;c)

We apply the MIT general circulation model (MITgcm, MARSHALL et al. 1997, http://
mitgem.org/) in two different configurations with either a simplified parameterization of
8!3Cp,c for the abyssal ocean (valid for depths larger than 1000 m, cf. MARCHAL and CUR-
RY 2008), or an implementation of §'3Cp;c and §'*Cp,; based on the MITgcm carbon cycle
component (the so-called “DIC package”, DutkiEwicz et al. 2005a, b). The more complex
model includes fractionation processes during photosynthesis and air-sea gas exchange. It is
furthermore fitted with additional passive tracers such as iron (which serves as a micronutri-
ent), radiocarbon and ideal age. Surface boundary conditions for the LGM are derived from a
coupled atmosphere-ocean general circulation model (MERKEL et al. 2010).

For the modern ocean, we use the corrected GEOSECS data (KrooPNICK 1983, 1985),
pre-WOCE (World Ocean Circulation Experiment) surface 8'*Cp;c by GRUBER and KEELING
(2001) and a recent compilation of data from the WOCE/GLODAP era by SCHMITTNER et al.
(2013). For the LGM ocean, we employ the compilation of benthic foraminiferal §'3C data
by HEsSE et al. (2011).

In comparing the model output to the sparse and partly noisy modern and paleo data, we
take special care and aim at avoiding any kind of interpolation (cf. GuioT et al. 1999).
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Fig. 1 Atlantic meridional overturning circulation visualized in terms of a streamfunction (in units of Sv, 1 Sv =
10° m3 s7!) for (A) the optimized modern and (B) the optimized LGM ocean states. Positive values denote clockwise,

negative values anti-clockwise circulation.
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We test the sensitivity of the carbon isotope distributions to the formulation of fractionation
during photosynthesis and check the model results against the data for the modern ocean (sur-
face and deep 3'*Cpyc and radiocarbon). Using the simplified parameterization of §'3Cpc, we
demonstrate that we can successfully fit the MITgcem to the modern as well as the LGM data,
obtaining a mean residual of 0.31 %o for the optimized modern ocean state and 0.28 %o for the
optimized LGM ocean state. Comparing the LGM to the modern state, our results point to a
shallower (by more than 500 m) NADW (in contrast to GEBBIE 2014) and a ventilation of the
deep Atlantic Ocean of similar strength (Fig. 1, cf. HUANG et al. this volume).
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Signals of CO, Destratification from Boron Isotopes

James W. B. RAE,! Gavin L. FosTER,? Laura F. ROBINSON,* Andy RIDGWELL,*
and Jess F. ADKINSS

With 2 Figures

The size and tempo of deglacial CO, rise requires CO, to be released form the deep ocean
to the atmosphere (BROECKER 1982, SiGMAN and BoyLE 2000). Records of deep-ocean CO,
chemistry should thus offer a counterpart to the ice core records of the atmosphere, and may
allow us to constrain the source of the CO, and the mechanisms of its release.

Here we present records of deep ocean carbonate chemistry using the boron isotope com-
position of benthic foraminifera (RAE et al. 2011) and deep-sea corals (ANAGNOSTOU et al.
2012, McCuLLocH et al 2012). The boron isotope proxy takes advantage of the pH dependent
speciation of boric acid and borate ion, the isotope fractionation between these molecules,
and the observation that only the borate ion is incorporated into growing marine carbonates
(HEMMING and HANSON 1992, Fig. 1). As a result the boron isotope composition of marine
carbonates can act as a proxy for the pH of the ocean water in which they grew (HONISCH and
HeEMMING 2005, FOosTER 2008, HENEHAN et al. 2013).

pH is only one parameter of the ocean carbonate system, a full determination of which
requires 2 parameters to be known. However pH — and §''B of borate — is extremely closely
linked with [CO,] and [CO5>7], and all of these parameters are controlled (at a given temper-
ature, salinity, and pressure) by the ratio of the two master variables, alkalinity (ALK) and
dissolved inorganic carbon (DIC). Thus we can use 3''B data to constrain deglacial changes
in the characteristics of the carbonate system.

The simplest change in deep ocean carbonate chemistry expected over the deglaciation is
loss of DIC to the atmosphere. In the absence of other processes, this should raise deep ocean
pH and [CO;>7]. However, it is unlikely that DIC loss occurred in isolation, and other process-
es may also affect the ocean carbonate system. Thus, although knowledge of the carbonate
chemistry of the deep ocean will help inform us about the mechanisms taking place during
ocean-atmosphere CO, exchange, we shouldn’t expect deep ocean §''B records to be a simple
mirror image of the ice cores.
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Fig. 1 The boron isotope proxy for pH. The proportion of the two molecular species of boron in seawater, boric acid
and the borate ion, varies as a function of pH (top panel). As there is a significant isotopic fractionation between
these species and the sum of their isotopes must give 3''B of seawater, the isotopic composition of either species is
a function of pH (bottom panel).

Despite the potential for different controls on deep CO, chemistry, our §''B record from deep-
sea corals at mid-depths of the Drake Passage shows a pattern of pH change remarkably sim-
ilar to what might be predicted from simple conceptual models. During the LGM these sites
are bathed in low pH waters, show high pH excursion during the deglaciation, and recover
to intermediate pH values in the Holocene. This is consistent with increased DIC storage at
these depths during the LGM, CO, loss to the atmosphere over the deglaciation, and recovery
via carbonate compensation, which acts as a net sink of ALK/DIC.

Deep ocean (>3000 m) 8''B records show a more unexpected story. At three different sites —
two in the deep Southern Ocean, and one in the deep North Pacific (RAE et al. 2014) — we
observe excursions to low pH during intervals of CO, rise in HS1 and the YD. These signals
cannot be explained with simple models of DIC loss, nor by changes in productivity or burial of
CaCOs;. Notably, however, these pH minima occur at times of increased ventilation, as indicated
by local changes in '*C (SKINNER et al. 2010, RAE et al. 2014). eNd data in our S Atlantic cores
indicate that these ventilation changes are unlikely to be driven by input of water masses of
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different provenance (see also SKINNER et al. 2013). Instead, the change in '“C at similar eNd
indicates that the 3!'B data are more likely explained by mixing of carbon-rich waters through
the Southern Ocean water column.

Despite the fact that deep Southern Ocean waters show a decrease in pH during intervals
of CO, rise this does not preclude them from being a significant source of CO,. It merely
means that the signal of DIC loss is overcome by the mixing in of low-pH waters from other
depths in the water column. Loss of DIC from deep waters is indeed reflected in a rapid rise
in pH at the end of the mixing episode: once low-pH waters stop being transferred to depth,
the removal of CO, from these deep waters allows them to recover to higher pH values than
before these events.

Glacial Maximum HS1, YD Holocene

Coz Coz

* . & 4 ¥
¥ b
dew i . Southern :
wwmene stratification D low pH Atiantic  ~p) Pacific

Fig. 2 Cartoon of stratification and pH at the LGM, during periods of deglacial CO, rise, and in the Holocene. In a
stratified water column, low-pH waters are found at intermediate depths, due to remineralization of organic carbon
to DIC. Upon destratification, these low-pH waters will be mixed throughout the water column. This may explain
the low-pH excursions seen in our deep ocean §''B records during times of CO, rise, and the corresponding increase
in 8''B seen at mid depths.
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The Ice Core Record of CO, —
A Focus on the Climate/CO, Phase Relationship
during Deglacial Transitions
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With 1 Figure

The Antarctic ice contains the purest and most direct record of past atmospheric CO, and can
also provide a reliable record of Antarctic/austral high latitude temperature (see Jean JOUZEL
presentation). Ice cores drilled until now cover 800,000 years of history in Antarctica and
allow us to better know glacial-interglacial cycles, which characterize this period. While the
main driver of glacial-interglacial variations lies in changes in the Earth’s orbit around the
Sun, the response of the climate system involves interplay between changes in ice sheets,
lands, oceans, and the atmosphere, modulating natural variations in greenhouse gas concen-
trations in the atmosphere. On the whole, Antarctic temperatures were warm during periods
of high CO, concentrations and cold during periods of low CO, concentrations.

But this correlation does not allow us to disentangle the causal link between CO, and
temperature: was it the greenhouse effect due to CO,, which induced a warming, or was it
the warming, which induced the increase in CO,? A supplementary clue comes from the
sequence of events between CO, and temperature. In particular, an essential prerequisite for
understanding the role of atmospheric CO, during past deglacial transitions is to know its
phase relationship with climate.

The problem is not trivial because, while Antarctic temperatures are recorded at the sur-
face of ice sheets, atmospheric gases such as CO, are trapped at about 100 m depth — depend-
ing on site conditions — at the base of the firn where the bubbles close off, this depth being
dependent of past climatic conditions. MONNIN et al. (2001), using a model of this lock-in
depth during the past, concluded that CO, had started to rise 800 + 600 years after Antarctic
temperature (as deduced from the EDC deuterium record) at the end of the last ice age. This
result, which is in agreement with an earlier study on the Vostok and Taylor Dome ice cores,
could support a scenario where the initial release of CO, into the atmosphere has been a con-
sequence of the initial warming at high southern latitudes.

PARRENIN et al. (2013) have revised this CO,/Antarctic temperature lead/lag estimate by
inferring the air lock-in depth from isotope 15 of nitrogen in air bubbles, which is enriched
proportionally to the firn thickness. They also applied an innovative statistical method to
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Scientifique (CNRS) / Université Joseph Fourier (UJF), Grenoble, France.
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fique (CNRS) — I’Université de Versailles Saint-Quentin (UVSQ), Gif-sur-Yvette, France.
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determine the Antarctic temperature and its lead/lag to CO,. They determined that CO, and
Antarctic temperature increased at the same time at the end of the last ice age, within 200
years (Fig. 1). This finding now makes it likely that CO, was responsible, at least partly, of
the Antarctic warming at the end of the last ice age. New data and climate model experiments
are necessary to disentangle the different contributors of this past natural global warming.
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Fig. 1 Various climatic time series over termination 1. From top to bottom: 8D from EDC (purple); Stack Antarctic
temperature (dark blue); Atmospheric CO, concentrations (light green); Atmospheric CH, (taken as a proxy for
Northern Hemisphere climate, red); Summer insolation (65°N, black) (adapted from PARRENIN et al. 2013).

LaANDAIS et al. (2013) also investigated the changes in CO, and Antarctic temperature during
transition T2, the previous glacial-interglacial transition, roughly 136 ka ago. They found that
CO, and Antarctic temperature started increasing in phase around 136 ka ago but they also
found a two-phase change in CO,, Antarctic temperature and global climate during the course
of the deglaciation.
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Finally, when interpreting the ice core CO, records in terms of atmospheric trends we should
take into account the fact that a significant smoothing effect of the initial atmospheric signal
can occur when the atmospheric perturbation occurs at the same time scale as the gas trapping
duration at the base of the firn. This is likely the case for the four events occurring during the
last glacial-interglacial transition, T1 (Fig. 1). We are now trying to quantify their correspond-
ing smoothing effect and we hope to be able to present the results during the symposium.
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Are the Drabbest Proxies the ‘Best’?
Patterns of Bulk CaCO; and Glacial Carbon Storage

Andy RIDGWELL (Bristol, UK)
With 1 Figure

Despite the proliferation of increasingly fancy paleoceanographic proxies over the past dec-
ade or so, our ‘best’ (most informative) single source of information regarding the past state of
the global carbon cycle is arguably the observed distribution and temporal change in CaCO;
preserved in open ocean marine sediments (Fig. 1). The preservation of biogenic CaCOj;
deposited to the seafloor sensitivily depends on the overlying carbonate ion concentration
([CO5>]), which we would like to know from a glacial CO, perspective, and ocean floor
depth, which fortunately does not change with time at any great rate. [CO,;>], in turn, tells us
something of the circulation of the deep ocean in addition to the overlying DIC and ALK con-
centrations (and hence carbon storage). In combination with relatively ‘pure’ (fancy) tracers
of ocean circulation such as '“Nd, plus gradients in benthic §'*C that reflects circulation as
well as enhancement in DIC due to the action of the biological pump, it should in theory be
possible to extract deep ocean CO, storage from wt% CaCOj; (3 proxies and 3 variables). (?)
Conversely, the relative data-richness of available wt% CaCO5 and §'*C observations might
helpfully (statistically) be employed to fill in the gaps of the sparser but fancier **Nd. CaCO,
preservation, however, also depends on the total flux of CaCO; and POC, which is less con-
venient from a number of free parameters perspective, although these are both variables of
glacial-interglacial carbon cycle change we would also like to know more about. If it were
possible also to solve for the CaCO; and POC fluxes consistent with wt% CaCO; we would
have most of the glacial CO, picture.

The potential of extensive and mature datasets such as of wt% CaCO; seems obvious,
which begs the question of why it has not been more frequently and critically used to un-
derstand the glacial state. One does, however, need to be able to achieve a reasonable spatial
resolution and distribution of sediment composition in a numerical model to quantitatively
assimilate the data and hence likely requiring a 3D ocean circulation based model. The com-
putational expense associated with a typical ~20-50 ka equilibrium time of deep-sea sedi-
ment composition is then partly the reason why (the other being researcher seduction by the
newer proxies). An equilibrium time comparable to or exceeding the transition time between
different Marine Isotope Stages then raises the question of just how representative either late
Holocene or peak LGM data time-slice (Fig. 1) really are in the first place. More likely is that
lower wt% and low accumulation rate sites are relatively close to equilibrium with respect
to the ocean at the nominal time-slice age, whilst higher wt% locations are less so. One way
forward is to run a model dynamically forward in time and characterize the time-response of
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Fig. 1 Core-top (~Holocene) and LGM age observations of the global distribution of wt% CaCOj; in marine sedi-
ments (ARCHER 1996, CATUBIG et al. 1998)

marine sediment composition and particularly of wt% CaCO; to quantify the degree to which
different sedimentary environments record the overlying environment. At the same time, by
incorporating a tracer of ‘time’ in the sediments, such as A'*C or 8'%0, one can elucidate the
degree to which sediment ‘age’ is even synchronous with the ocean. The lower wt% sites
whose bulk composition better reflects time-variations in ocean chemistry may then turn out
to fail to record time adequately.

So this is what I shall present — an Earth system model (‘cGENIE’) based exploration of
the spatial and temporal dynamics of our ‘best’ proxy for glacial-interglacial changes in the
global carbon cycle — wt% CaCOs.
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Benthic *C Ventilation Ages Record Changing
Storage of Dissolved Inorganic Carbon
in the Abyssal Ocean
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With 3 Figures

As widely agreed, the abyssal ocean absorbed large quantities of atmospheric and terrestrial
carbon during the Last Glacial Maximum (LGM). Past changes in the carbon uptake of the
deep ocean were linked to various factors, in particular, to the transit time of ocean deep
waters. The (apparent) 4C ventilation age (AA*C) of modern ocean waters below 2000 m
depth directly parallels the concentration of dissolved inorganic carbon (DIC) (Fig. 1A)
(SARNTHEIN et al. 2013). Modern *C ventilation ages increase from about 600 up to 2400
14C year with increasing distance from the deep water source. This aging of deep waters by
1800 !C year matches an increase by 230 mmol DIC/kg H,O at the terminus of the ‘global
conveyor belt’ in the Pacific, on average 1.22 mmol DIC/kg per 1 %o decrease in AAC. In
view of the deep-ocean volume >2000 m w.d., which represents ~50 % of the total ocean,
an average concentration of 1 mmol DIC/kg corresponds to 8.5 Gt C (AMANTE and EAKINS
2009, and GLODAP data). Hence the regression slope of Figure 1A implies that the modern
abyssal ocean is receiving ~1.1 Gt C per *C year deep water transit time (Fig. 2).

Modern AAMC distributions of the four largest ocean basins show regression slopes that
vary from —1.27 to —1.49 mmol DIC/kg per %0 AAC (Fig. 1B). Only the data from the north-
western Indian Ocean and the Pacific sector of the Southern Ocean deviate from this general
trend, presumably because of aberrant local export productivity and carbon fluxes. Thus, most
regression slopes are comparable over most parts of the modern ocean, despite different water
mass conversion and circulation conditions in the different ocean basins. On the basis of this
general homogeneity SARNTHEIN et al. (2013) proposed as a working hypothesis that the
modern regression of DIC vs. AA'C may be long-term persistent over glacial-to-interglacial
times and also incorporate the LGM slope variability. The hypothesis included various tacit
assumptions: (/) The LGM overall geometry of thermohaline overturning circulation was
basically similar to today, although AABW had likely expanded in the bottommost ocean
during glacial times. (ii) The NADW and AABW in the Southern Ocean do not differ signif-
icantly in terms of the DIC/AA'C relationship, since AABW consists largely of ’recycled’
NADW. (iii) Global export production was widely constant (SIGMAN and BoyLE 2000), thus
decoupled from the transit time of ocean overturning circulation, and (iv) ocean intermediate

1 Institute for Geosciences, University of Kiel, Olshausenstraf3e 40, 24098 Kiel, Germany.
2 Institute of Ecosystem Research, University of Kiel, Olshausenstrale 40, 24098 Kiel, Germany.
3 GEOMAR Helmholtz Centre for Ocean Research Kiel, Wischhofstrale 1-3, 24148 Kiel, Germany.
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Fig. 1 (A) Ratio of total dissolved inorganic carbon (DIC) per kg vs. benthic Ay, *C and C ventilation age for
Fraction of modern carbon (fMC) = 1 of ocean waters below >2000 m w. d. (SARNTHEIN et al. 2013). Modern, vol-
umetrically unweighted GLODAP data (KEY et al. 2004) for longitudes of the Atlantic (green), the western (orange)
and eastern Indian Ocean and Pacific (pink and blue). Standard deviation is £32.8 %o for A'*C and +40.2 pmol/kg for
DIC. Black open circles mark deep waters with chlorofluorocarbon (CFC) concentrations >0.1 pmol/kg as tracer of
modern anthropogenic influence in the northern North Atlantic and Weddell Sea Bottom Water (orange dots). Mod-
ern ventilation ages of 600 to 2400 '“C years average at 1500 '*C years = —170 %o A'*C. (B). LGM regional estimates
and LGM variability ranges of DIC — A'C and age ratio (red oval dots) constrained for several ocean key regions:
EIO = Eastern Indian Ocean; IS-1 = Icelandic Sea Mode 1; IS-2 = Icelandic Sea Mode 2; NEA = Northeast Atlantic;
NEP = Northeast Pacific; NWP = Northwest Pacific; SCS-S = shallow South China Sea; SCS-D = deep South China
Sea; SO-D = deep Southern Ocean; SO-S = shallow Southern Ocean (SARNTHEIN et al. 2013). Estimates were cal-
culated using the assumption of stable regional regression slopes (compare Fig. 3). Green numbers at upper left refer
to the Atlantic (1), Southern Ocean (Atlantic and Indian sectors) (2), western Indian Ocean (3), eastern Indian Ocean
(4), Southern Ocean (Pacific sector) (5), and Pacific (6). Regression slopes are —1.49 umol/kg/A'*C (1), —1.43 umol/
kg/AMC (2), —1.87 pmol/kg/A™C (3), —1.27 pmol/kg/A™C (4), —0.79 umol/kg/A™C (5), —1.44 umol/kg/A“C (6).
Following Fig. 14, A'C values for intra-LGM age differences between atmosphere and deep water (= apparent
benthic ventilation ages) and related DIC values are calculated for ‘paleo’ fraction of Modern Carbon (fMC) = 1.
LGM ventilation ages show average end members of <500 A'“C years in the Icelandic Sea and ~3600 '*C years in
the Southern Ocean, 5000 “C years in the Northwest Pacific and result in an overall conservative arithmetic mean
of 2100 C years equal to =230 %o of fMC. Blue values (umol/kg) show mean DIC contents of the deep ocean,
estimated for a mean LGM ventilation age of 2100 '“C years. Gt C scale at upper right labels total DIC mass in the
LGM ocean, stored in addition to the modern 38,100 Gt DIC, with 1 umol DIC/kg corresponding to 8.5 Gt C in the
total ocean at >2000 m w.d.. Biol. Pump = ‘Biological Pump’, Solub. Pump = ‘Solubility Pump’. Blue arrows display
Holocene-to-LGM shifts.

waters comprise approximately the same volume as deep waters, hence form an integral part
of the ocean carbon inventory, the magnitude of which may occasionally alternate with that
of deep waters.

WALLMANN (2014) and WALLMANN et al. (ms subm. 2015) now generated a 24-box
earth-system model which provides a first opportunity to test the outlined hypothesis of a
largely persistent DIC vs. AA*C slope over glacial-to-inter—glacial times (Fig. 3). The output
data modelled for modern deep water boxes closely match the values averaged for water
samples from pertinent deep water boxes, since the model circulation was tuned until the
tracer data of the ocean were closely reproduced. The tuned model produces a regression
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Fig.2 Scheme of the carbon inventory of ocean deep water for modern and LGM times (SARNTHEIN et al. 2013). The
14C ages and carbon contents are subject to a delicate balance between (i) the gradual aging of preformed carbon from
the northern North Atlantic (black DIC values) up to the subpolar North Pacific and (ii) the incremental absorption
of young biogenic organic and inorganic carbon (green DIC values) supplied by the biological pump from the sea
surface. During the LGM the average transit time (blue age values) was prolonged, hence the global effect of the
biological pump possibly doubled.

slope for the LGM that indeed comes close to the modern slope. This match fully confirms
our hypothesis of a long-term largely persistent DIC vs. AA™C slope for the global ocean, that
also applied for the LGM. It corroborates the value of benthic '“C ventilation ages for quan-
tifying oceanic carbon storage over time. The model also reveals a ~ —50-%o shift in A'*C of
the intercept with the DIC value determined by preformed carbon and solubility pump on the
x-axis, which may suggest the influence of increased input of fossil carbonate dissolved in the
deep ocean, in part possibly the result of reworked shelf carbonates during times of low sea
level (WALLMANN et al. ms subm. 2015). On the basis of this model test we feel encouraged
to conclude that past changes in the '“C transit time, that reflect changes in the circulation ve-
locity of ocean deep waters (Fig. 2), were fully sufficient to accommodate more than the car-
bon released by the interglacial-to-peak glacial shift in atmospheric CO,. Additional amounts
of carbon were transferred from intermediate to deep ocean waters. In total, the mean DIC
modelled for eleven LGM boxes lies near 2450 mmol/kg, that is consistent with 2350-2380
mmol/kg deduced from a fragmentary set of empiric data, which suggested a peak glacial
carbon drawdown of ~850 Gt C into the abyssal ocean.
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Fig. 3 DIC vs. difference between radiocarbon in seawater DIC and atmospheric CO, (AA*C-DIC) at >2000 m water
depth (WALLMANN et al., subm. 2015). Different from the unweighted data in Fig. 1 (SARNTHEIN et al. 2013) the ‘data’
in this figure are weighted mean values for deep water and bottom water boxes derived from water column measure-
ments, thus produce a different, that is, a steepened regression slope. LGM refers to model results at 21 ka BP.
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With 2 Figures

CO, measurements on ice cores during the 1980s revealed for the first time that atmospheric
CO, levels during the Last Glacial Maximum (LGM) were considerably lower than for the
preindustrial Holocene (NEFTEL et al. 1982). Quickly, the paleo-community started an on-
going endeavour to explain the mechanisms behind the low glacial CO, levels and how the
system returned to the interglacial state.

This presentation provides an overview how the stable carbon isotope composition of
atmospheric CO, (3'*C,,,) contributed to this quest. It will be shown that §'*C,,, can be a
powerful parameter to differentiate between processes, if boundary conditions are well con-
strained or can at least assumed to be rather constant. The Holocene represents such a case of
still manageable boundary conditions. Since a large suite of terrestrial and marine processes
may affect §'3C,,,,, it can quickly turn into an ‘overloaded parameter’ when applied to more
complex settings. The transient and simultaneous sequence of processes during deglaciations
as well as the low-frequency variations over the last 160 ka are examples, in which §°C,,
serves as an infer alia parameter to properly arrange the pieces of the carbon cycle puzzle.

Since the ocean is by far the largest reservoir capable to transferring sufficient carbon on
timescales of millennia into the atmosphere, the processes in the ocean itself are on the top
agenda to explain the glacial CO, level. Already in the late 1980s carbon isotope inventory
changes of the global ocean based on benthic foraminifera indicated that the terrestrial car-
bon storage was reduced during the LGM (DUPLEssY et al. 1988). Consequently, a potential
increase in the land carbon storage could already be ruled out to explain glacial CO, levels.
Until then the key question has been where and by which processes the ocean stored the extra
CO,. Newer studies confirmed a whole-ocean §'*C change of ~ 0.4 %o (CIAIS et al. 2012).
Like the ice core archive, marine sediment cores allow a large suite of parameters to be an-
alysed. However, unlike the restricted geographical options of ice core drill sites, sediment
cores have the advantage that they can be obtained, in principle, from any marine region and
depth range.

Based on these rich archives and backed by the modelling community, an ever-increasingly
detailed picture was drawn, the past circulation, the biogeochemical processes in the water
column, and the terrestrial processes. Very early in this joint effort, §'3C,,, was identified as
a powerful parameter to constrain processes of the global carbon cycle (FRIEDLI et al. 1984).
To first order, each of the main active carbon reservoirs (dissolved inorganic carbon [DIC] in
the ocean, organic carbon on land and in the ocean, atmospheric CO,) has a distinct 3'*C sig-
nature. Organic carbon produced by terrestrial photosynthesis is ~ 20 %o lighter compared to
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the atmosphere, which is itself ~ 7 %o lighter than the ocean DIC. The primary strength of the
archive atmosphere (archived via firnification to glacier ice) lies in its integrating properties.
The CO, exchange fluxes between the atmosphere, and both the surface ocean and the terrestrial
biosphere are characterized by strong seasonal cycles superimposed by a large spatial heteroge-
neity. Atmospheric CO, integrates over any involved processes in space and time. The bubble
enclosure process in polar firn columns leads to a further smoothing generating a signal of
typically centennial means of southern hemispheric air. Pioneering studies revealed that 3°C,,,
varied during the Holocene and over the deglaciation and allowed for the first tentative interpre-
tations on the causes of the observed CO, changes. For the Holocene CO, rise INDERMUHLE et
al. 1999 suggested that a climate induced change in the terrestrial carbon reservoir contributed
in addition to marine processes. However, the measurement precision and temporal resolution
achieved at that time allowed for neither a robust interpretation nor significant constraints of the
temporal evolution of the processes (BROECKER and CLARK 2003). Incited by BROECKER and
CLARK (2003), the ice-core community had to come up with better 3!*C,,,, data. Only after ma-
jor analytical hurdles were mastered, the Holocene CO, evolution could be revisited with a new
313C,,, record (ELSIG et al. 2009). Based on this §'*C,,, evolution and assumptions regarding
the land carbon uptake during the deglaciation, the authors concluded that the early Holocene
CO, drop was driven by land carbon uptake as evidenced by a §'°C,,, rise. By contrast, the
post-8000 year CO, rise cannot be explained by a corresponding release of isotopically light
land carbon, but its origin lies more in the readjustment of the marine carbonate chemistry
and coral reef formation. This finding supports marine studies proposing a reduction of the
carbonate ion concentration (BROECKER and CLARK 2003), and thus conflicts with an extensive
release of land carbon from early human activity (RuppimaN 2003). The study of ELSIG et al.
(2009) is a classic either-or example where 3'°C,,,, served as a decisive parameter to discrimi-
nate among conflicting theories. This kind of ‘double deconvolution’ analysis was possible be-
cause the boundary conditions during the Holocene (ocean circulation, sea surface temperature,
and general climate conditions) have not changed much. In contrast to the puzzling Holocene
CO, rise, the route of interpretation of our follow-up study (SCHMITT et al. 2012) reaching back
to the LGM was different. There is consensus among modelling and proxy studies that during
the deglaciation a suite of carbon cycle processes acted in conjunction and often with opposing
813C signs, ruling out single-type explanations (e. g. KOHLER et al. 2005). Only the prominent
early drop in 8'*C,,,, associated with the CO, rise between 18 and 16 ka, could be safely associ-
ated with a net CO, outgassing from CO,-oversaturated Southern Ocean water. Pointing to the
synchronous rise in opal flux (ANDERSON et al. 2000), we implicitly suggested that a change
in ocean dynamics caused both the CO, rise and the 3'*C,,,, drop. Yet, from §'*C,,, alone we
cannot rule out an alternative scenario, where the Southern Ocean CO, outgassing results rather
from a drop in dust-derived iron input. In this case, the surface ocean becomes CO,-oversat-
urated with respect to the atmosphere as the biological pump driving the export production is
iron limited (MARTIN 1990). In fact, BROECKER and MCGEE (2013) correctly point to the fact
that the drop in dust flux is coeval with at least the first CO, rise and the §'*C,,, response of
a reduced export production would be lighter §'°C,,, values as well. In their summary on the
challenges to interpret 6'°C,,,, BROECKER and McGEE (2013) acknowledge that 3'3C,,,, is still
a key parameter, but if applied to the complex setting of glacial/interglacial CO, changes, the
boundary conditions for §'*C,,,, have to be well quantified. One of these boundary conditions
sketched in this “roadmap to interpret 5'°C,,,” is the temperature field of the surface ocean. Due
to the equilibrium fractionation during the air-sea gas exchange, atmospheric CO, becomes de-
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pleted in the heavy carbon isotope by ~ 8 %o compared to DIC. Unfortunately, the fractionation
factor is temperature dependent and decreases with temperature by ~ 0.1 %o per °C. As the tran-
sient 3!*C,,,, changes over the deglaciation are only 0.3 %o, a 3 °C SST change would already
generate the same §'3C,,, variability. To account for this temperature effect and thus “unload”
the overloaded 8'3C,,, signal, SCHMITT et al. (2012) applied a first-order correction using proxy
SST reconstructions as used in BICYCLE (KOHLER et al. 2005). The temperature correction
lowers the 8'°C, «orr Signal for the Holocene by ~ 0.3 %o, resulting in a Holocene level that is
lower than that is seen in the LGM (Fig. 1). Note, in the original §'*C,,, record the Holocene
level is comparable to the LGM. In a next step we want to use the inferred changes in the land
carbon stocks of ~ 300-700 PgC derived from the whole-ocean 8'*Cp change of 0.34 %o
(Cias et al. 2012). As the land biosphere took up 300—700 PgC after the LGM, all active carbon
pools became heavier by 0.34 %o. In other words, after accounting for temperature effects and
land carbon storage we end up again with roughly comparable values for LGM and Holocene.
Yet, the §'3C,,, puzzle is not solved. During the LGM, the global ocean had to store more CO,
(parts from the atmosphere and the land carbon change) in its interior rather than close to the
surface to sustain low pCO, at the sea surface. In the modern ocean, this vertical DIC gradient
is associated with a corresponding 3'*Cp, gradient, i.e. deep water with remineralized organic
carbon has lighter §'3Cpy¢. than the DIC at the surface. Therefore, an increased carbon storage in
the deep ocean during the LGM would have increased the vertical §'*Cp,¢ gradient, thus leading
to heavier §'3Cpy,¢ values at the sea surface. As the surface ocean 3!*Cp¢ is tightly coupled with
3BCym» 013Cyyp Will follow and become heavier as well. During the deglaciation, the two promi-
nent processes to explain a large part of the CO,rise — the increased Southern Ocean ventilation
and the drop in export production due to reduced iron input — both decrease the vertical 3*Cp,c
gradient. Consequently, surface 3'*Cp,c and thus 3'°C,,, are then expected to be lighter during
the Holocene. However, the Holocene 8°C,,,, is equal or even slightly heavier than during the
LGM, pointing to a missing process, or badly constrained boundary conditions (BROECKER and
MCcGEE 2013). Clearly, these rough estimates are meant for illustrative purposes only. Models
of intermediate complexity have already been applied to this kind of problem set (e.g. MENVIEL
et al. 2012) and are covered in detail in this Volume (e.g. Joos et al., KOHLER et al.).

While the carbon cycle processes discussed above already provide a challenge for the
paleo-community, interpretations using §'*C,,, on longer timescales require yet additional
processes to be included. As shown in Figure 2, the mean levels for MIS 6 and the LGM are
markedly different, which is mirrored by the subsequent interglacials Holocene and MIS 5.5
as well (LoURANTOU et al. 2010, SCHNEIDER et al. 2013). One could try explain the 0.4 %o
lighter §!*C,,,, values for the MIS 6/5 interval within the frame of the already discussed pro-
cesses. Yet, there is little evidence in the records to propose e.g. major differences in ocean
circulation or SST between MIS 6 and 2 to explain the 0.4 %o offset. Rather, it is more likely
that the carbon isotopic composition of the entire marine carbon pool drifted towards heav-
ier values over the last 160 ka as indicated in marine compilations (OLIVER et al. 2010). In
fact, the mean residence time of carbon in the global ocean is on the order of the duration
of a glacial cycle. The main carbon fluxes into the atmosphere-ocean system are volcanic
CO, emissions, carbonate weathering, and oxidation of sedimentary organic carbon. Carbon
leaves the system mainly as marine sediments in form of buried carbonate sediments along
with refractory organic carbon. As in the case of the aforementioned carbon cycle processes,
any of these input and output fluxes is subject to temporal changes in both the mass flux and
its carbon isotopic signature. As these fluxes are necessarily small compared to the large gross
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Fig. 1 Ice core reconstructions and marine records illustrating the evolution of major components of the Earth cli-
mate system over the past 24,000 years (original figure taken from ScHMITT et al. 2012). Panel B: Monte Carlo aver-
age of the evolution of §'*C,, before SST correction (red line represents the MCA; 2c and 1o envelopes are in gray)
and after SST correction (gray line). Further descriptions and references can be found in the original paper. Green
bars indicate intervals with a strong net terrestrial carbon buildup; blue bars indicate intervals where sequestered deep
ocean CO, was released back to the atmosphere.
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Fig. 2 Evolution of §"3C,,, (Monte Carlo spline and 1o error estimate of the combined data sets of SCHMITT et al.
(2012), SCHNEIDER et al. (2013), and recent measurements, EGGLESTON et al. (in preparation) (covering MIS4 and
MIS3) and atmospheric CO,, as well as EDC dust flux (LAMBERT et al. 2012) and iron deposition flux at ODP 1090
(MARTINEZ-GARCIA et al. 2014) in the Southern Ocean region. Blue bars mark time intervals with full glacial condi-
tions at the LGM and MIS6. Green bars mark interglacial conditions.

fluxes and sporadic, such in the case of the eruptive volcanic emission, these fluxes and their
respective 8'3C values are poorly known. SCHNEIDER et al. (2013) discussed some of the pos-
sible options to explain the 0.4 %o difference, for example an increase in the terrestrial carbon
storage via peat/yedoma during MIS 5. Indeed, the gradual 3'3C rise during large parts of the
MIS 5 interval and well into MIS 4 could point to this direction (Fig. 2).

In summary, §'*C,,,, which can be reconstructed from polar ice over the last 800 ka,
constitutes a valuable constraint for the global carbon cycle puzzle. As a globally integrated
parameter and additionally temporally smoothed by the firn enclosure process, it may cir-
cumvent some of the weaknesses of more regional marine and terrestrial proxies. Ice cores
directly provide a globally-averaged, low-pass filtered archive for §'*C,,,,. However, to fully
exploit this parameter, the individual contributions of many processes have to be better quan-
tified using new measurements and proxies, as well as better representation in models.
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Was the Early Deglacial CO, Rise Caused by a
Reduction of the Atlantic Overturning Circulation?

Andreas SCHMITTNER! and David C. LUuND?
With 3 Figures

The reason for the initial rise of atmospheric CO, during the last deglaciation remains un-
known. Most recent hypotheses invoke Southern Hemisphere processes such as shifts in
mid-latitude westerly winds. Coeval changes in the Atlantic Meridional Overturning Circu-
lation (AMOC) remain poorly quantified and their relation to the CO, increase is not under-
stood. Here we compare simulations from a global, coupled climate-biogeochemistry mod-
el that includes a detailed representation of stable carbon isotopes '*C with a synthesis of
high-resolution 3'*C reconstructions from deep-sea sediments and ice core data. In response
to a prolonged AMOC shutdown initialized from a pre-industrial state (Fig. 1), modelled *C
of Dissolved Inorganic Carbon (8'*Cp,¢) decreases in most of the surface ocean and the sub-
surface Atlantic, with largest amplitudes (more than 1.5 %o) in the intermediate depth North
Atlantic (Fig. 2).

It increases in the intermediate and abyssal South Atlantic, as well as in the subsurface
Southern, Indian and Pacific oceans. The modelled pattern is similar and highly correlated
with the available foraminiferal 3'3C data spanning the late Last Glacial Maximum (LGM, ~
19.5-18.5 ka BP) to the late Heinrich stadial event 1 (HS1, ~16.5—-15.5 ka BP), but the model
overestimates 3'°Cpyc reductions in the North Atlantic (Fig. 3). Possible reasons for the mod-
el-sediment data differences are discussed. Changes in remineralized §'*Cp dominate the
total §'*Cpy, variations in the model but preformed contributions are not negligible. Simulated
changes in atmospheric CO, and its isotopic composition (3'*C¢,) agree well with ice core
data (Fig. 1). Modelled effects of AMOC induced wind changes on the carbon and isotope
cycles are small, suggesting that Southern Hemisphere westerly wind effects may have been
less important for the global carbon cycle response during HS1 than previously thought. Our
results indicate that during the early deglaciation the AMOC decreased for several thousand
years. We propose that the observed early deglacial rise in atmospheric CO, and the decrease
in 8'*C¢(, may have been dominated by an AMOC induced decline of the ocean’s biological-
ly sequestered carbon storage.

1 College of Earth, Ocean, and Atmospheric Sciences, Oregon State University, Corvallis, OR, USA.
2 Department of Marine Sciences, University of Connecticut, Groton, CT, USA.
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Fig. 1 Time series of (A) North Atlantic freshwater forcing, (B) AMOC response, (C) atmospheric CO, concentra-
tions, (D) 8'*C of atmospheric CO, (solid, left axis) and global mean surface ocean §'*Cp,c (dashed, right axis) for
four model simulations (color lines). Symbols in (C) and thick black curve (error estimates are indicated by thin
lines) in (D) show ice core measurements (MARCOTT et al. 2014, ScHMITT et al. 2012), respectively (bottom and

right in (C) axes).
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Fig. 2 Zonally averaged distributions of 3'3Cp¢ (color shading and black isolines) as a function of latitude and depth
simulated by model FW0.15 (red lines in Fig. 1) in the Atlantic (/ef), Indian (center) and Pacific (right) ocean basins
at model years 0 (A-C) and 2500 (D-F; A—F use top colour scale), and the difference (G-I; bottom colour scale).
Symbols in bottom panels denote locations of observations.
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What is Shaping the AC-DIC Relationship
in the Deep Ocean?

Birgit SCHNEIDER and Michael SARNTHEIN ML (Kiel)
With 1 Figure

The deep ocean provides the largest reservoir of carbon relevant for the climate system. Un-
derstanding its sensitivity to perturbations in climate and/or the global carbon cycle gives
important insights into mechanisms controlling atmospheric CO,. Below 2000 m water depth,
modern observations show a clear, almost linear, relationship between the AC ventilation
age and the concentration of dissolved inorganic carbon (DIC; Fig. 1). According to these
observations an increase of 1.22 umol/kg DIC equates to 1 %o reduction in A*C. Taking into
account the ocean’s volume this regression slope corresponds to a flux of 1.1 GtC/yr into the
deep ocean. With the help of the regression of AC vs. potential alkalinity (POTALK = alka-
linity + nitrate) this flux can be separated into 0.64 GtC/a from the remineralization of organic
matter and 0.45 GtC/a from the dissolution of particulate inorganic carbon (PIC), which is in
good agreement with results from sediment trap data (ANTIA et al. 2001) and inverse model-
ling (SCHLITZER 2002).

In the present study, we are using results of ocean biogeochemical model simulations to
analyse how the shape of the regression line depends on the interplay of marine biological
production and ventilation time of the deep ocean. Our focus is on changes in (i) the venti-
lation time, which is expected to affect the extension of the data cloud towards more or less
depleted AMC values, and (ii) the export of particulate organic and inorganic matter, which is
expected to drive the slope of the regression line. Our results will be of particular relevance
for the understanding of past climates, especially with regard to the oceanic storage of atmos-
pheric carbon during the last glacial.
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Fig. 1 Ratio of total dissolved inorganic carbon (DIC) pmol per kg vs. benthic AC and '*C ventilation age for
Fraction of modern carbon (fMC) = 1 of ocean waters below >2000 m w.d. (SARNTHEIN et al. 2013). Modern, volu-
metrically unweighted GLODAP data (KEY et al. 2004) for longitudes of the Atlantic (green), the western (orange)
and eastern Indian Ocean and Pacific (pink and blue). Standard deviation is + 32.8 %o for A'C and + 40.2 pmol/kg
for DIC. Black open circles mark deep waters with chlorofluorocarbon (CFC) concentrations >0.1 pmol/kg as tracer
of modern anthropogenic influence in the northern North Atlantic and Weddell Sea Bottom Water (orange dots).

Modern ventilation ages of 600 to 2400 '*C year average at 1500 '“C year = —170 %o A'“C.
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Taking Stock of the Hypotheses for Polar Ocean
Stratification and Carbon Dioxide Sequestration
during the Last Ice Age

Daniel M. SIGMAN (Princeton, NJ, USA)

A comprehensive oceanic explanation for the lower atmospheric CO, concentrations ob-
served during ice ages must have at least two components. First, a mechanism is required by
which orbital change or a proximal atmospheric/Earth surface response to this orbital change
alters the physics and/or biology of the ocean. Second, those ocean physical and biological
changes must drive a redistribution of carbon and alkalinity in the ocean/atmosphere system
that lowers the concentration of atmospheric CO,.

To date, there has been more work on the second of these components: the nature of
glacial/interglacial Southern Ocean changes and their implications for atmospheric CO,. In
the context of Southern Ocean-related explanations, the CO, response to a given physical
or biological change in the ocean is accessible with existing concepts and models, although
with uncertainties related to our incomplete understanding of modern ocean processes. As an
example, in the 1990s, it was observed that different types of models, box models and ocean
general circulation models, indicate very different CO, sensitivities to a given ocean change.
This is now known to relate to a coherent difference between model types in the degree to
which the surface waters contributing to deep water formation approach air/sea CO, exchange
equilibrium prior to entering the ocean interior. A high degree of equilibration applies to box
models because the surface waters are injected into the subsurface from a spatially expansive,
homogenous surface layer. General circulation models, in contrast, tend to be characterized
by highly localized open ocean convection, which limits the time for water passing through
the surface to undergo air/sea CO, exchange. Given our poor understanding of the processes
that contribute to the Southern Ocean ventilation of the ocean interior, it is not clear which of
these two cases is closer to reality. Here, box model estimates of CO, effects are used.

A reduction in Antarctic overturning (“‘Antarctic stratification”) or a sea ice-driven reduc-
tion in sea/air gas exchange are two Antarctic ventilation-related mechanisms for lowering
ice age CO, that have strong geochemical similarities; we refer to them here as the Antarctic
“ventilation barrier” mechanisms, as they essentially reduce the role that the Antarctic plays
in ventilating the deep ocean. There is evidence for Antarctic stratification: paleoproductivity
proxies indicate that export production was reduced while nitrogen isotope measurements of
diatom-bound organic matter indicate an increased degree of nitrate consumption, which to-
gether require a decline the gross rate of deep nitrate supply to the surface ocean. Sea ice driv-
en reduction in gas exchange is more difficult to evaluate. Given evidence for summertime
melt-back even during glacial maxima, this mechanism would apply if only the most polar
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Antarctic surface is important for CO, gas exchange in the waters that sink into the subsur-
face. In box models (and in general circulation models with fast gas exchange), the Antarctic
ventilation barrier mechanisms, acting in isolation or together, can lower carbon dioxide by
roughly 40 ppm, although greater CO, declines are possible with extreme (i.e. seemingly un-
realistic) applications of the mechanisms. This limited amplitude of CO, drawdown applies
because the Antarctic barrier mechanisms strengthen the carbonate pump (the sequestration
of alkalinity in the ocean interior), which partially offsets the CO, reducing effects of the
soft-tissue pump (the sequestration of organic carbon-derived DIC in the ocean interior as
well as the increase in ocean alkalinity that this triggers).

Southern Ocean nutrient drawdown is an additional mechanism for lowering CO, that, in
contrast to the barrier mechanisms, is not opposed by the carbonate pump. Nitrogen isotope
data from diatom microfossil-bound organic matter indicate an increased degree of nitrate
consumption in the Antarctic during ice ages. However, as described above, this occurred
in context of substantial ice age declines in the gross nutrient supply from below, which
indicates less surface/deep ocean exchange of water in the ice age Antarctic. Accordingly,
the CO, effect of increased Antarctic nutrient consumption may have been muted by the re-
duced role of the Antarctic in ventilating the global deep ocean. Including a higher degree of
nutrient consumption in the context of Antarctic stratification only reduces CO, by roughly
an additional 10 ppm (i.e. to a total Antarctic biogeochemical effect of 50 ppm). An alterna-
tive description of this trade-off is that, if one were to decrease Antarctic overturning in the
context of the high degree of nitrate consumption that appears to have applied to the glacial
Antarctic, atmospheric CO, would change relatively little, possibly even rising. In essence,
the modern interglacial Antarctic leak of deeply sequestered, respired CO, to the atmosphere
can be turned off only once.

In the Subantarctic Zone, a remarkable correspondence is observed of higher dust-de-
rived iron flux, export production based on opal and alkenone flux, and increased nitrate
consumption based on nitrogen isotope measurements of foraminifera-bound organic matter.
These coincident changes are consistent with dust-borne iron fertilization as the dominant ice
age change. This process would have lowered atmospheric CO, partly by the same general
increased CO, storage in the ocean interior that applies to Antarctic stratification and nutrient
consumption changes described above. In addition, Subantarctic iron fertilization would have
been particularly effective at raising ocean alkalinity by (i) shifting the ocean CO, storage
into the deepest ocean, and (i7) possibly decreasing low latitude CaCOj; production. Observa-
tional constraints on the lysocline depth and low latitude productivity during ice ages appear
to constrain the strength of the CO, drawdown associated with Subantarctic iron fertilization
change to roughly 40 ppm.

Thus, the combination of Antarctic and Subantarctic changes is needed to achieve the
full (80—100 ppm) ice age CO, decline. North Atlantic overturning changes are also relevant
in these calculations (and tend to contribute modestly to the CO, decline when paired with
the Southern Ocean changes), but they do not change qualitatively the conclusions regarding
what is required from the Southern Ocean to reach ice age CO, levels. In the context of the
progressive CO, decline of the last ice age, the data indicate that Antarctic changes began at
the end of the previous interglacial (the MIS 5e/5d transition, at 110 ka), while Subantarctic
iron fertilization did not begin in earnest until the MIS 5a/4 transition (at 70 ka).

Above, a set of Southern Ocean physical and biological changes are outlined that are
implicated by data and together have the capacity to lower CO, to near ice age observations.
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However, the community lacks an understanding of the potential causes for both the implied
Antarctic barrier mechanisms and the increase in Subantarctic dust supply during ice ages.
Thus, even if the evidence for these Southern Ocean changes were to become incontrovert-
ible, conceptual gaps stand in the way of a theory of glacial cycles that includes Southern
Ocean-driven CO, change. The talk will specifically consider the proposals for how orbital or
resulting climate changes might result in Antarctic stratification, one of the Antarctic barrier
mechanisms described above. Proposals to date for ice age Antarctic stratification include (i)
a decline in westerly wind-driven upwelling (TOGGWEILER et al. 2006), (ii) a decline in abys-
sal mixing (WATSON and GARABATO 2006, FERRARI et al. 2014, DE BOER and HOGG 2014),
(iii) a decline in the capacity of temperature to drive polar ocean overturning (SIGMAN et al.
2004, DE BoER et al. 2007), and (iv) an expansion of the seasonal sea ice cycle (BOUTTES et
al. 2010). These will be reviewed, highlighting key strengths, weaknesses, and questions. The
relationship of each proposed mechanism to the possibility of sea ice cover-driven limitation
of air/sea CO, exchange will also be considered.

A case will be made that subarctic North Pacific observations call for similar biogeochem-
ical behaviour of the Antarctic and subarctic North Pacific over glacial/interglacial cycles.
This is somewhat surprising, given that the two regions have very different boundary con-
ditions. While both regions experience net wind-driven upwelling and have haloclines, the
differences in basin geometry yield different strengths of upwelling as well as different conse-
quences. The southern westerly winds and the Antarctic Circumpolar Current are largely un-
impeded by continental barriers, and surface water sent northward across the open channel of
the Southern Ocean cannot be easily replaced by surface currents along continental margins;
these conditions do not apply to the North Pacific. Moreover, the vertical density structure of
the two regions has very different outcomes for deep ocean ventilation by the two regions,
with the Antarctic forming both intermediate and deep water at globally significant rates and
the more strongly stratified subarctic North Pacific forming only a modest amount of interme-
diate water. Given these differences, it would seem possible to hone in on their shared aspects
to distinguish among physical explanations for the apparent reduction in surface/deep ex-
change during cold climates that appears to characterize both regions. This exercise motivates
a new, admittedly speculative proposal for the mechanism of Antarctic and subarctic North
Pacific stratification during ice ages, which will be presented in the latter part of the talk.
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On the Glacial Ocean Circulation and its Impact
on the Global Radiocarbon and Carbon Cycles

Luke C. SKINNER,' Emma FREEMAN,! Frangois PRIMEAU,?
and Adam E. SCRIVNER!

With 2 Figures

Our current perspective on the large-scale overturning circulation of the global ocean at the
height of the last glacial period, or Last Glacial Maximum (LGM), is perhaps almost com-
parable to that of the contemporary ocean circulation in the early 1960s. At that time, Walter
MUNK, in a classic paper focusing on the large-scale overturning circulation of the Pacific
Ocean interior (MUNK 1966), postulated that the overturning of the ocean might be conceptu-
alized as being achieved through a balance of downward diffusion (e.g. of buoyancy) versus a
slow upward advection of mass. MUNK (1966) used sparse Pacific water column radiocarbon
data available at the time (along with information from more detailed temperature and salin-
ity data) to show that property profiles in the Pacific interior were indeed compatible with a
consistent set of vertical fluxes and stabilities (i.e. degrees of stratification), and with the no-
tion of a large-scale overturning maintained by a balance of vertical diffusion and upwelling.
Property profiles for the Pacific interior were thus given by a set of (abyssal) ‘recipes’ that
were developed by MUNK (1966) and that were declared to be appropriate and consistent
parameterisations of the processes responsible for overturning in the Pacific interior, but no
more than that: they were ‘recipes’ not fully physical explanations. Indeed, some caveats and
clarifications are in order at this stage. Firstly, by now it has become apparent that the con-
stant vertical diffusivity () of ~1x10~* m’s~! estimated by MUNK (1966) is about an order
of magnitude too high for the bulk of the ocean interior, where k ~ 0.1x107* m?s™! or less is
observed, and that much higher vertical diffusivity (by as much as two orders of magnitude,
K ~100x10~% m?s~") can be found concentrated in regions of highly variable bottom topogra-
phy. Nevertheless, it has been argued that the original value for k ~ 0.1x10~* m?s~' may still
hold as a global average (MuNK and WuUNscH 1998) that is representative of a combination
of widespread lower values over most of the ocean interior and higher values concentrated in
very localized regions of intensified vertical mixing (over perhaps only ~1 % of the ocean).
Furthermore, it is also clear that if the ‘abyssal recipes’ of MUNK (1966) do indeed succeed in
representing the interior property profiles of the modern ocean in a consistent manner, it must
be because they manage to parameterize the effects of two ‘drivers’ of the overturning circu-
lation: diapycnal/isopycnal mixing (i.e. due to the energy provided for small scale motions in

1 Godwin Laboratory for Palaecoclimate Research, Department of Earth Sciences, University of Cambridge, Cam-
bridge, CB2 3EQ, United Kingdom.
2 Department of Earth System Science, University of California, Irvine, CA, USA.
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the ocean interior by winds and tides), and direct energy input to the large-scale overturning
from winds in the Southern Ocean in particular (KUHLBRODT et al. 2004).

Regardless of the link between the ‘abyssal recipes’ of MUNK (1966) and the real phys-
ical processes they might hope to represent, it can be clearly shown that it is impossible to
reconcile the circulation that prevails in the modern Atlantic interior with that in the modern
Pacific interior without using very different ‘ingredients’ in the abyssal recipe for each basin
(i.e. different diffusion/advection ratios, and different absolute vertical diffusivity values in
particular). This is shown in Figure 1, which shows the root mean square (RMS) errors for
fitting the abyssal (radiocarbon) recipe of MUNK (1966) to (bomb-corrected) modern radio-
carbon data from relatively sparse sediment core locations in the Atlantic and Pacific. This
analysis requires the assumption of a constant ratio of vertical diffusivity to upwelling (k/®),
and the modern value of k = 0.77 estimated by MUNK (1966) from temperature/salinity pro-
files is used here in a first instance. The analysis also requires the stipulation of radiocarbon
ventilation ages at the top and bottom of the domain (here defined at 0 m and —-5000 m). What
emerges from Figure 1 is that the Atlantic requires the supposition of a much lower value
for A, and therefore a higher value of vertical diffusivity (k) given a fixed ratio of /o, since:

4pc(c/w)?
el A e 1
K 21 (1]

Although the precise physical significance of a higher “modelled k” in the modern Atlantic
versus the modern Pacific is not easy to infer directly from this ‘abyssal recipes’ analysis
alone, it is not very difficult to map this clear demonstration of very different circulation
regimes in the modern Atlantic and Pacific basins onto what we already know about the hy-
drography and dynamics in these two basins today (TALLEY et al. 2011).

This analysis becomes less trivial and more interesting when we shift our gaze to the
glacial ocean. Figure 1 also shows the RMS errors for abyssal recipe solutions that best fit
compiled published and unpublished estimates of ocean versus atmosphere radiocarbon dis-
equilibria in the LGM Atlantic and Pacific (SKINNER and FREEMAN et al. in preparation).
Figure 2 shows the ‘ventilation age’ profiles (i.e. bottom-water versus atmosphere radiocar-
bon disequilibria, §'“Ry_s,n, expressed in terms of equivalent decay ages in '*C-years) that
are produced by the best-fit abyssal recipes for the modern- and LGM Atlantic and Pacific.
What emerges in Figures 1 and 2 is that the LGM abyssal recipe solutions for the Atlantic and
Pacific: (i) more closely resemble each other, in clear contrast to the modern situation; and (if)
imply globally, and especially in the Atlantic, a generally lower value of modelled ‘vertical
diffusivity’, k (it can also be shown that a better fit is obtained for a doubling of the diffusion
to advection ratio, k/o, precisely as suggested previously by LUND et al. 2011).

Arguably, both of these observations are highly significant, even if it must be stressed that
a clearly defined dynamical interpretation of these results is not at all obvious at this stage.
Three key points emerge from the results in Figures 1 and 2, in decreasing order of robustness:

— They demonstrate almost unequivocally that the circulation of the glacial Atlantic was
very different from the modern (in a dynamical sense that cannot be argued to be an arte-
fact of e.g. non-conservative biological effects, as for an analysis of stable carbon isotopes
for example (GEBBIE 2014).

— They further imply that the circulation of the glacial Atlantic was rather more similar to
that of the modern Pacific (the details of which are more readily guessed from hydro-
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Fig. | Average RMS errors, as a function of lambda (L) associated with abyssal recipe solutions for the radiocarbon
profiles of the Atlantic and Pacific for «/® = 0.77, as compared to sparse modern and LGM radiocarbon data from
sediment core locations (SKINNER et al., in preparation). In the modern ocean, Ay anic < Apacifics (i-6. modelled vertical
diffusivity, «, is higher in the modern Atlantic), whereas in the LGM ocean the A for both basins increases and Ay e
> Apacifies (-6. modelled k decreases overall and is even lower in the glacial Atlantic than the glacial Pacific).

graphic surveys and analyses of the modern Pacific (TALLEY et al. 2011), or from theoret-
ical arguments (FERRARI 2014), than from the abyssal ‘recipe’ proposed here).

If the details of the glacial radiocarbon data are taken at face value, it is apparent that the
abyssal recipe that best reproduces the glacial Pacific radiocarbon profile also suggests a
decrease in the modelled vertical diffusivity in that basin, and an approximate doubling
of the ratio of diffusivity to upwelling, «/®, as previously suggested on the basis of stable
isotope profiles in the glacial Atlantic (LUND et al. 2011).

Nova Acta Leopoldina NF 7217, Nr. 408, 217-222 (2015)

219



Luke C. Skinner, Emma Freeman, Frangois Primeau, and Adam E. Scrivner

MOD and LGM Recipes

D —
—— LGM Pacific
5 2% \\ —— LGM Atlantic
e . — — —MOD Pacific
gl \ R g - — -~ MOD Atlantic
A ~
\ ™
-1F 3 ¥ 5
!
!
15+ Y
\ \
1
]
-2 |

depth, km)
o
[4;]

. | /

]
0 500 1000 1500 2000 2500 3000
d14R(B-Atm)

Fig. 2 Abyssal recipe solutions, giving vertical radiocarbon profiles in the modern and LGM Atlantic and Pacific
basins (based on defined values at 0 and —5 km, on assumed k/® values and on the corresponding A value that yields
the minimum RMS in Figure 1). The vertical radiocarbon ‘age’ profile for the LGM Atlantic resembles (and indeed
overreaches) that for the LGM Pacific, in clear contrast to the modern situation. In both cases, significantly higher
radiocarbon ages appear to have been reached, as compared to the modern ocean. A ‘Pacific-style’ circulation thus
appears to have replaced the modern Atlantic circulation at the LGM.

Our claim is therefore that a specific kind of change in the global overturning circulation,
with the Atlantic adopting a Pacific-style circulation, might be inferred from emerging LGM
radiocarbon data. A second proposition that extends from this is that the inferred change in
the overturning circulation, with the Atlantic resembling the modern Pacific, had the effect

220 Nova Acta Leopoldina NF 721, Nr. 408, 217-222 (2015)



On the Glacial Ocean Circulation and its Impact on the Global Radiocarbon and Carbon Cycles

of increasing the global average ocean-atmosphere radiocarbon disequilibrium (i.e. ventila-
tion age). A simple geometrical average of LGM ‘ventilation age’ estimates, as well as more
sophisticated interpolation methods (SKINNER et al., in preparation), suggest a ~600 C year
equivalent increase in the global average ocean-atmosphere radiocarbon disequilibrium, con-
sistent with other estimates (SARNTHEIN 2013).

In order to assess what impact this would have had on the marine carbon cycle, and more
specifically on atmospheric CO,, a linear scaling argument based on modern relationships
might be advanced (SARNTHEIN 2013). Alternatively, a simple conceptual framework can be
considered, in which the average radiocarbon age of the ocean (relative to the atmosphere) is
set by the degree of mixing between the ocean interior and a well-equilibrated surface mixed
layer, which also interacts with biological export from the mixed layer to set the partitioning
of carbon and alkalinity between the deep ocean and the surface mixed layer. Analytical solu-
tions within this conceptual framework can only be obtained if certain parameters are fixed.
Three parameters in particular turn out to be primary determinants of the response of atmos-
pheric CO, to a less vertically mixed ocean: (i) the initial age of the ocean interior prior to the
change in mixing (the impact of an aging ocean on atmospheric CO, diminishes with increas-
ing age, since typically 5*CO,/3(age)?> 0); (ii) the ratio of alkalinity to organic carbon that is
exported by biology to the deep ocean (a very high degree of alkalinity trapping in the deep
ocean can result in increased atmospheric CO, for a less vertically mixed ocean); and (iif) the
nutrient restoring capacity of biology in the mixed layer (i.e. the sensitivity of export produc-
tivity to nutrient supply from below, via vertical mixing with the deep ocean). The importance
of the latter two factors have been noted previously in the literature (HAIN et al. 2011, KwoON,
et al. 2011); however, the conceptual framework outlined here serves to underline in a simple
and generalized manner the importance of assessing these three parameters in the context
of past (glacial-interglacial) ocean circulation change. Indeed, with reasonable guesses for
these three parameters, the proposed simple analytical framework can successfully reproduce
the results of more sophisticated intermediate complexity GCM simulations (TSCHUMI et al.
2011), and would suggest that a ~600 '“C year aging of the glacial ocean specifically due to a
reduction in the efficiency of vertical mixing might have accounted for as much as 60 ppmv
of the 90 ppmv change in atmospheric CO, between the LGM and the late Holocene. These
preliminary results might therefore deserve further attention, and might emphasize the poten-
tial value of more reconstructions of the glacial ocean radiocarbon distribution.
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Reconstructing Deglacial Circulation Changes
in the Northern North Atlantic and Nordic Seas:
AMC, 813C, Temperature and 5'30SW Evidence

David J. R. THORNALLEY (London, UK)
With 1 Figure

Ice-core records have revealed that atmospheric CO, has varied during glacial-interglacial
by ~90 ppm, with rapid increases in atmospheric CO, occurring during deglaciations. It is
widely accepted that changes in the amount of carbon stored in the deep ocean play a leading
role in explaining these cycles, primarily because of the size of the deep ocean carbon res-
ervoir (~60 times that of the atmosphere) and the millennial timescales on which it interacts
with the atmosphere (SiGMAN et al. 2010). To gain an understanding of how changes in deep
ocean carbon storage may have controlled past variations in atmospheric CO,, we ideally
require robust and detailed proxy records of the properties and ventilation pathways of the
deep ocean across glacial-interglacial transitions. The deep ocean is ventilated in the high
latitudes, where dense isopycnals outcrop at the sea surface. Therefore to help understand
deep ocean-atmosphere exchange we require reconstructions of past hydrographic changes
at these high latitude ventilation sites. Furthermore, constraints on the timing and phasing of
deglacial changes in these regions enable us to evaluate hypotheses regarding the underlying
mechanisms of the glacial termination.

I will present a suite of multiproxy deglacial records from one of the regions of deep ocean
ventilations: the high latitude North Atlantic and Nordic Seas. These data enable the recon-
struction of past ventilation rates as well as the physical properties of the surface and deep
ocean. There are several lines of enquiry that will be addressed through these new datasets:
(i) What was the cause and mechanism(s) involved in the appearance of a highly '“C-depleted
water mass in the mid-depth northern North Atlantic during deglaciation? (ii) To what ex-
tent can this water mass explain changes in mid-depth ocean properties further south, in the
subtropical North Atlantic and South Atlantic? (iif) What was the timing and nature of ocean
reorganizations within the northern North Atlantic during Heinrich stadial 1 and what role, if
any, did this play in the early deglacial rise of atmospheric CO,?

(i). New benthic radiocarbon reconstructions from a site at 2.7 km depth in the Norwegian
Sea reveal the formation of an aged deep water mass within the glacial Arctic Mediterranean
(AM), with a ventilation age of up to 10,000 years. Despite such an old ventilation age, 5'°C
and nutrient reconstructions do not suggest substantial remineralization of organic matter
occurred, likely owing to low surface productivity and export of AM waters at shallow and
intermediate depths. A simple box model exercise confirms the feasibility of obtaining such
old ventilation ages within the AM, as long as rates of deep water renewal remained less than
~0.1 Sv for the glacial and deglaciation. It is hypothesized that gradual filling of the AM with
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a dense water mass occurred throughout MIS2, resulting in aging of the water column and
a sharp radiocarbon front developing between well ventilated intermediate waters and the
underlying aged deeper waters. Ultimately, overflow of this aged water over the Iceland-Scot-
land Ridge occurred during HS1 and throughout the deglaciation, influencing the northern
North Atlantic. The chemical properties of this deep AM water mass, alongside those of the
open deep Atlantic can explain the deglacial A"C-3'*C signals reconstructed south of Iceland
(THORNALLEY et al. 2011). Further supporting evidence for the filling and overflow of this
aged water from the Nordic Seas during HS1 has been observed at an intermediate depth
core in the Faroe-Shetland Channel region (RASMUSSEN et al., AGU Fall 2014 Meeting, and
personal communication).

New multi-proxy temperature reconstructions (benthic foram Mg/Ca and clumped iso-
topes) from the deep Norwegian Sea also reveal glacial temperatures that were 2-3 °C warm-
er than modern. This is consistent with the absence of deep convection, which today cools the
deep Nordic Seas to temperatures below —1 °C. The warmer deep Norwegian Sea may have
been caused by either a deep inflow of warm Atlantic water and/or by geothermal heating.
The shift from a warm to cold deep Nordic Seas began during HS1 and the timing of the deep
ocean heat release and surface records indicating input of substantial meltwater are consistent
with a role for this deep ocean heat release in melting of sea-ice and surrounding ice sheets.

(ii) Temperature, 5'®0Osw and radiocarbon reconstructions from south of Iceland reveal
a complex pattern of hydrographic change during the deglacial, and most notably during
HS1. The signature of the aged deep water from the Nordic Seas can be detected south of
Iceland during HS1 in multiple proxies. Yet HS1 also contains prominent intervals of better
ventilation. One such event (~15-15.5 ka) is also associated with a warming from ~0—1 °C to
4-5°C at 1.2 km depth. Given that identical physical and chemical properties are reconstruct-
ed in both planktic and benthic foraminifera at this time, we hypothesize that this interval
represents a period of regional intermediate-deep water formation that also entrained aged
water from the Nordic Seas. I will compare the timing and changing hydrography of this
event to assess the extent to which it may explain hydrographic changes reconstructed further
south in the Atlantic.

A brief interval of particularly strong ventilation occurred ~16-16.5 ka, which is also
detected in the deep Nordic Seas. This benthic radiocarbon event has importance for con-
straining the timing of benthic §'30 and §'*C changes in the subpolar North Atlantic because
it occurs at the onset of major shifts in benthic and planktic §'%0 and §'*C within the same
cores. Traditionally, constraining the age of the HS1 benthic §'80 and 3'*C isotope change in
this region has been hampered by uncertainty in the planktic '*C reservoir age. Notwithstand-
ing the possibility that this event is an artefact of bioturbation (although replication in two
cores and other lines of evidence suggest this is unlikely), the young benthic radiocarbon ages
at 16—16.5 ka provide an upper (i.e. oldest) age constraint on the timing of the major isotopic
shift during HS1 in these cores. Supporting evidence for a relatively young age (<17 ka) of
the timing of the HS1 benthic isotope event in the northern North Atlantic is also provided by
new planktic radiocarbon dates in additional cores. In light of these suggestions on the timing
of regional isotopic events in the northern North Atlantic, I will explore the relative timing of
HS|1 benthic isotopic events throughout the North and South Atlantic.

Finally, the data from south of Iceland and the Nordic Seas suggests that intermediate and
deep water formation may have been highly variable during HS1. This apparent variability
would undermine the rationale behind producing single time-slice composites of HS1, e.g.
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(TessiN and LunD 2012), and invalidate interpretations based on a single mode of circulation
during HS1.

(iii) The brief interval of particularly strong ventilation at ~16—16.5 ka also coincides with
surface warming events recorded further south in the subpolar North Atlantic (Fig. 1). It is
therefore plausible that there was a brief reinvigoration of deep water formation in the North-
east Atlantic at ~16—16.5 ka. This observation may have implications for our understanding
of the mechanisms of deglacial atmospheric CO, rise.

During the deglaciation, proxy and modelling studies have established the simplified
paradigm (RAHMSTORF 2002) that the North Atlantic ocean switched between a relatively
deep, modern-like, mode of NADW formation during warm intervals (the Holocene, 0—11.7
ka and Bglling Allergd, BA, 13-14.7 ka), to a shallower ‘cold’” mode, in which Antarctic
Bottom Water (AABW) replaced water of northern origin below ~2-2.5 km (e. g., the Last
Glacial Maximum, LGM, ~19-23 ka). In addition, during intervals of intense ice-rafting
and freshwater input such as Heinrich stadial 1 (HS1, ~14.7-19 ka) and the Younger Dryas
(YD, 11.7-13 ka), it is hypothesized that convection in the North Atlantic further shoaled and
weakened in response to freshwater input to the North Atlantic (‘Off mode’; Fig. 1). Changes
in the relative proportions of NADW vs. AABW affects the amount of carbon stored in the
deep ocean, because of their varying preformed [DIC] and physical properties. For example,
it is thought that the glacial Atlantic Ocean contained a larger volume of high [DIC], cold
AABW, enabling greater carbon storage in the deep ocean, helping lower atmospheric CO,
(BROVKIN et al. 2012).

Another important deep ocean control on atmospheric CO, is the amount of CO, that
‘leaks’ out of the deep ocean through upwelling in the Southern Ocean. It is hypothesized
that ventilation of the deep Southern Ocean was reduced during the LGM through a range of
physical and biogeochemical processes, thereby decreasing the Southern Ocean CO, ‘leak’.
This enabled greater storage of carbon in the deep ocean, thus helping lower atmospheric
CO, concentration (SIGMAN et al. 2010). Employing this mechanism, numerous studies have
suggested that the deglacial rise in atmospheric CO, occurred via enhanced upwelling in the
Southern Ocean e.g. (ANDERSON et al. 2009). Previous ice-core reconstructions of atmos-
pheric CO, suggested that the deglacial increase occurred predominantly through two gradual
rises, during HS1 and the YD, likely in response to North Atlantic ice-rafting and freshwater
events altering the overturning circulation (DENTON et al. 2010). However, the new higher
resolution atmospheric CO, reconstruction from the WD ice core (Fig. 1D; courtesy of MAR-
cotT and BrRoOK, OSU)) reveals an alternate picture of the deglacial rise in atmospheric CO,:
in addition to a gradual rise in CO, during early HS1 and the YD (18-16.5 ka; 13—11.7 ka;
solid grey arrows), there were three abrupt ‘jumps’ in CO, of ~10—15 ppm (black arrows),
followed by millennial-scale plateaus (dashed grey arrows), resulting in a more step-like
curve, in which up to ~40ppm of the ~90ppm deglacial rise in atmospheric CO, occurred as
abrupt ‘jumps’. The ‘jumps’ occur at the onset of the BA and Holocene, as well as at ~16.3
ka. The onset of the BA and Holocene are widely accepted as intervals of reinvigoration of
NADW (RAHMSTORF 2002), begging the question, was the jump at 16.3 ka also associated
with an (albeit brief) interval of strong convection in the North Atlantic? I hypothesize that
the onset of deep convection led to a rapid replacement of the previously poorly ventilated,
DIC-rich deep Atlantic ocean, by low [DIC], warm and salty NADW, that caused the ob-
served abrupt increases in atmospheric CO,. Recharging of deep Atlantic CO, storage likely
occurred during subsequent intervals of reduced NADW formation, resulting in the atmos-
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pheric CO, plateaus. A similar mechanism has been invoked to explain transient increases in
atmospheric CO, during the onset of the Dansgaard-Oeshger warm events of Marine Isotope
Stage 3 (30—60 ka) (BEREITER et al. 2012). Although a wide range of behaviour is displayed
by different models, several previous studies have suggested that, by itself, the replacement of
SSW by NADW can cause a rise in atmospheric CO, of up to ~10-30 ppm e.g. (SCHULZ et al.
2001, BROVKIN et al. 2012). Initial constraints on North Atlantic deep convection, from south
of Iceland and the Nordic Seas (Fig 1A, B), support this hypothesis, but to gain confidence
that this is a robust feature, further measurements are required.

To trace the extent of the 16—16.5 ka convection event in the subpolar Northeast Atlantic,
I have analysed benthic 8'*C and benthic-planktic *C ages in the high sedimentation rate
core OCE-326-GGC14, from 3.5 km depth in the Northwest Atlantic, during HS1. These
data do not suggest that the deep North Atlantic was subject to a strong ventilation event
from 16-16.5 ka, in line with other existing proxy data. It is therefore likely that ventilation
was restricted to the mid-depth ocean, weakening the supporting case for this event playing a
role in the atmospheric CO, jump at 16.3 ka. Yet it remains intriguing that there were clearly
important hydrographic reorganizations occurring within the subpolar North Atlantic at this
time, warranting continued investigation into the cause of the Northeast Atlantic ventilation
and surface warming signals and any possible link to atmospheric CO, change.
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With 2 Figures

The analysis of air, trapped in Antarctic ice core records, documents an increase of atmos-
pheric CO, by ~90 ppmv during the last deglacial transition, from 18.5—-11 ka. Parallel to
this, the record of atmospheric radiocarbon activities (A!*C) reveals a significant decrease
that was most pronounced during Heinrich stadial 1 (HS 1; ~ 17.5-14.7 ka; PARRENIN et al.
2013, REIMER et al. 2013). The contemporaneous pattern of both records implies an associ-
ated underlying mechanism combining the rise of atmospheric CO, to the release of a radio-
carbon-depleted reservoir. Because the ocean contains up to 60-times more carbon than the
entire atmosphere (BROECKER 1982) it has the potential to drive the atmospheric CO,-pattern.
Therefore, the release of '*C-depleted CO, from an old deep water carbon pool is thought to
explain a substantial part of the atmospheric CO, variabilities (SKINNER et al. 2010). Indeed,
several studies show the presence of old “C-depleted deep waters during the last glacial in
the North and South Pacific as well as in the South Atlantic (BURKE and RoBINsON 2012,
SARNTHEIN et al. 2013, SIKES et al. 2000, SKINNER et al. 2010) and propose the storage of
CO, in the deep glacial ocean.

The upwelling systems in the Southern Ocean are considered to represent the pathway of
this old CO, from the deep water toward the atmosphere (MARCHITTO et al. 2007). Around
Antarctica, carbon rich Circumpolar Deep Waters are upwelled and hence make contact with
the atmosphere. After the process of air-sea gas-exchange, the upwelled waters are mixed
and provide a major source for newly formed Antarctic Intermediate Water (AAIW; TALLEY
2013). Due to this circulation pattern, AAIW can spread the information of upwelling of old
water masses (high CO, and low “C) into the Atlantic, Pacific and Indian Oceans. In order
to localize and time the export of upwelled deep waters from the Southern Ocean, several (in
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parts contradicting) studies have analyzed the '*C-history of intermediate-water records (DE
PoL-HoLz et al. 2010, MARCHITTO et al. 2007). However, the dimension of the glacial carbon
pool as well as its evolution over time and its pathways towards the surface and ultimately
towards the atmosphere still remain a matter of an ongoing debate.

The aim of our study is to present a new perspective on this topic by using a water mass
transect of several sediment cores instead of only one record as most of the proceeding studies
have done. We analysed six sediment cores from the Bounty Trough east of New Zealand that
cover the water masses from the AAITW down to the Lower Circumpolar Deep Water (LCDW;
835-4339 m water depth; Fig. 1). These records were supplemented by another record that
was retrieved from 3613 m water depth more than 4000 km away from New Zealand at the
East Pacific Rise (Fig. 1, top). Our sediment core transect enables the reconstruction of 4C
over the last 30,000 years for multiple levels of the Southern Ocean’s water column. As it
is shown in Figure 1 (bottom), we can record '*C-depleted deep-waters moving towards the
south, as well as newly formed intermediate and bottom waters moving towards the north,
which carry the information of deep water upwelling and air-sea gas exchange. To facilitate
the direct comparison of the atmospheric A'*C record to the water mass ventilation, we recon-
structed the A'C history of all sediment cores. Depicted as a AA'*C notation (direct offset of
the water mass to the atmospheric record), low values indicate old, weakly ventilated waters,
while higher values indicate better-ventilated younger waters (Fig. 2, top).

During the last glacial our AA“C reconstructions indicate a significant radiocarbon deple-
tion in the Circumpolar Deep Waters between ~2000 and ~4300 m water depth (Fig. 2). Con-
temporaneous, the intermediate-waters were significantly better ventilated (Fig. 2) indicating
a strong glacial stratification separating the intermediate-waters from the underlying deep
waters. Furthermore, it is noteworthy that we didn’t find the lowest ventilation towards the
bottom but at ~ 2500 m water depth with better ventilated waters above and below, indicating
mixing processes with better ventilated water masses. In a similar way, the §'3C reconstruc-
tions of MCCAVE et al. (2008) north of our research area, also locate weakly ventilated waters
between 2000 and 3500 m water depth. The extreme mid-water '*C depletion yielding AA“C
values as low as —1000 %o is corroborated by the previous findings of SIKEs et al. (2000),
who reported glacial values of —870 %o in the Bounty Trough at ~2700 m water depth. Our
open ocean record from the East Pacific Rise (Fig. 1, top) traces the radiocarbon depleted
waters more than 4000 km away from the Bounty Trough, showing that these values do not
only represent a local phenomenon off New Zealand but that a widespread expansion of old
(*C-depleted) waters prevailed in the glacial South Pacific between ~2500 and ~3600 m wa-
ter depth. Furthermore, “C-depleted water masses can be traced through the Drake Passage
(BURKE and RoBINsON 2012) and into the South Atlantic (SKINNER et al. 2010).

The glacial AA™C pattern shown in Figure 2 (fop) resembles in a striking way the mod-
ern distribution of A*C in the Pacific Ocean (Fig. 1, bottom), with good ventilated inter-
mediate-waters, increasing '“C depletion below in UCDW, the highest depletion (oldest an
CO,-richest waters) between 2500 and 3600 m and better ventilated waters below, towards
the bottom. For this reason and because previous studies have also found radiocarbon deplet-
ed waters in the glacial North Pacific (SARNTHEIN et al. 2013), our data may represent the
glacial return flow of old Pacific Deep Water in analogy to the modern deep water circulation
as it is shown in Figure 1 (bottom).

To facilitate a pronounced deep water '“C depletion, the deep South Pacific must have had
limited access to the surface and the atmosphere in consequence of enhanced ocean stratifi-
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Fig. 1 (Top) Overview map of the southwest Pacific, indicating our research area in the Bounty Trough (red bar) and
at the East Pacific Rise (yellow dot). (Bottom) Modern A'C concentrations of the South Pacific. The area covered
by the Bounty Trough sediment core transect is marked by the red bar. The sediment core from the East Pacific rise
is indicated by a yellow circle (~ 152°W; KEy et al. 2004). Antarctic Intermediate Water (AAIW); Upper and Lower
Circumpolar Deep Water (UCDW and LCDW); Antarctic Bottom Water (AABW); Pacific Deep Water (PDW).

cation. Throughout the glacial expanded Antarctic sea-ice conditions (GERSONDE et al. 2005)
and changes in the Southern westerly wind belt (KOHFELD et al. 2013) may have hampered
the upwelling of old deep waters around the Antarctic continent. Also, enhanced buoyan-
cy-differences by increased deep water salinity (ADKINS 2013) and freshening of intermedi-
ate-waters (SAENKO et al. 2001) increased the stratification and inhibited the communication
between the deep ocean and the surface.
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Fig. 2 (Top) AA™C values (offset of measured A'*C to the contemporaneous atmosphere) of the SW-Pacific. (Bot-
tom) Antarctic §'0 record EDML (blue; EPICA Community Members 2006) and atmospheric CO, EDC (red; PAR-
RENIN et al. 2013).

Parallel to the observed rise in atmospheric CO, and Antarctic temperatures, the ventilation
of the deep Pacific at 2500 m significantly increases during termination 1 (Fig. 2) and point
towards a transfer of old CO, from the depth towards the surface. This CO, release reduced
the deep water to atmosphere offset from glacial values of about —1000 %o AA'C to ~ ~200%o
during the Holocene. During this period of pronounced upwelling, AAIW AA'C decreases
only slightly (this study; RosE et al. 2010). Therefore, we propose that the excess of upwelled
14C-depleted CO, was not substantially incorporated in newly formed AAIW, but that it was
directly transported towards the atmosphere, contributing to the observed rise of atmospheric
CO,. At the end of termination 1 (~11.5 ka), uniform AA!C values throughout the water col-
umn mark the end of the Pacific outgassing period.
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Deglacial CO,/Climate Feedbacks:
Models, Myths, and Misconceptions

Axel TIMMERMANN and Tobias FRIEDRICH (Honolulu, HI, USA)
With 3 Figures

The fact that glacial/interglacial CO, variations are orbitally paced implies the existence of a
universal climate/carbon cycle feedback mechanism that operated during all glacial termina-
tions, and not only during the last one. This means that the specifics of the millennial-scale
forcing during the last glacial termination, which were very different from the ones during
previous terminations, most likely played only a secondary role for the CO, change. We pro-
pose that the deglacial CO, rise would have even happened without the Heinrich 1 and Young-
er Dryas freshwater forcing events and associated AMOC responses. The secondary role of
millennial scale variability in the reorganization of the carbon cycle is illustrated during ter-
mination 2, which started with a CO, rise at 138 ka and was followed by a single Heinrich
event (H11) several thousand years later. These facts suggest that we need to focus more on an
understanding of how orbital forcing affects the climate system and subsequently the carbon
cycle. In our view, the millennial-scale analysis of deglacial CO, trends is a dead end.

Assuming that a significant fraction of deglacial CO, was vented physically from the
Southern Ocean during all glacial terminations, we can ask: What are the key orbital-scale
drivers of oceanic and atmospheric variability in the Southern Hemisphere?

A popular hypothesis is that glacial/interglacial CO, changes were driven by changes in
the Southern Hemisphere westerlies. Several studies (TOGGWEILER et al. 2006, ANDERSON et
al. 2009, DENTON et al. 2010) postulated that a deglacial poleward shift of Southern Hem-
isphere westerlies and an increase of Southern Ocean upwelling, triggered the atmospheric
CO, increase during termination 1 and a positive feedback that further amplified the wind
anomalies. To test this idea, our presentation will provide a detailed analysis of the orbital
pacemaking of Southern Hemisphere winds using a series of AGCM time-slice and transient
EMIC experiments covering the past 4 glacial cycles. We find that the transient experiments
conducted with the EMIC LOVECLIM simulate a Southern Hemisphere climate in close
agreement with ice core data (Deuterium, Deuterium excess, sea-salt and dust fluxes). This
realistic climate trajectory exhibits wind variations that are strongly driven by obliquity forc-
ing, but very little sensitivity to greenhouse gas changes. Strong obliquity weakens the me-
ridional temperature gradient and the surface Southern Hemisphere westerlies (Fig. 1, upper
panel). In fact past glacial terminations were consistently characterized by transitions from
weak obliquity (strong surface westerlies) forcing to strong obliquity values (weaker wester-
lies), consistent with the cold/warm orbit transition hypothesis. According to climate models
of varying complexity, the obliquity-driven changes of the Southern Hemisphere westerlies
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were very small (+ 5 %) and were very likely insufficient to drive major CO, changes. More-
over, changes in the latitude of the surface westerlies are much more controlled by the sea-
ice extent than by the direct obliquity forcing. Therefore, the previously hypothesized CO,/
westerly wind scenario which assumes that intensifying and poleward shifting westerlies dur-
ing termination 1, which were partly connected to Northern Hemispheric millennial-scale
processes, sucked up carbon-rich waters is inconsistent with physical modelling evidence, a
plethora of paleo-climate proxy studies (e.g. KOHFELD et al. 2013 for overview) and also with
dust data from Antarctic ice cores, which suggest stronger winds under glacial conditions.

TRnoCO2 BOO hPa
== TR 800 hPa
= = = Obliquity

Zonal wind changes [%]

0 50 100 150 200 250 300 350 400

time [ka B.P.]

Fig. 1 Black: Simulated relative 800 hPa wind changes (percent) in transient LOVECLIM simulation forced by
time-varying boundary conditions (TIMMERMANN et al. 2014). Gray: same as black but for model experiment that
uses constant atmospheric CO, concentrations. Orange line, obliquity changes (arbitrary units).

A key element of the Southern Ocean/climate system is sea-ice, which influences surface
albedo, air-sea gas exchange, momentum- and heat exchange. Its equatorward export controls
buoyancy forcing of the Southern Ocean, the establishment of meridional salinity gradients,
stratification and the production of Antarctic Bottom Water. Furthermore, sea-ice influences
biological productivity. With impacts on so many carbon-cycle relevant physical and biologi-
cal processes, it is paramount to understand how sea-ice responds to orbital forcing.

As shown in previous studies, the reconstructed and simulated sea-ice extent in the Southern
Hemisphere strongly correlates with the fixed season spring insolation (equivalent to South-
ern Hemisphere summer length). This forcing is synchronous with the Northern Hemisphere
summer insolation changes, which contribute to the waxing and waning of Northern Hemi-
sphere ice-sheets. Thus, similar local forcings in Northern and Southern Hemisphere can cause
respective ice-sheet and sea-ice variations, that vary in unison. Furthermore, as demonstrated
in a recent study (HEINEMANN et al. 2014) orbitally-paced ocean/carbon cycle variations in
the Southern Hemisphere, which may have contributed to the glacial/interglacial CO, change,
would have further intensified the variations in Northern Hemispheric ice volume (Fig. 2).
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Fig. 2 Schematic of orbital synchronization between Southern Hemisphere sea-ice, atmospheric CO, and Northern
Hemisphere ice-sheet variations.

Using a realistic transient climate model simulation over the past 784 ka, we present further
analysis of how orbital forcing influenced sea-ice extent and in particular the efficacy of Ek-
man pumping in the Southern Ocean — in the presence of near-constant Southern Hemisphere
westerlies (Fig. 1). Even though, Ekman pumping is only one contribution to the Southern
Hemisphere upwelling, it is an important one, that can be subject to massive changes in the
presence of sea-ice changes.

Ekman pumping velocities for the open ocean are usually calculated as

wA% =1 [9,(tA° /)- 0, (t"O /)], [1]

where r represents the water density, t*°, | the zonal and meridional stress components be-
tween atmosphere and ocean, f the Coriolis parameter and d, , the partial derivatives in x and
y direction. The atmosphere-ocean stress vector is denoted here as tA%=(tA°,t*°)). In partially
sea-ice covered areas, however, with a sea-ice fraction of a, such as the Southern Ocean, one

has to take into account also the stress between sea-ice and ocean, which can be calculated
from

tio = Cip r lu—u,l (ui—u,), [2]

with C;»=0.0055 representing a drag coefficientand u;, u, the ice and ocean velocities, respec-
tively. Here we calculate the Ekman pumping below partially covered sea-ice areas from the
output provided by the 784 ka transient LOVCLIM simulation using
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wN= 1 [0,(tN, /f)- 9, (N, /)], [3]
with tN= a t;o + (1-a) t*°. [4]

We define an Ekman pumping efficacy E, as E,= w,/ w9, which characterizes the ratio of the
wind-stress curl that is available for Ekman pumping in the ocean in sea-ice covered regions.
The Ekman pumping efficacy is smaller than 1 (E.<1) in regions of sea-ice convergence
or divergence, such as the Ross and Weddell Seas (GOOSSE and FICHEFET 1999). As already
proposed in Goossk and FICHEFET (1999), extended Southern Hemisphere sea-ice coverage
under glacial conditions may lead to a sea-ice-induced damping of the Southern Hemisphere
upwelling, even when the mean winds remain the same. Here we pursue this idea further to
identify potential causes for orbital-scale variations in ocean ventilation and CO,. Under pres-
ent-day conditions most of the carbon-rich waters upwell south of the Antarctic Polar Front.
As shown in Figure 3, over the last 350 ka the efficacy of Ekman pumping varied by a
factor of 2.5 during glacial terminations, in unison with austral spring insolation changes,
simulated sea-ice coverage and EPICA sea-salt fluxes (WOLFF et al. 2006). Phases of high
(low) eccentricity and high (low) amplitude precessional cycles in austral spring insolation
correspond to interglacial (glacial) conditions and high (low) atmospheric CO,, thus suggest-
ing the presence of a nonlinear climate-carbon cycle rectification mechanism in the Southern
Hemisphere. Here we propose that the orbital-modulation of sea-ice coverage and related
Southern Ocean Ekman pumping may have partly controlled the upwelling of carbon-rich
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Fig. 3 Simulated Southern Hemisphere sea-ice area (magenta) in transient LOVECLIM simulation compared with
EPICA sea-seal flux. Black: EPICA CO, concentrations and simulated Ekman pumping efficacy (orange) in LOVE-
CLIM transient simulation south of Antarctic Polar front.
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waters and in turn the degassing of CO, into the atmosphere. This process may be further am-
plified by the sea-ice control on air-sea gas exchange (STEPHENS and KEELING 2000). These
processes will control the upwelling branch of deep ocean CO,. However, in order to develop
a more complete picture of CO, fluxes it is important to also study the buoyancy-driven down-
welling/sinking branch, which can sequester carbon in the deep ocean in glacial times. After
all, we are interested in tiny CO, flux imbalances during glacial terminations and their control
by physical and biological processes. The presentation will conclude with an assessment of
the role of sea-ice export on Southern Ocean surface ocean stratification, on the formation of
AABW and on the physical pump.

Our new results demonstrate that orbitally-paced sea-ice variations may have played a
fundamental role in interglacial/glacial variability of atmospheric CO, concentrations.
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Effects of Eustatic Sea-Level Change on
Atmospheric CO, and Glacial Climate

Klaus WALLMANN (Kiel)

With 3 Figures

1. Introduction

The accumulation of continental ice sheets removes large volumes of water from the glacial
oceans and induces a significant drop in eustatic sea-level. These glacial changes affect the
oceans in multiple ways (BROECKER 1982). They decrease the ocean volume, enhance seawa-
ter salinity, increase seawater 8'30 values, expose large shelf areas, and induce a steepening
of ocean margins. The displacement of ocean margins into steeper terrain reduces the depo-
sitional area for the burial of particulate organic matter (POM) and neritic carbonate (Fig. 1).

Seafloor area (cumulated in Mio. km?)
0 & 1 45 20 25 30

1504~

2004

Water depth (m)

250 4

300-

Fig. 1 Morphology of the global ocean margin. The black line is the cumulated seafloor area as derived from the
high-resolution ETOPE 1 grid. The ocean margin at 0—100 m water depth is indicated for the modern ocean (red
area) and for the LGM when the sea-level was lowered by 120 m (blue area). The model presented in this paper con-
siders that the deposition and accumulation of neritic carbonate and marine particulate organic matter are diminished
during glacial sea-level low-stands due to the steepening of ocean margins.
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The carbon and phosphorus budgets of the global ocean are significantly affected by the
glacial marine regression and the decrease in margin area since the accumulation of neritic
carbonate on the inner shelf and the burial of POM on the shelf and upper slope act as major C
and P sinks. The glacial decrease in shelf carbonate burial is a major driver of ocean chemis-
try and atmospheric pCO, change since neritic carbonates contribute > 50 % to the carbonate
accumulation at the global seafloor. The shelf and upper slope are key areas for POM burial.
More than 80 % of the global POM accumulation occurs in these margin environments. POM
burial is focused to margin areas at shallow water depths (<1000 m) since rapid POM deg-
radation in the water column inhibits POM deposition further offshore and at larger water
depths. Since POM burial is the major sink for dissolved phosphorus (PO,) in the global
ocean, the glacial decrease in POM burial induces an expansion of the marine PO, inventory
and an increase in marine export production which may contribute significantly to the glacial
draw-down of atmospheric pCO, (BROECKER 1982). 13C was observed in benthic foramini-
fera (BROECKER 1982). While some earth system models consider the glacial decrease in
neritic carbonate accumulation, the effects of sea-level change on POM burial and the marine
PO, inventory are largely ignored in state-of-the-art models even though the glacial increase
in the standing stock of PO, enhances the CO, transfer into the ocean’s interior and acts as a
powerful positive feedback mechanism that may induce self-sustained oscillations in atmos-
pheric pCO, on glacial-interglacial timescales (WALLMANN 2014). This contribution aims to
convince the community that the glacial marine regression reduces POM burial at continental
margins and is thus a major driver for the glacial pCO, draw-down.

2. Methods

A simple earth system model is developed to simulate global carbon and phosphorus cycling over
the late Quaternary. It is focused on the geological cycling of C and P via continental weather-
ing, volcanic and metamorphic degassing, hydrothermal processes and burial at the seabed. An
ocean box model is embedded in this geological model where the global ocean is represented
by surface water, thermocline and deep water boxes. Concentrations of dissolved phosphorus,
dissolved inorganic carbon, and total alkalinity are calculated for each box. The partial pressure
of CO, in the atmosphere (pCO,,) is determined by exchange processes with the surface ocean
and the continents. It serves as key prognostic model variable and is assumed to govern surface
temperatures and global sea-level. The model is formulated as autonomous system, in which the
governing equations have no explicit time-dependence (WALLMANN 2014).

3. Results and Discussions

The model results are shown in Figure 2. The model was run without any form of external
forcing. It reflects the internal non-linear dynamics of the earth system as implemented in the
model system. Atmospheric pCO, is calculated as the key prognostic variable. It determines
eustatic sea-level, global surface temperatures (T,), the nutrient utilization in the Southern
Ocean (kgxp), the regeneration depths of organic matter in the water column (fpppr) and ver-
tical mixing between the deep ocean and the thermocline (Fyp;). The draw-down of pCO, at
the glacial inception is driven by the imbalance in the carbonate system.
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Carbonate burial exceeds the riverine flux of alkalinity (TA) into the ocean and induces a drop
in the carbonate ion concentration of the deep ocean (COs). Atmospheric CO, declines over
this initial period since less pelagic carbonate is preserved in the deep ocean. The subsequent
glacial draw-down of pCO, is driven by a number of positive feedbacks. The sea-level fall
induced by the pCO, drop reduces the burial of neritic carbonate and POM at continental
margins such that the dissolved phosphate (PO,) and TA inventory of the global ocean in-
crease over time. The PO, increase promotes export production and intensifies the transfer of
CO, from the atmosphere into the ocean’s interior via the biological pump. The decrease in
deep ocean ventilation supports the sequestration of CO, while the biological pump is further
strengthened by the rise in dust input and nutrient utilization in the Southern Ocean. Atmos-
pheric pCO, is lowered by ca. 100 patm via these positive feedback mechanisms. The glacial

| Insolation (W m*}

o
#01\ peo, (patm)
20
)
07
i Sea-level (m)
-80 .
30 Cllmate; @ d0 40 B0 100 0
120 : = Time (kyr BP)
R T O Circulation
Time (kyr BP)

Insolation

Ice sheets

Non-linear
Earth system
dynamics

p

Sea-level

Fig. 3 Key elements of the 100 ka cycle. Summer insolation at high northern latitudes (June insolation at 60°N,
diagram in the upper right corner) affects the growth and melting of continental ice sheets and thereby eustatic
sea-level change. Glacial regressions reduce the burial of marine phosphorus and neritic carbonate at the steepening
ocean margins while burial is enhanced by the flooding of the continental shelf during deglacial transgressions. The
glacial draw-down of atmospheric pCO, and its deglacial rise are strongly supported by these changes in phosphorus
and carbonate burial. The cycle is closed by atmospheric pCO, affecting global climate and thereby the volume of
continental ice sheets. It is accelerated and further strengthened by additional positive feedbacks: Ice sheets affect
the Earth’s albedo and climate while changes in ocean circulation and dust deposition support the glacial pCO, draw-
down and are largely responsible for the rapid deglacial rise in atmospheric pCO,. The records of atmospheric pCO,
and eustatic sea-level change (diagrams in the upper left corner) reflect the internal non-linear dynamics of the Earth
system (as described above) and its response to external insolation forcing.
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termination is induced by an increase in pelagic carbonate accumulation at the deep-sea floor.
It creates a small pCO, rise which is drastically amplified by the abrupt decrease in iron fer-
tilization and increase in deep ocean ventilation. The rapid deglacial pCO, rise is followed
by a brief interglacial period until the cycle starts again with the glacial inception. The model
system continues to oscillate for an unlimited period of time without any form of external
forcing. The 3'*C value of carbon in the ocean/atmosphere system calculated by the model
(Fig. 2) is consistent with the benthic 3'*C record. However, the simulated *C depletion in
the glacial ocean is not driven by the decline in terrestrial carbon stocks but by sea-level
change controlling the rates of organic carbon burial and weathering at continental margins.
The pCO,,- and §'3C oscillations develop without any form of external Milankovitch forcing.
They are induced and maintained by pCO,-controlled sea-level change generating persistent
imbalances in the marine carbon and phosphorus budgets. Self-sustained oscillations are also
obtained when sea-level change is allowed to lag temperature with a realistic time scale for
ice sheet adjustment.

4. Conclusions

The model shows that a significant part of the glacial climate and pCO, record can be ex-
plained by the internal non-linear dynamics of the earth system. However, the signature of
Milankovitch forcing can be clearly resolved in the climate record and the formation and
melting of continental ice sheets is strongly influenced by high latitude summer insolation
(Fig. 3). It is thus very likely that the 100 ka cycle is the result of the internal non-linear dy-
namics of the earth system overprinted and supported by Milankovitch forcing (Fig. 3).
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Southern Ocean Overturning, Controlled by Wind
or Buoyancy Flux?

Unterstanding the Link between Antarctic
Temperatures and Atmospheric CO,

Andrew J. WATSON,! Geoffrey K. VALLIS,> and Maxim NIKURASHIN®

1. Introduction

The Antarctic ice-core record provides compelling evidence for the importance of the South-
ern Ocean in controlling atmospheric CO, on glacial-interglacial timescales. The close corre-
spondence between Antarctic temperature and atmospheric CO, concentrations persists over
the last ~ 800 ka (PETIT et al. 1999, SIEGENTHALER et al. 2005), while the shape of the tem-
perature changes and their phase relative to CO, indicate specifically a link with southern, as
distinct from mid- or northern latitudes (SHAKUN et al. 2012).

From our basic knowledge of the carbon cycle, we understand why this should be, but still
the mechanisms so far studied do not provide a satisfactory description for the full magnitude
of atmospheric CO, change, or a rationale for why it should be so closely tied to conditions
over the Southern Ocean. However, over the last decade or so there has been a paradigm shift
in our understanding of what controls the overturning circulation of the Southern Ocean — a
shift which seems to have gone largely unnoticed by paleoceanographers. Our contention is
that this new understanding of the physics, in combination with simple representation of the
carbon cycle, leads to a revised and clearer understanding of the influence of Antarctic con-
ditions on atmospheric CO,.

The Southern Ocean is the dominant location in the world’s oceans for upwelling of dense
abyssal water to the surface, and also the site of formation of much of the deep water, both
Antarctic Bottom Water (AABW) and Antarctic Intermediate Water (AAIW). These, together
with North Atlantic Deep Water (NADW) make up most of the volume of the oceans. The dis-
solved inorganic carbon in this deep ocean water is by far the largest reservoir for labile car-
bon available at the Earth surface. Any process, acting at the surface of the Southern Ocean,
that alters the partitioning of CO, into the source waters for the deep ocean water masses, will
affect the natural concentration of atmospheric CO,.
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2. Preformed Nutrient, Biological and Physical Timescales

Under rather general assumptions, (broadly, conservation of carbon and nutrients, and con-
stant carbon-to-nutrient ratio), the “preformed”” macronutrient content of deep waters sourced
in the Southern Ocean controls atmospheric CO, concentrations (ITo and FoLLows 2005).
Preformed nutrient is the concentration of phosphate (and/or nitrate) left unused by marine
biology when the water leaves the surface. Preformed nutrient in southern-sourced deep wa-
ters is today high — biology is inefficient at removing carbon and nutrient. This is due to a
combination of physical and biological processes: the locations of upwelling and deep water
source are quite close together, so the vigorous overturning circulation means that there is
only a short residence time of water at the surface between upwelling and downwelling. Bio-
logical processes also play a role, because phytoplankton in the region is limited by lack of
iron and light in the winter. The time scale for water subduction is therefore comparable or
shorter than the response time of the biota, and much of the nutrient brought to the surface
by upwelling is unused when the water is returned to depth. In glacial time, a speeding up the
biological response (for example, by iron fertilization) or a slowing of the renewal of surface
water (reducing the overturning) could have altered this balance resulting in lower preformed
nutrient, and lower atmospheric CO,. Proxies for nutrient utilization are usually interpreted
to support the idea that at last glacial maximum there was greater utilization of nutrients in
Southern Ocean waters (ROBINSON and SIGMAN 2008). However, increasing the biological
productivity while retaining the same overturning circulation as today goes against evidence
that, in the polar Southern Ocean at least, productivity was lower during glacial time. A role
for a reduced overturning circulation is therefore indicated.

3. Influencing the Rate of Overturning: Winds or Buoyancy?

The motive power of the Southern Ocean meridional circulation comes from the circumpolar
westerly winds. Following the suggestion (TOGGWEILER et al. 2006) that northward shifting of
these winds, and/or a weakening of them, could have been responsible for lower glacial atmos-
pheric CO, by reducing the overturning, there have been a number of studies using GCMs to
examine the response of CO, to shifted or reduced westerlies (TscHuMI et al. 2008, VOLKER and
KOHLER 2013). Overall, these studies have not been very supportive of the idea: with reasonable
magnitude of change in the westerlies, only small changes in atmospheric CO, are found.
However, the wind stress over the Southern Ocean is not the only variable that influences
the character of the ocean overturning there. The circulation is expected also to respond to
buoyancy forcing (e. g. heat, fresh water, and ice formation/melt fluxes) from the surface.
This has become clear over the last decade, with the application of residual circulation theory,
first developed for the atmosphere (ANDREWS and MCINTYRE 1976) to the Southern Ocean
(see e. g. KARSTEN and MARSHALL 2002, MARSHALL and SPEER 2012). Deep water upwells
in the Southern Ocean, under the influence of the westerly winds which cause an Ekman drift
to the north in the surface there. This drift causes the isopycnals to tilt up towards the south,
and the Antarctic Circumpolar Current (ACC) is the result of geostrophic adjustment to this
forcing. Baroclinic instability in the current generates eddies which mediate a net flux to the
south near the surface, tending to flatten the isopycnals. At steady state, the net residual over-
turning is the difference between northward wind-driven and southward eddy fluxes, and is
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constrained by the requirement that the buoyancy budget is balanced (MARSHALL and SPEER
2012). If upwelling water reaching the surface becomes lighter because heat or freshwater is
added to it from the atmosphere then this balance will be satisfied by an increased net north-
ward flow. Conversely, if upwelling water loses buoyancy on reaching the surface, by cooling
and/or sea ice formation and brine rejection, then we expect enhanced near surface flow south
due to enhanced eddy transport. Wind forcing is therefore not the only factor determining
how tracers are advected by the MOC: the buoyancy budget strongly influences how much
upwelling occurs, and whether upwelled water joins the upper or the lower overturning cell.
As a result, the buoyancy budget will also have a strong influence on atmospheric CO, (WAT-
SON and NAVEIRA GARABATO 2006).

We can be reasonably certain that the net buoyancy fluxes over the Southern Ocean were
substantially different in glacial time than they are to today. We know for example, that in
winter the sea ice extent was much greater, about twice the area covered today (GERSONDE
et al. 2005). This suggests a greater area of buoyancy loss than today, and also weaker net
buoyancy fluxes, which are small once ice has formed. Today, much of the water that upwells
in the Southern Ocean moves north on reaching the surface to join the upper overturning cell
which eventually sinks again in the North Atlantic to form NADW. Since diapycnal mixing
in the interior ocean is weak, much of this NADW formation is effectively “pulled” by the
Southern Ocean upwelling through isocpycnal transport. Thus NADW formation is respon-
sive to the conditions in the Southern Ocean: the implication of the weaker “Glacial North
Atlantic Intermediate Water” circulation at LGM, is that there was also weaker upwelling in
the Southern Ocean.

4. Initial Model Results

To gauge the potential of changes in buoyancy forcing to impact atmospheric CO,, we have
adapted the 2-D residual circulation model of the interhemispheric overturning described by
NIKURASHIN and VALLIS (2012). The model solves the equations of momentum, buoyancy
and mass conservation in the Transformed Eulerian Mean formulation, in a rectangular lat-
itude-depth domain. The domain is 4 km deep and consists of a re-entrant channel 2000 km
wide, representing the Southern Ocean, joined at its northern edge to a closed basin 15,000 km
in length, representative of the Atlantic/Pacific. Forced with prescribed wind stress and buoy-
ancy across the southern channel, and buoyancy loss at the northern end of the closed basin,
it reproduces an upper NADW overturning, and a lower AABW cell, as described by Ni-
KURASHIN and VALLIS (2012). To this physical model is added a very simple biogeochemi-
cal scheme in which marine phosphate, DIC and total alkalinity are advected by the model
circulation. The marine biota remove nutrients, carbon and alkalinity in Redfield ratios from
the surface 100 m on a time scale of 1 year, appropriate to the Southern Ocean. The resulting
particulate material is instantaneously remineralized in the underlying water column with a
scale depth of 500 m, with any material that reaches the bottom of the domain being remin-
eralized there, so that there is no loss of nutrient or carbon from the system. A single well-
mixed reservoir represents atmospheric carbon dioxide. The surface partial pressure of CO,
is computed using standard chemical constants, and the flux between surface and atmosphere
is calculated using a fixed air-sea gas transfer velocity.
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For realistic variation in the buoyancy forcing over the southern channel, with other forcing
kept constant, the model produces changes in atmospheric CO, of between 30 and 70 ppm.
Atmospheric CO, decreases with weaker buoyancy forcing shifted northwards, because the
upwelling is slowed and moved northward away from the Antarctic continent. Water up-
welling and travelling south has further to go before it reaches the southern boundary, where
most of the deep water formation of the AABW cell occurs. The residence time of this water
in the surface is therefore longer and the marine biota can remove more carbon and nutrient
from it. With the addition of other known influences (such as iron fertilization, a direct effect
of temperature on CO, solubility, and possibly also “carbonate compensation”, an influence
of this size is more than sufficient to explain the glacial to interglacial CO, variation.

The model shows a number of encouraging features. In particular, the weakening and
retreat from the Southern Ocean of the NADW cell is reproduced, which is in agreement with
proxy data (CURRY and Opro 2005). Southern Ocean productivity decreases and the zone of
maximum productivity moves northward, again in agreement with proxies. The model shows
clearly that buoyancy forcing is critical in diagnosing the strength of the Southern Ocean
overturning, both in the paleo-and the modern day context, and we believe it is solving the
fundamental equations for the most important processes that set that circulation, albeit in a
much simplified formulation.

References

ANDREWS, D. G., and MCINTYRE, M. E.: Planetary waves in horizontal and vertical shear: the generalized Elias-
sen-Palm relation and the mean zonal acceleration. J. Atmos. Sci. 33, 2031-2048 (1976)

Curry, W. B., and Opro, D. W.: Glacial water mass geometry and the distribution of 813C of ZCO, in the Western
Atlantic Ocean. Paleoceanography 20, doi:10.1029/2004PA00102 (2005)

GERSONDE, R., CROSTA, X., ABELMANN, A., and ARMAND, L.: Sea-surface temperature and sea ice distribution of the
Southern Ocean at the EPILOG Last Glacial Maximum — A circum-Antarctic view based on siliceous microfossil
records. Quat. Sci. Rev. 24/7, 869—-896 (2005)

Ito, T., and FoLLows, M. J.: Preformed phosphate, soft tissue pump and atmospheric CO,. J. Marine Res. 63/4,
813-839 (2005)

KARSTEN, R. H., and MARSHALL, J.: Constructing the residual circulation of the ACC from observations. J. Phys.
Oceanogr. 32/12, 3315-3327 (2002)

MARSHALL, J., and SPEER, K.: Closure of the meridional overturning circulation through Southern Ocean upwelling.
Nature Geosci. 5/3, 171-180 (2012)

NIKURASHIN, M., and VALLIS, G.: A theory of the interhemispheric meridional overturning circulation and associated
stratification. J. Phys. Oceanogr. 42/10, 1652-1667 (2012)

PETIT, J.-R., JOUZEL, J., RAYNAUD, D., BARKOV, N., BARNOLA, J.-M., BASILE, 1., BENDER, M., CHAPPELLAZ, J.,
Davis, M., and DELAYGUE, G.: Climate and atmospheric history of the past 420,000 years from the Vostok ice
core, Antarctica. Nature 399, 6735, 429-436 (1999)

ROBINSON, R. S., and Si1GMAN, D. M.: Nitrogen isotopic evidence for a poleward decrease in surface nitrate withing
the ice age Antarctic. Quat. Sci. Rev. 27, 10761090 (2008)

SHAKUN, J. D., CLARK, P. U., HE, F., MARCOTT, S. A., Mix, A. C., Liu, Z. Y., OTTO-BLIESNER, B., SCHMITTNER, A.,
and BARD, E.: Global warming preceded by increasing carbon dioxide concentrations during the last deglaciation.
Nature 484/7392, 49-54 (2012)

SIEGENTHALER, U., STOCKER, T. F., MONNIN, E., LUTHI, D., SCHWANDER, J., STAUFFER, B., RAYNAUD, D., BARNO-
LA, J. M., FISCHER, H., MASSON-DELMOTTE, V., and JOUZEL, J.: Atmospheric science: Stable carbon cycle-climate
relationship during the late pleistocene. Science 370/5752, 1313—1317 (2005)

TOGGWEILER, J. R., RUSSELL, J. L., and CARSON, S. R.: Midlatitude westerlies, atmospheric CO,, and climate change
during the ice ages. Paleoceanography 27 (2 Art. no. Pa2005) (2006)

TscHuMmi, T., Joos, F., and PAREKH, P.: How important are Southern Hemisphere wind changes for low glacial carbon
dioxide? A model study. Paleoceanography 23/4, doi:10.1029/2008PA001592 (2008)

250 Nova Acta Leopoldina NF 7217, Nr. 408, 247-251 (2015)



Southern Ocean Overturning, Controlled by Wind or Buoyancy Flux?

VOLKER, C., and KOHLER, P.: Responses of ocean circulation and carbon cycle to changes in the position of the
Southern Hemisphere westerlies at Last Glacial Maximum. Paleoceanography 28/4, 726739 (2013)

WATSON, A. J., and NAVEIRA GARABATO, A. C.: The role of Southern Ocean mixing and upwelling in glacial-inter-
glacial atmospheric CO, change. Tellus B 58/1, 73—-87 (2006)

Prof. Andrew J. WATSON, Ph.D.

College of Life and Environmental Sciences
University of Exeter

Laver Building

Office 709

North Park Road

Exeter EX4 4QE

UK

Phone: +44 1392 723792

E-Mail: andrew.watson @exeter.ac.uk

Nova Acta Leopoldina NF 7217, Nr. 408, 247-251 (2015) 251






Nova Acta Leopoldina NF /217, Nr. 408, 253-255 (2015)

Deep Atlantic Carbon Sequestration and
Atmospheric CO, Decline during the Last Glaciation

Jimin Yu (Canberra, Australia)

With 1 Figure

Ice core records show that atmospheric CO, concentrations during full glacials were ~ 30 %
lower than the levels during interglacial periods. The terrestrial biosphere carbon stock was
likely reduced during glacials, and increased carbon storage in the deep ocean is thought to
play an important role in lowering glacial atmospheric CO, (SIGMANN and BoyLE 2000).
However, ambiguity remains to use available proxy data to evaluate the carbon storage
changes in the deep ocean. Furthermore, it has been suggested that Atlantic Meridional Over-
turning Circulation decoupled with the carbon cycle, showing a time lag of up to ~2,500
years, during the last glaciation (PIOTROWSKI et al. 2005).

To provide new constraints on the deep ocean carbon cycle, we here present deep water
carbonate ion reconstructions for extensive cores widely distributed in the Atlantic Ocean.
Our results show that seawater carbonate ion concentration in the deep Atlantic (>~ 3km wa-
ter depth) declined by ~20 mmol/kg from the Marine Isotope Stage 5a to 4 (Fig. 1).

Because ocean alkalinity likely increased during the last glaciation, this carbonate ion
decline must reflect acidification due to increased carbon sequestration in the deep Atlantic,
which possibly contributed to the contemporary atmospheric CO, decrease. The carbonate
records allow us to estimate the minimum carbon storage increase in the deep Atlantic Ocean
during the last glaciation. Our calculation suggests that, despite its relative small volume, the
deep Atlantic Ocean may contribute significantly to past atmospheric CO, variations at major
climate transitions. Moreover, a direct comparison of deep water carbonate ion (benthic fo-
raminiferal B/Ca) and ocean circulation (benthic neodymium isotopes) proxies from the same
high-resolution sediment core suggests a strong coupling of ocean circulation and carbon
cycle in the deep Atlantic during the last glaciation.
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Fig. 1 Deep Atlantic carbonate ion compared with atmospheric CO, across MIS5a to 4. (A) Benthic §'%0 for studied
cores as an age control. (B) Mean carbonate ion concentration changes (based on reconstructions for 8 cores) in the
deep Atlantic Ocean. (C) Atmospheric CO, (AHN and BRoOK 2008, BEREITER et al. 2012).
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Deglacial Surface-Water Reservoir Ages from Key
Positions in the Subtropical and Tropical Atlantic

Sven BALMER and Michael SARNTHEIN ML (Kiel)
With 1 Figure

Surface-water reservoir ages are considered as almost constant near ~400 years through time.
This paradigm is slowly changing, since increasing evidence suggests surface water reservoir
ages that changed through time and amongst different locations. In recent years, the “'*C pla-
teau-tuning technique” formed an important tool to deduce surface water reservoir ages from
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Fig. 1 Equatorial and South Atlantic core locations, where deglacial reservoir ages of surface waters have been
reconstructed.
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planktic *C records. We employed this technique on planktic “C records from four/five sedi-
ment cores retrieved at key positions in the subtropical and tropical Atlantic to monitor glacial
and deglacial surface-water reservoir-age changes and to broaden the data set of planktic
reservoir ages in the South Atlantic, in particular, from southwest off the Azores Islands, from
offshore Namibia and northern and southern Brazil, and from the Cariaco Basin.

Reservoir ages from the Azores region were low (320—600 “C years) near the end of the
Last Glacial Maximum (LGM), while high values of 1210 and 1610 C years persisted over
HS-1, prior to a sharp drop to 320 “C years at the onset of B/A. Offshore Namibia planktic
reservoir ages range from 730—1080 C years at the end of the LG) and continue at a high
level of 940 “C years over the onset of HS-1, prior to a drop to ~410 '*C years near its end and
a subsequent rise to 880 '“C years near the onset of B/A. Off northern Brazil reservoir ages
show an ongoing low of 170-590 C years over HS-1 and one of 260-280 !“C years at the
onset of B/A. Off southern Brazil sediments reveal high values of 750 to 870 *C years over
the LGM and a drop from 750 to 170 *C years during HS-1. The B/A is marked by 230 4C
years, while the onset of the YD shows an extreme low of 100 C years.

These findings approve the C plateau-tuning technique as reliable tool to deduce sur-
face-water reservoir-ages from planktic '*C records that were subject to significant and, in
terms of paleoceanography, meaningful changes on spatial and temporal scales. High reser-
voir-ages near the Azores clearly depict the short-lasting influence of HS-1 meltwaters. High
reservoir-ages offshore Namibia were induced by the Benguela upwelling regime, where old,
hence “C-depleted intermediate-waters are advected to the sea surface. In contrast, a reser-
voir-age of 410 '*C years at the end of HS-1 suggests a short-lasting complete breakdown in
coastal upwelling. In contrast to temporarily high reservoir-ages off Namibia the continuous-
ly low reservoir ages along the Brazilian margin suggest quasi-perfect stratification, thus a
lack of old subsurface waters admixed to the sea surface, which presents a general character-
istics of western ocean margins.
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Revision of the EPICA Dome C CO, Record
from 800 to 600 ka BP

Bernhard BEREITER,! Sarah S. EGGLESTON,! Jochen ScumrrT,! Christoph
NEHRBASS-AHLES,' Thomas F. STOCKER,! Hubertus FISCHER,'
Sepp KiprsTUHL,? and Jérome CHAPPELLAZ?

With 1 Figure

1. Background*

The EPICA (European Project for Ice Coring in Antarctica) Dome C (EDC) ice core provides
the oldest samples of atmospheric air, allowing for the reconstruction of CO, concentrations
as far back as 800 ka BP (thousand years before present, where present is defined as 1950)
(SIEGENTHALER et al. 2005, LUTHI et al. 2008). To date, the EDC CO, record is the only
record available for the period from 450—800 ka BP. In more recent time periods where over-
laps exists between different ice core records, the EDC and other ice core CO, records gen-
erally confirm each other within the uncertainty boundaries. However, single records show
systematic offsets of a few ppm relative to the other records that are beyond calibration issues
(e.g. BEREITER et al. 2012, MARCOTT et al. 2014). For the older part of the EDC CO, record,
the quality of the data cannot be independently verified with measurements on other ice cores
that have been drilled to date.

2. Aim

We performed extensive re-measurements in order to test the integrity of the oldest/deepest
part of this record, where CO, concentrations were found that were lower than expected from
the CO,-temperature correlation (LUTHI et al. 2008). Since we were able to identify an ana-
lytical artefact in the deepest/oldest section of the EDC ice core, we aim to come up with a
correction for the previously published CO, record published by SIEGENTHALER et al. (2005)
and LUTHI et al. (2008), discuss possible underlying mechanisms, and revisit the conclusions
drawn by LUTHI et al. (2008).

Climate and Environmental Physics, Physics Institute, University of Bern, Sidlerstrasse 5, CH-3012 Bern, Swit-
zerland, and Oeschger Centre for Climate Change Research, University of Bern, Switzerland.

2 Alfred Wegener Institute (AWI), Helmholtz Centre for Polar and Marine Research, P.O. Box 12 01 61, 27515
Bremerhaven, Germany.

CNRS, LGGE, F-38000 Grenoble, France; Univ. Grenoble Alpes, LGGE, F-38000 Grenoble, France.

4 This poster presentation is based on BEREITER et al. 2015.
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3. Methods

We used three independent devices — using different dry extraction principles — to remeas-
ure the deepest 400 m (442—-816 ka BP) of the EDC ice core: (i) the standard cracker de-
vice which was (among others) originally used for the oldest part of the EDC CO, record
(SIEGENTHALER et al. 2005, LUTHI et al. 2008), (if) a sublimation device primarily built for
313 C(CO,) analysis in ice cores (SCHMITT et al. 2011), (iii) a new device called Centrifugal
Ice Microtome (CIM) (BEREITER et al. 2013). We investigated two different, axially parallel
pieces of the originally cylindrical ice core and performed 107 re-measurements in total. The
so-called “Gas Cut” was shipped to Europe shortly after drilling and stored ever since in a
freezer at —22.5 + 2.5°C (here referred to as “Bern Ice”). The other part was stored in Ant-
arctica in a snow cave nearby the drilling camp with annual mean temperature of —53.5°C
(“Archive Ice”) and shipped to Europe just before the measurements.

4. Results

All records that were measured either with a sublimation system or the CIM show significant-
ly higher values relative to the original “Bern Ice” data below 3150 m depth. The same holds
true for the data originating from the cracker in combination with “Archive Ice”. Only the
combination of “Bern Ice” and the cracker system shows reproducible low values within this
depth range, even 5 years after the original data were obtained (Fig. 1 A-C).

It appears that the “Bern Ice” has passed through an alteration after the drilling such that
only the low efficiency extraction with the cracker results in depleted values relative to the
effectively trapped CO, concentration in this ice. The new data indicate a linearly increasing
offset with depth from about 3027 m downwards reaching a maximum of about 10 ppm.
All records that show an offset relative to the original data are used for a linear regression
(Fig. 1D), which is subsequently used to correct the EDC CO, record below a depth of 3027
m (approx. 614 ka BP; Fig. 1E).

5. Conclusion

This study shows that CO, measurements obtained from extraction systems with incomplete
gas extraction should be carefully checked and validated with devices allowing quantitative
extraction. Based on the corrected data here, the average value from 650-799 ka BP (MIS
16-19) is 216.4 ppm, which is 5.6 ppm higher than the previous value reported by LUTHI et
al. (2008). The lowest atmospheric CO, concentration ever found in an ice core changes only
slightly by 2.1 = 1.9 ppm to 173.7 ppm and remains the record lowest value. The correction
we apply here does not fully resolve the anomalously low CO, values found for MIS 16-17.

Fig. 1 (A) Comparison of the original data published by SIEGENTHALER et al. (2005) and LUTHI et al. (2008) (blue)
and re-measurements of this study (see methods and legend). (B—D) Offsets between original EDC CO, records and
re-measurements in this study. (E): Comparison of the original record (black line) and the corrected record of this
study (grey line, see (D) for applied correction curve) and its 95 % uncertainty range (light grey area behind).
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The relationship between CO, and Antarctic temperatures is still significantly different for the
affected period compared to what was found earlier. The cause of the analytical offset found
here is still an open question but might be related to the extraction efficiency of the extraction
device, ice properties in the deepest/oldest section (e.g. grain sizes or in-situ temperature),
and/or storage history of the core sections and therefore potentially faster relaxation of the
warmer-stored ice.
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A Comprehensive Database for the Most Commonly
Measured Paleoceanographic Proxies:

Evaluating Global Organic Carbon Burial
Variations over the Last Glacial Cycle

Olivier CARTAPANIS, "2 Daniele BiaNcHL ' and Eric GALBRAITH'
With 2 Figures and 1 Table

The paleoceanographic community has measured the physical and chemical properties of
thousands of sediment cores, in order to reconstruct past oceanic conditions across a wide
range of timescales. Most of these datasets were archived in online data repositories, in order
to facilitate later analysis. However, the diversity of proxy types and heterogeneous reporting
standards hindered the analysis of globally distributed paleoceanographic time series, despite
the tremendous potential utility of large datasets. In order for the existing archives of pale-
oceanographic data to contribute towards important unanswered issues, the datasets must be
readily accessible in an organized structure, with an appropriate unified age model for each
sediment site.

Here we present a comprehensive database, built using MATLAB structure, for the most
commonly measured proxies in marine sediment cores and surface sediment samples. These
include the concentrations of carbonate, organic matter, opal and barium, density of the sedi-
ment, the oxygen and carbon isotopic composition of benthic and planktonic foraminifera,
sea surface temperature estimates, as well as chronological constraints. The records were
downloaded from the PANGAEA and the NOAA databases and multiple records from the
same sediment core were grouped together, allowing age models to be shared between re-
cords. The resulting database consists of more than 30,000 different sites, facilitating rapid
and accurate mapping of sediment composition for selected time periods, and retrieving and
plotting time series.

The greatest hurdle identified in building a unified data product of this type is inconsist-
ency in the reporting of depth measurements and chronological information. In our view,
standardized reporting practices would greatly assist in developing global quantitative analy-
sis, and requires community-wide action. We suggest that the development of a unified global
sediment core registry, including metadata and chronological information for all marine sedi-
ment cores, should be a high priority for the paleoceanographic community.

As a first application of our global database, we have reconstructed global changes in the
accumulation rate of organic carbon in deep-sea sediments over the last glacial cycle. Our

1 Department of Earth and Planetary Science, McGill University, Montreal, QC, Canada.

2 Oeschger Centre for Climate Change Research, Institute of Geological Sciences, University of Bern, 3012 Bern,
Switzerland.

3 School of Oceanography, University of Washington, Seattle, WA, USA.
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strategy consists of three consecutive steps. First, to produce a global map of modern organic
carbon burial in the sediment. Second, to subdivide the ocean into provinces with consistent
biogeochemical properties. Third, to modulate the modern burial in each province over time,
according to the mean changes in burial rates calculated using sediment cores from the same

province.

Global maps of modern organic carbon accumulation rates were calculated using previ-
ously published maps of the TOC content of surface sediment and mass accumulation rates.
The TOC map was generated by combining the map of SEITER et al. (2004), updated with

Mean log(0-10ka/18-25ka); Province map 3.

100 150 200 250 300

Delta (0-10ka) —(18-25ka) (pgC/ka)

Fig. 1 Holocene to glacial burial rate ratio for sedimentary record and mean value in each provinces using the Long-
hurst province map (log(0—10 ka/18-25 ka)). Difference between Holocene and LGM burial rates in each provinces

(pgClka).
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other unpublished data, while the mass accumulation rate map was derived from the geomet-
ric mean of two preexisting maps (JAHNKE 1996, and other unpublished data, see details in
DUNNE et al. 2007). In order to take into account the geographic and bathymetric variability
in global organic carbon burial variations, we need to divide the world into provinces; how-
ever, any such division is sure to introduce some kind of bias. In an attempt to account for
this bias, we used a total of seven different strategies to subdivide the world into provinces,
and compare the results obtained using the different strategies. The first two strategies simply
take the major ocean basins as provinces (map 1), as well as finer subdivisions of the oceans
into seas (map 2), based on International Hydrographic Organization definition (1953). Next,
based on the assumption that the large-scale ocean features driving biogeochemical cycles in
the modern world have been relatively stationary over time, we used the annual climatology
of the ocean biogeochemical provinces based on LONGHURST (1995), and updated by REY-
GONDEAU et al. (2013). This map describes 56 coherent provinces from a biogeochemical
point of view (map 3). In order to adapt the subdivision of the ocean to our sample distribu-
tion, the Longhurst map was redrawn and simplified into two different maps with respectively
30 (map 4) and 15 different provinces (map 6). Then, these two maps were used to create two
new sets of maps by dividing each province into a shallow and a deep component using the
1500 m isobaths (map 5 and 7).

Downcore mass accumulation rate variations were calculated using organic carbon con-
tent, sedimentation rates and dry bulk density when available, for hundreds of sediment cores.
Recent age models with larger numbers of tie point were preferred, and composite age models
were created for some records. For each province map, the mean Holocene to Last Glacial
Maximum (LGM) ratio of sedimentary records was calculated in each province, and used to
estimate LGM TOC burial (Fig. 1). LGM global burial rate was then obtained from the sum
of the calculated burial in each province (Tab. 1). The same procedure was used to calculate
global TOC burial rate over 150 ka with a 1 ka time step (Fig. 2).

Tab. 1 Calculated Holocene and LGM deep ocean burial flux for the different provinces map. Subdivision of the
provinces following the 1500 m isobaths was added for province map e. and g.

Province map Holocen flux LGM flux LGM/Holocene Provinces
(PgC/ka) (PgCl/ka) (%) number

1. Ocean 17.1 21.1 123.27 7
2. Seas 17.1 229 134.14 101
3. Longhurst (L.) 16.8 28.2 167.57 56
4. Modified L. 1 17.1 23.8 139.48 30
5. Modified L. 1 + depth. 17.1 24.1 140.97 60
6. Modified L. 2 17.1 29.5 172.70 15
7. Modified L. 2 + depth. 17.1 334 195.72 30
mean 26.1 153.41

std dev 25.79

Our results indicate that organic carbon burial was higher during the LGM (= 153 % + 25 %
of Holocene value), especially in the Atlantic, Southern Ocean and Eastern Equatorial Pacific.
The sum of reconstructed regional TOC burial rates shows a pronounced peak during both
the LGM (MIS2) and MIS6 (Fig. 2), and lower values during the interglacial, independently
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Global TOC burial in deep sea sediment
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Fig. 2 Global deep sea burial rate variations over the last 150 ka calculated using different province map.

of the province map used. Glacial TOC burial represents a removal of approximately 200
PgC over the last glacial period, compared to the interglacial baseline burial flux. Peak TOC
burial during the last glacial was likely caused by increased export production and/or better
preservation due to reduced oxygenation, and is consistent with enhanced carbon storage in
the deep sea during glacial periods.
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Comparison of [CO,] and $"*C,,,, Measurements
from Antarctic Ice Cores during Marine Isotope
Stages 2 and 4

Sarah S. EGGLESTON, Jochen ScHMITT, Fortunat Joos, and Hubertus FISCHER
(Bern, Switzerland)

With 2 Figures

Antarctic ice cores provide an archive of a plethora of climate data from the past 800 ka,
including concentrations of atmospheric gases as well as proxies for Antarctic temperatures,
dust flux to the Southern Ocean, and many others. Coupled with data from marine sediment
cores as well as terrestrial records, it is possible to reconstruct a large suite of parameters
characterizing the climate of the past. One of the most prominent features of such records
is the approximately 100 ka cycle of glacial inceptions and terminations. Although much
research has been devoted to better understanding the precise mechanisms involved in the
abrupt rise in temperature, greenhouse gases, and rapid changes seen in many other parame-
ters at glacial terminations, the relative importance and timing of these mechanisms remains
debated in proxy as well as in modeling studies.

As the second most important greenhouse gas after water vapor, it is known that CO,
plays an important role in these terminations. It is therefore of great interest to gain a better
understanding of the global carbon cycle during such transitions. Measurements of the stable
carbon isotope of atmospheric CO,, §'°C,,,, provide a valuable constraint for this system,
allowing us to better approximate carbon fluxes between the atmospheric, terrestrial, oceanic,
and sedimentary reservoirs on glacial-interglacial as well as on shorter timescales. Previous
studies of §*C,,, have used this parameter coupled with others to demonstrate that a combi-
nation of processes is as work during a glacial termination (SCHMITT et al. 2012, SCHNEIDER
et al. 2013). However, the 3'*C,,, record demonstrates that such a suite of processes may
have also been active during the glacial period. At the end of Marine Isotope Stage (MIS)
4, a signal is clearly visible in the stable isotope record that matches the amplitude of that
at termination 1 (T1; see Fig. 1 and 2). Thus, in addressing the question as to what causes a
termination, we can alternatively ask the question what does not lead to a termination? Here,
we attempt to answer this by assessing the similarities and differences in (CO,) and §'3C,,,, at
the MIS 4/3 and MIS 2/1 transitions.

Not only the 3'*C,,, signal but also that of several other parameters is similar at these two
transitions. Iron fluxes (e.g. VALLELONGA et al. 2013, MARTINEZ-GARCIA et al. 2011) were
elevated during MIS 2 and 4 and declined as the climate warmed. This supports the iron ferti-
lization hypothesis (MARTIN et al. 1988), in which iron is becoming a limiting nutrient to ma-
rine productivity, corroborated by the increase in atmospheric [CO,] and decrease in §'3C,,
at these times. Opal flux records from a Southern Ocean core, an indication of upwelling in
this region, show marked increases at the terminations of each of these cold periods (AN-
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Fig. 1 Records of §'*C,,, (SCHMITT et al. 2012) and [CO,] (MONNIN et al. 2001, AHN and BROOK 2008, BEREITER
et al. 2012) from Antarctic ice cores, Red Sea relative sea level (GRANT et al. 2012), iron flux measured at marine
core 1090 in the Southern Ocean (MARTINEZ-GARCIA et al. 2011), opal flux measured at marine core TN057 in the
Southern Ocean (ANDERSON et al. 2009, JACCARD et al. in prep), eyq and Pa/Th measured at marine core 1063 in the
North Atlantic (BOHM et al. 2014), 3D from EPICA Dome C (JouzeL et al. 2007), and §'80 from NGRIP (NGRIP
Community Members) during MIS 2 and termination 1. Vertical bars show Heinrich events as evidenced by IRD.

DERSON et al. 2009, JACCARD et al., in prep). Upwelling of deep, carbon-rich water from the
Southern Ocean, which is also depleted in '*C, has been proposed to play an important role in
the termination sequence; indeed, modelling studies indicate that this could have a significant
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Fig. 2 Same as Figure 1 for MIS 4; note the different scales on the y-axes.

impact on §'3C,,,,, (KGHLER et al. 2010, MENVIEL et al. 2012, TscHuUMI et al. 2011). The cause
of the upwelling (wind or buoyancy forcing), however, is still debated, although a substantial
influence of changing winds appears increasingly unlikely (TscHuUMI et al. 2008, SCHMITT-
NER and LUND 2014). Sea level, while not vital to explaining 5'*C,,,,, can have an impact on
[CO,] through e.g. increased weathering rates at low stand when more rock is exposed to the
atmosphere, and MIS 4 and 2 are the two periods during the last glacial cycle that are most
similar in terms of mean sea level (GRANT et al. 2012).
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Despite the many similarities, MIS 4 and 2 also differ in important respects. Firstly, the sum-
mer insolation in the Northern Hemisphere was even more significantly reduced in MIS 4 as
in MIS 2. Additionally, a recent study of &y, and Pa/Th, proxies for southern sourced water at
a given marine core site and Atlantic Meridional Overturning Circulation (AMOC) strength,
respectively, shows a marked difference between these periods in these parameters (BOHM
et al. 2014). These data indicate that the AMOC was strong during the Eemian and gradu-
ally weakened over the course of the glacial inception, finally switching to the “off” mode
during the Last Glacial Maximum. Thus, the structure of water masses in the North Atlantic
may have been quite different in MIS 4 compared to MIS 2, which would have implications
for the nutrient and DIC content of the water in the deep Atlantic, thus affecting estimates
of the effect of upwelling on parameters such as §'°C,,,, and on processes such as enhance-
ment of the marine biological pump in response to the upwelling of nutrients. In addition,
terminations are unique in that they are periods of warming in the Southern Hemisphere that
proceed much longer without interruption by warming in the Northern Hemisphere, identified
by Dansgaard-Oeschger (D-O) events. WOLEFF et al. (2009) proposed that this delayed sudden
NH warming, potentially connected to the larger ice sheets in the North, could be the reason
that a full termination is only achieved at the end of MIS 2.

In summary, to gain a better grasp on the factors leading to a glacial termination, the best
comparison during the last glacial cycle is the MIS 4/3 transition, where many parameters
show a similar behaviour to the beginning of the last deglacial. Important differences which
could have led to a full deglacial transition only at the end of MIS 2 include the specific orbital
parameters, the composition of water masses in the North Atlantic, the strength of the AMOC,
and/or the lack of D-O events to “interrupt” the warming trend in the Southern Hemisphere.

References

AHN, J., and Brook, E. J.: Atmospheric CO, and climate on millennial time scales during the last glacial period.
Science 322, 83-85 (2008)

ANDERSON, R. F., ALL, S., BRADTMILLER, L. I., NIELSEN, S. H. H., FLEISHER, M. Q., ANDERSON, B. E., and BURCK-
LE, L. H.: Wind-driven upwelling in the Southern Ocean and the deglacial rise in atmospheric CO, Science 323,
14431448 (2009)

BEREITER, B., LUTHI, D., SIEGRIST, M., SCHUPBACH, S., STOCKER, T. F., and FISCHER, H.: Mode change of millennial
CO, variability during the last glacial cycle associated with a bipolar marine carbon seesaw. Proc. Natl. Acad. Sci.
USA 109, 9755-9760 (2012)

Bouwm, E., LippoLD, J., GUTIAHR, M., FRANK, M., BLASER, P., ANTZ, B., FOHLMEISTER, J., FRANK, N., ANDERSEN,
M. B., and DEININGER, M.: Strong and deep Atlantic meridional overturning circulation during the last glacial
cycle. Nature 577, 73-76 (2014)

GRANT, K. M., ROHLING, E. J., BAR-MATTHEWS, M., AYALON, A., MEDINA-ELIZALDE, M., RAMSEY, C. B., SATOW,
C., and ROBERTS, A. P.: Rapid coupling between ice volume and polar temperature over the past 150,000 years.
Nature 491, 744747 (2012)

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., and WoLFF, E. W.: Orbital and millennial Antarctic climate variability over the past 800,000 years. Science
317,793-796 (2007)

KOHLER, P., FISCHER, H., and SCHMITT, J.: Atmospheric §'3CO, and its relation to pCO, and deep ocean §'°C during
the late Pleistocene. Paleoceanography 25, doi:10.1029/2008PA001703 (2010)

MARTIN, J. H., and FITZWATER, S. E.: Iron deficiency limits phytoplankton growth in the north-east Pacific subarctic.
Nature 337, 341-343 (1988)

272 Nova Acta Leopoldina NF 721, Nr. 408, 269273 (2015)



Comparison of [CO,] and §'3C,,, Measurements from Antarctic Ice Cores

MARTINEZ-GARCIA, A., ROSELL-MELE, A., JACCARD, S. L., GEIBERT, W., SIGMAN, D. M., and HAUG, G. H.: Southern
Ocean dust-climate coupling over the past four million years. Nature 476, 312-315 (2011)

MENVIEL, L., Joos, F.,, and RiTz, S.: Simulating atmospheric CO,, §'3C and the marine carbon cycle during the last
glacial-interglacial cycle: possible role for a deepening of the mean remineralization depth and an increase in the
oceanic nutrient inventory. Quat. Sci. Rev. 56, 46 C68 (2012)

MOoNNIN, E., INDERMUHLE, A., DALLENBACH, A., FLUCKIGER, J., STAUFFER, B., STOCKER, T. F., RAYNAUD, D., and
BARNOLA, J.-M.: Atmospheric CO, concentrations over the last glacial termination. Science 291, 112-114 (2001)

SCHMITT, J., SCHNEIDER, R., ELSIG, J., LEUENBERGER, D., LOURANTOU, A., CHAPPELLAZ, J., KOHLER, P., Joos, F.,
STOCKER, T. F., LEUENBERGER, M., and FiISCHER, H.: Carbon isotope constraints on the deglacial CO, rise from
ice cores. Science 336, 711-714 (2012)

SCHMITTNER, A., and LUND, D. C.: Carbon isotopes support Atlantic meridional overturning circulation decline as a
trigger for early deglacial CO, rise. Clim. Past Discuss. 10, 2857-2893 (2014)

SCHNEIDER, R., SCHMITT, J., KOHLER, P,, Joos, F., and FISCHER, H.: A reconstruction of atmospheric carbon dioxide
and its stable carbon isotopic composition from the penultimate glacial maximum to the last glacial inception.
Clim. Past 9, 2507 C2523 (2013)

TscHuwmi, T., Joos, F., GEHLEN, M., and HEINZE, C.: Deep ocean ventilation, carbon isotopes, marine sedimentation
and the deglacial CO, rise. Clim. Past 7, 771-800 (2011)

TscHuwMmi, T., Joos, ., and PAREKH, P.: How important are Southern Hemisphere wind changes for low glacial carbon
dioxide? A model study. Paleoceanography 23 (2008)

VALLELONGA, P., BARBANTE, C., Cozzi, G., GABRIELI, J., SCHUPBACH, S., SPOLAOR, A., and TURETTA, C.: Iron
fluxes to Talos Dome, Antarctica, over the past 200 kyr. Clim. Past 9, 597-604 (2013)

WoLFF, E. W., FISCHER, H., and ROTHLISBERGER, R.: Glacial terminations as southern warmings without northern
control. Nature Geosci. 2, 206-209 (2009)

Sarah S. EGGLESTON

Climate and Environmental Physics
Physics Institute & Oeschger

Centre for Climate Change Research
University of Bern

Sidlerstrasse 5

CH-3012 Bern

Switzerland

Phone: +41 31 6318639

Fax:  +41316318742

E-Mail: eggleston@climate.unibe.ch

Nova Acta Leopoldina NF 721, Nr. 408, 269273 (2015) 273






Nova Acta Leopoldina NF /217, Nr. 408, 275-278 (2015)

Mitigation Potential, Risks, and Side-Effects
of Ocean Alkalinity Enhancement

Miriam FERRER-GONZALEZ and Tatiana ILYINA (Hamburg)
With 2 Figures

Increasing atmospheric carbon dioxide (CO,) levels due to human activities leads to climate
change and ocean acidification (decline in ocean pH). In order to tackle these issues and due
to the lack of effective mitigation actions, a great variety of geo-engineering techniques have
been suggested, however, knowledge about their effectiveness and collateral effects remains
sparse (Royal Society 2009). In 1995, KHESHGI proposed the carbon dioxide removal (CDR)
method of artificial ocean alkalinization (AOA) (KHEsSHGI 1995). This is one of the ocean-
based CDR methods that aims at enhancing the natural and slow (geological timescales of
tens to hundreds of thousands of years) process of weathering by which CO, is taken out
of the atmosphere. Alkalinity is the charge balance of ions in water and it determines the
CO, oceanic uptake and storage as well as the buffering capacity of the seawater to inhibit
changes in pH. It has been claimed that ocean alkalinity might have played a key role in gla-
cial-interglacial cycles. For instance, BROECKER and PENG (1989) proposed an increase in the
alkalinity of polar surface waters as driver of the last glacial to interglacial atmospheric CO,
changes. Ocean alkalinity might be artificially increased by injecting the dissolution prod-
ucts of alkaline minerals into the seawater (e.g. calcium hydroxide). This geo-engineering
technique would not only tackle climate change, but also ocean acidification, which has been
found to accelerate climate change (Six et al. 2013) and it possess a serious risk for marine
organisms (DONEY et al. 2009). Ocean acidification not only leads to changes in physiology
and reproduction of living organisms, it also threats ocean biota due to the decrease of the
mineral saturation state of calcium carbonate (CaCOj;), commonly known as omega.

Few studies exist that address the method of alkalinity enhancement. KHESHGI (1995) pro-
posed this geo-engineering technique and carried out a preliminary analysis of its potential and
limitations. He concluded that ocean alkalinization might enhance marine storage of atmospher-
ic CO, but its implementation would be an energy-intensive process. Using the carbon-cycle
model LOSCAR, PaQuAy and ZEEBE (2013) studied the impact of this method on ocean pH
and atmospheric pCO, during the time span 2020 to 2400. From this study, they came to the
conclusion that large scale implementation of ocean alkalinization might stabilize ocean acid-
ification but CO, atmospheric levels would remain higher than pre-industrial levels. ILYINA
and colleagues also carried out research on this matter using HAMOCC (ILyiNa et al. 2013),
they implemented and examined different alkalinity enhancement scenarios. In these scenarios,
alkalinity was added to the ocean in proportional amounts to CO, emissions. They show that
this method, under the scenario where two moles of alkalinity per mol of emitted CO, are dis-
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tributed widely into the ocean, does have the potential to stabilize (at current levels) ocean pH
and the saturation state of carbonate minerals. Regarding the atmospheric CO, concentration,
this method under the same scenario would only lead to a reduction of 300 ppm with respect
to the unmitigated scenario by 2100. The novelty of our research relies on the fact that none of
previous studies have addressed this topic with a fully coupled Earth system model of such a
level of complexity. Fully coupled set-ups (versus box-models or forced subsystems) hold the
potential of revealing new features within the Earth system dynamics. Coupled models pro-
vide a more complete approach because box models are limited by simplified formulations of
the underlying processes. Besides, since climate engineering research is a new scientific field,
many aspects of ocean-based carbon dioxide removal methods remain still unanswered. Our
research might bring new insights into the link of deglacial changes with ocean dynamics and
atmospheric CO, through a better understanding of the underlying mechanisms. This project
belongs to the German Research Foundation (DFG) priority program (SPP) 1689 that examines
the risks and side-effects of different climate engineering technologies from a multidisciplinary
perspective. Thus, it will be part of a comparative assessment of potential impacts, side-effects
and uncertainties of different climate engineering measures.

We use the Max Planck Institute Earth System Model (MPI-ESM) based on the Coupled
Model Intercomparison Project Phase 5 version with low-resolution (MPIOM: 1.5. horizontal
resolution and 40 vertical layers; ECHAM: 1.9. horizontal resolution and 47 levels) (GIOR-
GETTA et al. 2013). Fossil fuel CO, emissions follow the pathway of scenario RCPS8.5. Model
scenarios of alkalinity enhancement (from 2006 until 2100) are designed to keep the atmos-
pheric CO, concentrations similar to values of the stabilization scenario RCP4.5, whilst fossil
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fuel emissions follow the pathway of the scenario RCP8.5. Alkalinity is added globally into
the upper 12 meters of the ocean in different seasons and years. Note that this CE method ad-
dresses only atmospheric CO, reduction, therefore, land use, air pollutants, and other green-
house gases (GHGs) remain unchanged with the values of the RCP8.5 emission scenario.

In order to maintain atmospheric CO, at RCP4.5 levels under the high emission scenario
RCP8.5 (Fig. 1B), alkalinity was added in the upper ocean (Fig. 14). In total, approximately
105 Petamol would be needed until the year 2100. Compared to the unmitigated scenario
(RCP8.5) this AOA scenario leads to a reduction in the annual global mean of air surface tem-
perature of around 1.5 K (Fig. 1D), following more closely the RCP4.5. The slightly higher
temperature (0.5 K) of AOA compared to RCP4.5 is due to the radiative forcing effect of other
GHGs (e. g. N,O, CH, and halogenated GHGs). AOA strongly mitigates ocean acidification
leading to higher pH and omega (calcite) values than those associated with the RCP4.5 sce-
nario and preindustrial values over the whole period (Fig. 1C and E). Largest changes of pH
occur in the Arctic ocean where values higher than 8.4 are reached (see Fig. 2). This AOA
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scenario leads to changes in different properties of the climate system which are noticeable
within centennial timescale. For instance, in global precipitation (Fig. 1F). Despite model
internal variability, it is clear that state of the Earth system is similar to the RCP4.5 scenario.
However, mitigating atmospheric CO, alone does not lead to an identical climate state.

Averages of a 10-year period of pH (/eft) and the saturation state of carbonate minerals (€},
calcite) (right) for different time intervals are shown in Figure 2. By the end of this century,
whilst global values of pH (see Fig. 1C) would be similar to preindustrial levels, regional
values would differ and that has a strong impact on the ocean biogeochemistry. This AOA
implementation scenario would prevent the extreme ocean acidification projected for the un-
mitigated scenario (RCP8.5); however, high pH and () values would be reached leading to a
potential impact on marine biota (CRripps et al. 2013).
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Radiocarbon Evidence of Ocean Circulation
Change over the Last Deglaciation

Emma FREEMAN, and Luke C. SKINNER (Cambridge, UK)
With 1 Figure

Understanding the cause of the ~ 90 ppm difference in atmospheric CO, during glacial versus
interglacial periods remains a major challenge for palaeoclimate scientists. Whilst the cause
is almost certainly related to a greater storage of carbon in the ocean, the mechanism remains
unsolved. Radiocarbon based ventilation ages could shed light on this problem by helping to
determine the distribution of carbon in the ocean as well as the partitioning of carbon between
the ocean and the atmosphere. Despite this, deglacial Atlantic radiocarbon ventilation is very
poorly constrained. Emerging new data, however, suggest an interesting story with a signif-
icant role for the Atlantic Ocean both in storing carbon during the Last Glacial Maximum
(LGM) and by triggering major releases of carbon over the last deglaciation.

During the LGM, atmospheric CO, concentrations were around 80 ppm lower than pre-in-
dustrial levels, and ocean circulation was altered (e.g. MCMANUS et al. 2004). Radiocarbon
based ventilation ages (FREEMAN et al., in prep., KEIGWIN and SCHLEGEL 2002, SKINNER et
al. 2010, 2014) suggest at least some of this atmospheric CO, decrease could have been due to
greater storage of carbon in the deep Atlantic Ocean (>2.5 km) as a direct result of changes in
the overturning circulation. All of these records show that the deep Atlantic Ocean was more
poorly ventilated at the LGM compared to today. This is likely to be associated with increased
carbon storage due to reduced release of CO, to the atmosphere from a deep ocean that was
receiving a continuous input of carbon via the biological pump. Ventilation ages at the LGM
were up to 2.5-times modern values, reaching 2500 years offset from the atmosphere in the
deep equatorial Atlantic. In the deep South Atlantic they reached over 3500 years, significantly
older than any waters in the deep oceans today (SKINNER et al. 2010). Low §'*C values are
also recorded in the deep Atlantic at this time suggesting the poorly ventilated deep waters
contained a greater proportion of southern sourced water (FREEMAN et al., in prep, CURRY and
Oppo 2005). This is also supported by eNd data from the Blake Ridge that show an increased
influence of southern sourced waters below 3.4 km during the LGM (GUTJAHR et al. 2008).
The very high ventilation ages in the deep glacial Atlantic exceed those of southern sourced
bottom waters today. This indicates not only a change in the proportion of northern versus
southern sourced waters but also a change in end-member ventilation ages, a significant in-
crease in the mean transit time or a combination of the two. Pa/Th data hint at a slowdown in
the deep water transport, but additional data from the South Atlantic are required to confirm
this (LippoLD et al. 2012). High ventilation ages are seen in the deep South Atlantic close to
the source region suggesting the increase is due, at least in part, to an elevated ventilation age
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at the formation site (SKINNER et al. 2010). This is most likely due to reduced air-sea exchange
as a result of increased sea-ice cover, rather than very sluggish overturning. Increased ventila-
tion ages at the site of southern deep water formation would also affect the Pacific and Indian
Oceans, further increasing the deep ocean carbon storage at the LGM (SKINNER et al. 2015).

LGM ventilation ages from shallower depths (<2.5 km) are close to modern values indi-
cating a vigorous upper circulation cell that was well equilibrated with the atmosphere was
maintained at this time. This is in agreement with the idea of shoaled North Atlantic deep
water (NADW), often referred to as glacial North Atlantic intermediate water (GNAIW),
which was well ventilated throughout the LGM. Further support for this is provided by Pa/Th
data that shows intermediate water transport was at least as strong during the LGM as deep
water transport is today (LippoLD et al. 2012). A fast overturning upper cell overlying a slug-
gish deep cell is also supported by additional Pa/Th data (BRADTMILLER et al. 2014) as well
as numerous other palaeoceanographic records which show a chemical divide in the glacial
Atlantic at around 2.5 km (e.g. CURRY and Oppo 2005, MARCHITTO et al. 2006)

A o B o <13
More NSW > Cdw - &§°C
1000 5" 1600 g
s 2% 3 . &5
. ' . R 1 . —-
Pl % .
£ 20004 . ., . . E 2000+ . . . More NSW
- -
§, - . §. . .0 .
3 3000 ooty e " ‘2_3000 ¢ Eig EPlG
g . a. . § 1 ] %
4000 % : . 4000 - M -
- -
-
5000 o @ Mo SN 5000 1* « More SSW
.
04 02 00 02 04 08 08 04 00 04 08
Cd, (LGM-Holocens), nmalikg 5"C (LGM-Holocene), per mil.
RN D ;.
- -Nd T PalTh
More NSW E Faster circulation 0
1000+ 1000+ .
. L1l -
-
. ™ .
£ 2000 4 ' £ 20004 .
%—'.‘ '_3. . §. . LY
& 30004 & 30004 & 4 T » 5
B . o :o
g 40004 g 4000 S .o
3 ? .l . ¥ -
5000 More SSW 5000 Slower circulation
e ——
B 0 1 2 3 008 004 002 000 002 0.04
#Nd (LGM-Holocene) PalTh (LGM-Holocene)

Fig. 1 LGM-Holocene depth profiles in the Atlantic Ocean showing an opposite sense of change above and below
around 2.5 km in various proxies: (A) Cdy, of benthic foraminifera (MARCHITTO et al. 2006), (B) §'*C measured on
Cibicidoides (MARCHITTO et al. 2006), (C) Authigenic Nd isotope signal (GUTJAHR et al. 2008), (D) **'Pa/***Th data
(LrppoLD et al. 2012). An increased presence of ‘sluggish’ southern sourced waters (SSW) below 2.5 km is seen
during the LGM, with shoaled northern sourced waters (NSW) above.
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Over the last deglaciation, atmospheric CO, concentrations increased both in gradual and
rapid steps. Three main steps have recently been identified at 16.3, 14.8 and 11.7 ka BP in a
high-resolution CO, record from the West Antarctic Ice Sheet (MARCOTT et al. 2014). During
these steps, increases in pCO, of 10—15 ppm occurred in just 100-200 years. The rapidity of
these CO, increases, strongly points to a release of CO, from the ocean, potentially caused
by the resumption and/or deepening of Atlantic overturning circulation. Whilst foraminifera
radiocarbon records are not typically of high enough resolution to resolve oceanic changes
over these rapid CO, increases, a growing number of records show a sharp decrease in ven-
tilation age at the transition from Heinrich stadial 1 to the Bglling-Allergd, around 14.8 ka
BP (FREEMAN et al., in prep, BARKER et al. 2008, SKINNER et al. 2010, 2014). A ventilation
pulse of the entire intermediate and deep Atlantic (>1000 m) looks to occur synchronously
with the rapid increase in pCO,. The Atlantic Ocean was as well or even better ventilated than
the modern ocean at all depths at the peak of this ventilation pulse. We therefore propose that
it was during this transition that the reduced/shoaled AMOC observed at the LGM and most
likely accentuated over Heinrich stadial 1 (e.g. BRADTMILLER et al. 2014) was reinvigorated
and deepened resulting in the rapid release of deeply sequestered carbon to the atmosphere.
Ocean circulation similar to modern may have been established at this time.
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Characterizing Deep Circulation in the Northeast South
China Sea Using Dissolved Inorganic Radiocarbon
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With 4 Figures

1. Introduction

As a semi-closed marginal sea, the circulation pattern of the South China Sea (SCS) is highly
complex. Much is known about the surface current flows and about the sills around the basin
(Qu et al. 2006). The deepest sill (~ 2500 m) is located in the Luzon Strait between Taiwan
and the Philippines, where the Pacific water is known to enter the SCS although its specific
source(s) is still ambiguous. The fate of the deep water and mixing processes remains as a
mystery. With many unknowns in vertical mixing processes, our knowledge of water column
structure at different parts of the SCS is still patchy. Such a gap in our understanding of the
deep circulation and the mixing processes of water masses leads to large uncertainty in the es-
timation of the residence time of the deep water and turnover time of the SCS. Without a good
knowledge of the fundamental oceanographic processes which determine the distribution of
heat and nutrients, it would be hard for us to understand the SCS’s role in climate change and
in global biogeochemical cycles, not only for the present but also for the past and the future.

In order to improve our understanding on the deep processes in the SCS, we have start-
ed a project which involves measurements of radiocarbon ('*C) in the dissolved inorganic
carbon (DIC) of the seawater. The objective of the study is to characterize the structure of
the water columns at different parts of the SCS, to identify the source of the Pacific inflow,
and in particular to study the transport pathways of deep water and the mixing processes of
water masses. Radiocarbon has been widely used as a tracer for characterizing large-scale
circulation and subsequently in modelling ocean circulation, as in the GEOSECS and WOCE
projects conducted in the later part of the 20" century. However, the SCS has not been visited
during these previous cruise expeditions and only a few studies have examined the variation
of '“C of seawater in the SCS. Here we report preliminary results of this study including a new
method of sample preparation for dissolved inorganic carbon in seawater for '“C analysis by
accelerator mass spectrometry (AMS) and our DI'*C records obtained in the northeast SCS
and Luzon Strait.
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2. Seawater DI'*C Sample Preparation

Seawater samples from 21 stations located at the northeast SCS were collected during March to
May, 2013; another station located at the Manila trench (E3) was occupied in July, 2014 (Fig. 1).
A SBE 911plus CTD attached with twenty four 12-liter Carousel Water Sampler was used for
seawater collection. About 100 ml of seawater samples were collected at multiple depths for
each station and poisoned with 50 uL of saturated HgCl, solution right after collection.
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Fig. 1 Seawater DI'*C sampling station distribution in the South China Sea; dashed lines show the selected sections
presented in Figure 4.

For analysis of DI'*C, seawater samples were processed using the headspace-extraction meth-
od developed by Gao et al. (2014) at the cosmogenic nuclide sample preparation laboratory
of Peking University. Sample CO, was extracted from 30 ml seawater after acidifying with
H;PO,, then cryogenically purified on a vacuum line and graphitized by Zn reduction method
(Xu et al. 2007), and pressed into an aluminium target and submitted for AMS “C measure-
ments in PKUAMS facility (Liu et al. 2007).

Systematic investigations have shown that the headspace-extraction method does not in-
troduce contaminants that could bias the '*C measurements and that the '*C results for stand-
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ards are consistent with their consensus values. Large numbers of duplicate measurements
have established a precision of 1.7 %o for modern samples with an average background of
~43,400 radiocarbon years for graphite target samples > 0.3 mg carbon.

3. Seawater DI'*C Profiles in the Northeast SCS

The DI'*C values of seawater samples collected from the SCS range from 53.5 £3.2 %o (at 200
m depth) to —235.5 + 2.8 %o (at 3000 m) (Fig. 2). The average DI'*C value remains high in the
surface layer (40.6 + 4.2 %o; n = 22) and increases slightly to 44.4 £ 5.9 %o (n = 12) at 100 m
depth, then quickly decreases to an average low of —223.9 + 4.6 %o (n = 14) at 2000 m depth.
Below 2000 m depth, the average DI'*C values remain relatively constant around —225.1 +
4.1 %o (n = 59). As shown in the DI**C spatial distribution (Fig. 3), the DI**C spatial differ-
ence among stations is about 25 %o between 5—100 m depth. Significant difference is found
between 200 and 1000 m depth in the range of 4075 %o, with the largest variation reaching ~
75 %o on 300 m depth (from 44.8 + 1.8 %o to —28.3 + 2.3 %0). Note that below 1500 m depth,
the DI'*C differences become smaller than 25 %eo.
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Fig. 2. DI'“C depth profiles of selected stations (BC, TS2, TS4, AS, D9, E3), which contain the extreme values
among all stations.
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Fig. 3 DI'*C spatial distribution of 20132014 SCS seawater samples at 5, 50, 100, 200, 300, 500, 800, 1000, 1500,
2000, 2500 and 3000 m depths. The DI'*C scale differences on each depth are shown in the upper right corner of each
plot, except for 2000-3000 m depth, the DI'*C scale is fixed to —216 ~ —236 %e.

Compared to the previous DI'*C profile measured in the western Pacific by WOCE P09 cruise
in July to August, 1994 (GLODAP Bottle Data, KEY et al. 2004), SCS surface A'*C values
are about 70— 80%o lower. An average decrease of DI'C values is observed at a rate of about
3—4%o per year between 1994 and 2014. Bomb carbon penetration depth in the Northeast
South China Sea and Luzon Strait is 500—650 m.

Between 5-500 m depth, stations inside SCS always show relatively lower DI'*C value
compared to the stations located in Luzon (BC, TS2, TS4; Fig. 3). This is probably because
that as a marginal sea, the SCS basin has overall enhanced diapycnal mixing process in the
upper layer compared to the open western Pacific, thus bomb radiocarbon signal is more
diluted inside the SCS. Hydrological characters of the upper layer waters in Luzon are more
influenced by the Pacific water through ocean circulation processes such as Kuroshio Current,
which brings relatively high DI'*C signals.
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Relatively high DI**C water masses are found along Luzon Strait and the SCS northeast con-
tinental slope between 800—2000 m, with some extremely high points at Stations TS2 and A4
on certain depths (Fig. 3); while the DI**C values of water masses in the southern parts of the
study area are much lower, especially for Stations D9 and E3. The possible mechanism of this
might be the enhanced diapycnal mixing processes caused by the strong internal waves which
frequently happen in Luzon Strait and the SCS continental slope (TIAN et al. 2009).

Physical oceanography observation in Luzon Strait has shown that the North Pacific deep
water (NPDW) enters the SCS between 1900-2600 m depth through the Luzon Strait (ZHAO

Del14C [%o]

-170

Fig. 4 3D map of DI'*C distribution below 1000 m depth in the northeast SCS. The detailed positions of these sec-
tions (BC, A, B and D section) are shown in Figure 1.
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et al. 2014). The NPDW undergoes strong diapycnal mixing inside Luzon Strait and quickly
enters the SCS. The average DI*C value of the SCS waters deeper than 2500 m is —225.1 +
4.1 %o (n = 59), which is consistent with the previously measured average DI'*C values in the
western Pacific between 2000-2500 m depth by WOCE P09 cruise (GLODAP Bottle Data;
KEY et al, 2004). In addition, the smallest DI'*C variation appears on 2500 m depth by ~ 5 %o
(range from —220.7 + 1.4 %o to —226.5 + 1.8 %o) and trend to have a very uniform spatial
distribution pattern in the northeast SCS (Fig. 3). These all point to the rapid invasion of the
NPDW through Luzon Strait and its important influence on northeast SCS deep water in this
depth range. Figure 4 shows the 3D distribution map of the SCS DI'*C below 1000 m depth.

DI'C variation range of station BC is —185.6 = 1.7 to —225.1 + 1.5 %o and is most influ-
enced by the NPDW. TS stations showed highest DI**C values (especially for TS2, ranges
from —154.9 + 2.0 %o to —221.5 + 2.0 %0c) compare to the rest stations, which reveals that
strong diapycnal mixing process inside Luzon Strait brings high DI'*C signal down to the
deep layer. Sections A, B and D located in-between the transition of Luzon Strait and SCS
and show moderate DI'*C values. The DI'*C of E3 is the lowest (ranges from —198.4 + 1.8 %¢
to —235.5 + 2.8 %o) and better represents the deep water characters inside SCS basin. Com-
pared to E3, there are relatively high DI'*C (—225 %o) and uniform water masses from the
passageway of Luzon Strait to the continental slope of northeast SCS between 2200-2800 m
depth (Fig. 3 and 4), which may indicate the flow path of the NPDW along the SCS northeast
continental slope and the resulting SCS deep western boundary current. The average DI'*C
difference of AS and E3 is ~ 9 + 3 %o, which represents an apparent deep water age difference
of about 90 + 30 a between these two stations.

4. Summary

Our DI'*C data point to a strong diapycnal mixing inside Luzon Strait within the range of
1000-2500 m. Relatively high DI**C (-225 %o) are found from Luzon Strait to SCS north-
east continental slope between 2200-2800 m depth, which may indicate the flow path of the
NPDW after entering the SCS. The average DI'*C difference between the stations located to
the exit of Luzon (AS5) and inside SCS basin (E3) showed an apparent deep water age differ-
ence of about 90 + 30 a below 2000 m depth.
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What Caused Enhanced Export Production in
the Sub-Antarctic Zone during Glacial Intervals?
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With 3 Figures

There is wide spread evidence from sediment records in the Southern Ocean that export pro-
duction was enhanced in the Sub-Antarctic Zone during glacial intervals (Fig. 1; KOHFELD et
al. 2013). The lithogenic fraction of material in these sediment records was also higher during
periods when export production was enhanced (ZIEGLER et al. 2013, ANDERSON et al. 2014,
Lamy et al. 2014, MARTINEZ-GARciA et al. 2014). Coincident with the increase in export
production, ice core records from Antarctica show that dust fluxes were more than 20-times
greater than today during glacial intervals and atmospheric carbon dioxide concentrations
decreased (PETIT et al. 1990). These records have led many studies to the conclusion that
enhanced export production in the Sub-Antarctic Zone during glacial intervals was driven pri-
marily by an increase in the supply of iron from dust, which is a limiting micronutrient in the
Southern Ocean, and that this enhanced export production helped lower atmospheric carbon
dioxide concentrations (MARTIN 1990, ZIEGLER et al. 2013, ANDERSON et al. 2014, LamY et
al. 2014, MARTINEZ-GARCIA et al. 2014).

latitude

longitude

Fig. 1 Present day, mean annual chlorophyll concentrations for years 19992009 (colour scale, mg m~), and export
production anomalies at the Last Glacial Maximum (red higher, blue lower). Black lines are the OrsI et al. (1995)
Subtropical, Sub-Antarctic and Polar Fronts. Export production data were compiled by KoHFELD et al. (2013). The
Sub-Antarctic Zone is the region between the Subtropical and Sub-Antarctic Front. (Figure is by GRAHAM 2014.)
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Recent studies have shown that productivity in the modern day Southern Ocean is relatively
insensitive to iron supplied by dust (MACKIE et al. 2008, WAGENER et al. 2008, TAGLIABUE et
al. 2014). For example, MACKIE et al. (2008) showed that there was no evidence of enhanced
chlorophyll concentrations in the Southern Ocean following the deposition of dust from ma-
jor dust storms from Australia. Similarly TAGLIABUE et al. (2014) showed in a modelling
study that export production changed by approximately 1% when all dust sources of iron

latitude

latitude

170°E 180°E
longitude

Fig. 2 Mean annual chlorophyll concentration for 19992009 (colour scale, mgm™). Grey contours are the sea sur-
face height field for 1999-2009. White contours are the 1000 m isobaths, and pink the 200 m isobaths. Hand drawn
black arrows illustrate the path of the western boundary currents and Dynamical Subtropical Front. (A) South Africa.
(B) New Zealand and the Campbell Plateau. (Figure is by GRAHAM et al. in review, Deep-Sea Res.-Part I.)
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were removed. In contrast, when sedimentary iron sources were removed, export production
decreased by approximately 7 % and atmospheric carbon increased by 14.5 ppm (TAGLIABUE
et al. 2014). Given these recent findings, we argue that the possibility should be considered
that Southern Ocean export production anomalies may have been driven by changes to the
supply of shelf sediment iron rather than just dust. Shelf sediments are thought to represent
one of the largest sources of iron to the global ocean (JOHNSON et al. 1999, ELrOD et al. 2004).

Here we study the chlorophyll blooms in the modern day Sub-Antarctic Zone, which are
situated over a number of sediment records used in paleo archives (Fig. 1). These blooms are
very tightly related to the sea surface height field that indicates the horizontal flow in the ocean
(Fig. 2 and 3). In particular, these chlorophyll blooms are associated with western boundary
current extensions from the Atlantic, Indian and Pacific Oceans (Fig. 2 and 3). These currents
are known collectively as the Dynamical Subtropical Front (GRAHAM and DE BOER 2013).
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Rio de
la Plata

DSTF/
Brazil

35°S Eurre

|| Brazil-Malvinas

' Confluence ~——»

40°S

latitude

45°S

50°8

55°S . : ;
80°W 70°W 60°W 50°W 80°W 70°W 60°W 50°W

longitude longitude

Fig. 3 Mean annual chlorophyll concentrations for years 1999-2009 (colour scale, note different scale between fig-
ures, mgm™). Grey contours are the sea surface height field for 1999-2009. White contours are the 400 m isobaths,
and pink contours the 120 m isobaths (indication for glacial coastline). Hand drawn black arrows illustrate the path
of the western boundary currents, Sub-Antarctic Front and Dynamical Subtropical Front in (B). Location of the Rio
de la Plata estuary is shown by the blue line in (A). (Figure is by GRAHAM et al. in review, Deep-Sea Res.-Part I.)
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We suggest that present day chlorophyll blooms in the Sub-Antarctic Zone are stimulated by
an off shelf transport of shelf sediment iron by the Dynamical Subtropical Front, rather than
iron supplied by dust or open ocean upwelling. Shelf sediment iron is entrained into western
boundary currents as they run parallel to the continental shelf. This iron is then advected
downstream into the Sub-Antarctic Zone along the Dynamical Subtropical Front.

Most biogeochemical models prescribe a shelf sediment iron source uniformly through
the sea floor over all areas of shelf where the water depth is shallower than 1000 m (MOORE
et al. 2004, AuMoNnT and Bopp 2006). However, the chlorophyll data analysed in our study
indicate that the largest shelf sediment iron fluxes are concentrated around coastal margins,
rather than spread evenly over continental shelves (Fig. 3A). This could be due to higher sed-
imentation rates and input of organic material in coastal environments from processes such
as fluvial transport and coastal erosion. This would help promote the establishment of anoxic
conditions in coastal sediments and the reduction of iron oxide.

At the Last Glacial Maximum sea levels were approximately 120 m lower than today
(PELTIER and FAIRBANKS 2006). We calculate that a uniform drop in sea level of 120 m would
reduce the area of continental shelves between the depths of 0 and 1000 m by approximately
50 %. For many biogeochemical models this would result in a ~50 % decrease in the shelf
sediment flux of dissolved iron (MOORE et al. 2004, AumMONT and Borp 2006). The findings
from TAGLIABUE et al. (2014) suggest this would lead to a substantial reduction in export
production and increase atmospheric carbon dioxide concentrations. However, various paleo
records show that export production increased in the Sub-Antarctic Zone and atmospheric
carbon dioxide decreased during glacial intervals when sea levels were lower (ZIEGLER et al.
2013, ANDERSON et al. 2014, Lamy et al. 2014, MARTINEZ-GARCIA et al. 2014).

If the shelf sediment iron flux is not spread evenly across continental shelves, but instead
concentrated along coastal margins, a reduction in sea level would shift the location of the
major iron flux closer towards the western boundary currents (Fig. 3, pink contour). This may
have increased the fraction of iron that was entrained into western boundary currents and
transported into the Sub-Antarctic Zone. This mechanism would be more consistent with sug-
gestions that sediment transport by ocean currents, rather than dust, are substantial contribu-
tors to the increased lithogenic fraction recorded in ocean sediment cores from the Agulhas
Region and Antarctic Peninsula during glacial periods (DIEKMANN and KUHN 2002, LATIMER
et al. 2006, NoOBLE et al. 2012).
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Paleoceanographic Evolution of the Atlantic Sector
of the Antarctic Southern Ocean across the
Mid-Pleistocene Transition
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With 1 Figure

The mid-Pleistocene transition (MPT; 1.25—0.7 Ma) marked a fundamental change in the
periodicity of the climate cycles, shifting from a 41-ka to a high-amplitude, asymmetric,
100-ka cycle without any significant change in orbital forcing. This change in the dominant
periodicity comes along with a gradual increase in the glacial §'30 of benthic foraminiferal
tests, implying larger ice volume and/or cooler deep ocean temperatures. Hypotheses to ex-
plain the MPT involve changes in glacial dynamics, non-linear responses to orbital forcing,
and internal changes in the carbon cycle (e.g. CLARK et al. 2006). Specifically, a decrease in
pCO, during peak ice age conditions and the associated global cooling, more pronounced
during glacials, is often proposed as one of the possible triggers for the MPT (HONISCH et al.
2009, McCLYMONT et al. 2013).

The most promising explanations for the bulk of the pCO, variations in the Pleistocene
involve ocean biogeochemistry and its interaction with the physical circulation. It was recog-
nized early on that the high-latitude oceans, specifically the Southern Ocean, exert a dominant
influence on the partitioning of CO, between the ocean interior and the atmosphere through
their leverage on the efficiency of the biological pump. In the modern Southern Ocean, the
low efficiency of the biological pump allows for the evasion of deeply sequestered CO, back
to the atmosphere. Previous results have indicated that the Southern Ocean leak in the biolog-
ical pump may have been reduced during ice ages (e.g. SIGMAN et al. 2010) contributing to
sequester carbon into the ocean interior.

Although the two regions of the Southern Ocean, the Antarctic Zone (AZ) and the Sub-
antarctic Zone (SAZ) south and north of the Antarctic Polar Front (APF), respectively, are
both thought to contribute to the pCO, decrease during ice ages, their biogeochemical sig-
nature and timing is very different. Export of organic carbon from surface waters of the AZ
decreased during ice ages, whereas nutrient utilization increased, indicating reduced exposure
of nutrient-rich subsurface waters (FRANcoIs et al. 1997, JAcCARD et al. 2013). In contrast, in
the SAZ, export production and nutrient consumption both increased during the later stages
of glaciations, which, together with the concomitant increase in atmospheric dust loading,
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suggests iron fertilization of phytoplankton (MARTINEZ-GARCIA et al. 2014). Together, they
provide a coherent two-part Southern Ocean mechanism for the timing and amplitude of the
glacial/interglacial pCO, variations (HAIN et al. 2010, JACCARD et al. 2013). However, there is
still much uncertainty and debate regarding the response of the Southern Ocean biogeochem-
istry to the changes invoked by the MPT, and its contribution to the proposed pCO, variations.

It was suggested that atmospheric pCO, was ~30 ppm higher during glacial stages before
the MPT, but interglacial values were similar to those of the late Pleistocene (HONISCH et al.
2009). During this transition, glacial dust fluxes to the SAZ of the Southern Ocean doubled,
suggesting that an increase in iron availability may have potentially contributed to explain the
pCO, shift across the MPT (MARTINEZ-GARCIA et al. 2011). The importance of the Antarctic
Southern Ocean in explaining the glacial/interglacial pCO, variations suggests that the grad-
ual decrease in glacial pCO, across the MPT may be potentially influenced by mechanisms
occurring in the AZ as well. However, most of the paleoceanographic reconstructions focus
on the SAZ, partly due to the scarcity of calcite-producing organisms south of the APF that
are required by many of the biogeochemical tools. The few existing records from the AZ that
trace changes in the rate of overturning are mostly restricted to the last glacial cycle or the
last one million years (e.g. JACCARD et al. 2013), or have a low temporal resolution (HILLEN-
BRAND and FUTTERER 2001). Hence, the role of the AZ in contributing to explain the glacial
pCO, decrease across the MPT remains elusive.

Here, we show 1.5 Ma-long highly-resolved records of export production, sedimentary
CaCOs; and planktonic (N. pachyderma) and benthic (Cibicidoides) foraminiferal stable iso-
topes from ODP Site 1094. The site is located in the Atlantic sector of the Antarctic Southern
Ocean south of the present-day position of the APF (Fig. 1). The new age model is largely
based on tuning of the new Cibicidoides 5'30 record to the LR04 benthic §'80 stack (LISIECKI
and Raymo 2005).

Average summer sea surface temperatures (°C)

Fig. 1 Location of ODP Site 1094 in the Atlantic sector of the Antarctic Southern Ocean (53.2°S S, 5.1°E; water
depth of 2807m) (A) on the January to March sea surface temperature field and (B) on a latitudinal salinity transect
centered at ~10°E.

In order to trace variations in export production and sedimentary CaCOj; across the MPT, the
1 Ma-long Ba/Fe and Ca/Fe records by JACCARD et al. (2013) have been extended to the base
of the core, corresponding to an age of 1.5 Ma. Barite (BaSO,) forms in seawater and its flux
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to the seafloor is linked to integrated surface productivity (FRANcOIS et al. 1995). Biogenic
barite (bioBa) precipitation is thought to accompany phytoplankton decay and may, there-
fore, represent a reliable proxy for integrated organic carbon export from the photic zone. As
downcore pore-water profiles at ODP Site 1094 never reached sulfate-reducing conditions,
the variations in bioBa are unaffected by bacterially mediated sulfate reduction and associ-
ated diagenetic barite dissolution. Assuming that sedimentary iron is exclusively of detrital
origin, Ba abundance normalized by Fe is a proxy for the sedimentary concentration of bioBa,
and hence export production. Similarly, Ca normalized to Fe yields the sedimentary concen-
tration of biogenic CaCO; (JACCARD et al. 2013).

The 1 Ma-long stable isotope records of the left-coiling planktonic foraminifera N. pachy-
derma (HoDELL et al. 2003, KLEIVEN and JANSEN 2003) were likewise prolonged to the
base of the ODP core. Considering the modern mixed layer depth of the Southern Ocean
(~100-200 m) and the typical depth habitat of N. pachyderma (upper ~130 m), its 3'80 can be
interpreted as reflecting changes in sea surface conditions (temperature, salinity) and global
ice volume. The 3'30 record corresponds well to Antarctic temperature (LUTHI et al. 2008)
over the last 800 ka, and its downcore evolution records climatic changes in the Antarctic
realm also beyond the time frame covered by ice cores. Paired measurements of §'%0 and
Mg/Ca on N. pachyderma allow us to calculate 580 of seawater that is known to vary linearly
with salinity in the modern ocean.
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Effects of Changing Ocean Circulation on the
Marine Carbon Cycle during the Paleocene-Eocene
Thermal Maximum

Mathias HEINZE and Tatiana ILYINA (Hamburg)
With 2 Figures

The Paleocene-Eocene Thermal Maximum (PETM) was a transient global warming event,
which occurred 56 million years ago. During this period of abrupt environmental change the
climate underwent a significant transformation within short geological timescales (<10 ka,
ZEEBE et al. 2009). The PETM is globally recorded in proxy-data by a negative 3'*C carbon
isotope excursion and carbonate dissolution in the ocean, suggesting that the occurred warm-
ing was caused by massive carbon release. Despite several plausible hypotheses, the exact
rate of carbon release and the ultimate location of the carbon source remain unknown. The
deep ocean conditions must have been inhospitable to marine organisms, since PETM sedi-
ment records indicate a mass extinction of benthic foraminifera and vast dissolution of CaCO;
sediments. Both, ocean circulation and marine biogeochemistry must have been affected by
the carbon perturbation of the PETM.

Until now, however, modelling studies did not consider the changes in the ocean circu-
lation together with the changes in ocean biogeochemistry. As ocean circulation state is the
key in shaping the marine carbon cycle, the current interpretation of the PETM proxy record
may be incomplete. To address this issue, we simulate the late Paleocene background climate
and the onset of the PETM with the state of the art Earth System Model of the Max Planck
Institute (MPI-ESM). The model has a horizontal resolution of ~3.5°. The atmospheric model
is represented by 31 and the ocean model by 40 vertical levels. For the first time the onset of
the PETM is simulated with a complex ESM, including a comprehensive ocean biogeochem-
istry model.

The late Paleocene background climate state is based on an atmospheric CO, concen-
tration of 560 ppm, which is producing a global mean SST of ~24 °C (HEINZE and ILYINA
2015). Unlike today, the main area of deep water formation is located in the Pacific and In-
dian sector of the Southern Ocean. Our model does not predict any deep water formation in
the North Atlantic, which is consistent with proxy reconstructions (TRIPATI and ELDERFIELD
2005, THOMAS et al. 2003).

Starting from this already warmer background climate than present, we increase the at-
mospheric CO, concentration by 0.5 ppm a™! (equivalent to emission of 1 Gt C) over a peri-
od of 1300 years. Following the atmospheric CO, increase phase, the simulation is run for
another 1700 years with fixed atmospheric CO, concentrations of 1173 ppm. Due to rising
atmospheric CO,, the global SST increases by 6 °C over the whole simulation period. The
meridional temperature gradient flattens and the hydrological cycle intensifies, leading to in-
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creased freshwater input in the deep water formation areas. As a consequence, the deep water
formation is reduced and the vertical stratification of the ocean is increased (Fig. 1). Surface
waters are facing low nutrient concentrations and reduced biological production because of
weaker upwelling of nutrient rich waters. Consistent with recent boron isotope reconstruc-
tions (PENMAN et al. 2014), the surface ocean pH decreases by 0.28 in our simulation.
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Fig. 1 Timeseries (10 year running mean) of the maximum MOC, below 1000 m depth in the South Pacific (blue
line) and the SST (global, black line) for the PETM CO, emission scenario. Negative values on the x-axis correspond
to the steady state in the control run.

Our results indicate that the significantly weakened deep-ocean ventilation is the key mecha-
nism to reproduce the CaCO; dissolution pattern of the PETM, suggested by the proxy record.
Transport of carbon to depth by physical processes is strongly reduced due to the increased
ocean stratification. However, the increased respiration of organic matter and the accumu-
lation of its remnants drive the deoxygenation and acidification of the mid and deep ocean
instead. The reduced ocean ventilation causes the products of organic matter remineralization
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Fig. 2 Temporal evolution of anomaly (PETM run-control) in DIC concentrations, integrated over the whole Pacific
(left) and Atlantic (right) basin.
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(releasing PO,, CO, and consuming O,) to be trapped in intermediate waters (Fig. 2). Thereby
carbon accumulates and triggers dissolution of CaCOj; throughout the water column and the
sediment. In terms of ocean acidification this long-term effect, occurring over timescales of
several 1000 years, seems to be of high relevance also for future climate under rising CO,.

In conclusion, our study highlights the role of changing ocean circulation on the carbon
cycle during the PETM. Although we are focusing in our study on this warm period, similar
processes could have played a crucial role during glacial cycles, controlling carbon exchange
between surface and deep ocean.
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New Carbonate System Proxies:
Foram Culturing and Pteropod Potentials
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Global climate change is one of the most pressing challenges our society is facing currently.
Climate sensitivity due to atmospheric CO, doubling will most likely increase global tempera-
tures by 2.0—4.5°C (IPCC 2007). While some direct effects of increasing CO, are straightfor-
ward (e.g. ocean acidification, atmospheric temperature rise), the mid- and long-term impacts
of increasing CO, levels are less easily predicted due to poorly qualified contribution from
various potential positive and negative feedbacks in the climate system. Palaeoreconstruc-
tions combining temperature reconstructions and atmospheric paleo-CO, levels are necessary
to validate models that aim at predicting future global temperature increases. Reconstructions
of atmospheric CO, from ice-cores are confined to the last 800 ka (LUTHI et al. 2008), while
reconstruction of atmospheric pCO, on longer timescales rely largely on marine sedimentary
archives (e.g. HONIscH et al. 2012). Within the latter, foraminifera play a central role, since
the chemical and isotopic composition of their shells reflect the physicochemical properties
of the seawater that these organisms grew in (EMILIANI 1955). Palaco atmospheric CO, con-
centrations can be estimated from past seawater CO, (aq), which in turn can be reconstructed
when two out of six parameters are known of the oceans carbonate system (“C system”; CO,,
HCO;~, CO5>, pH, DIC [dissolved inorganic carbon] and total alkalinity).

Currently established, foraminifera-based C system proxies include boron isotopes (pH),
B/Ca (CO;>) or the reconstruction of total alkalinity via salinity variations (HEMMING and
HaNsoN 1992, HONIscH and HEMMING 2005, HONiIscH et al. 2009, SANYAL et al. 1995, Yu
et al. 2010). However, these proxies do not allow the reconstruction of the complete C sys-
tem by themselves, due to various limitations and uncertainties associated with the different
methods used (e.g. YU and ELDERFIELD 2007). Despite much recent progress in the field of
paleoclimatology aiming at overcoming these limitations and uncertainties, accurate and pre-
cise reconstructions of past pCO, levels remains challenging. Here we present the potential
of culturing studies with foraminifera and field studies using pteropods to establish new C
system proxy relationships.

Culturing living foraminifera is a valuable tool to precisely calibrate new and existing
proxies. In some species, asexual reproduction can be triggered in the laboratory, resulting in
50 to 300 one-chambered juveniles that can be placed into experiments under controlled con-
ditions (e.g. various pH’s, [DIC]s, TAs). After maintaining them at a range of environmental
conditions until they have grown into maturity, the resulting isotope and element composition
of their calcium carbonate can be measured and related to these environmental conditions.
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Through careful selection of culturing conditions, where values can be tweaked far beyond to
what is found in nature to get a good handle on the correlation between the seawater param-
eters and the proxy, it is thus possible to establish new proxy relationships. With respect to
carbonate chemistry it is important to be able to know whether the proxy-carbonate system
parameter correlation represents a causal relationship or solely an accidental regularity due to
the covariation of the C system parameters. Experiments need therefore be constructed in a
way that the individual parameters of the C system are deconvolved and varied independently.
The classical C system manipulation approaches are therefore inappropriate as parameters
are changing simultaneously (e.g. SMITH and RoTH 1979). For example, changes in pH and
carbonate ion concentration are correlated in classical C system manipulations, so that an ob-
served effect cannot be traced back to an individual parameter and hence prevents separating
the sole impact of e.g. pH on carbonate chemical composition.

To overcome this problem, we conducted C system culturing experiments on the benthic
foraminifer Ammonia sp. (molecular type T6, HAYWARD et al. 2004) where the classical ap-
proach (covariation of parameters, e.g. pH and [CO5>7]) is combined with a manipulation,
where pH and [CO4>"] are varied independently (pH was kept constant, [CO;>"] was allowed
to vary). The experimental setup used allows us hence to independently quantify effects of
pH, [CO,*] and DIC on foraminiferal calcite chemistry. Due to its shallow water habitat
Ammonia sp. is not commonly used in palaeo-oceanographic studies, however, its abundance,
good accessibility and tolerance of broad ranges of environmental parameters make it a suit-
able candidate when determining new potential proxy relationships and can thus serve as a
model species.

1. Sr/Ca as a Proxy for DIC?

Sr/Ca is a widely measured parameter and has been used in a variety of organisms to recon-
struct various parameters such as temperature in corals (SMITH and ROoTH 1979). Foraminif-
eral Sr/Ca has been shown to be influenced by growth rates, temperature, salinity and pH
(KIsaKUREK et al. 2008, LEA et al. 1999). With respect to the latter, it has been demonstrated
by several studies that foraminiferal St/Ca varies with seawater carbonate chemistry (e.g.
LEA et al. 1999, RartzscH et al. 2011, RUSSELL et al. 2004). However, due to the co-variation
of the C system parameters in these studies, it remained inconclusive to isolate the impact
of each parameter of the C system to incorporation of Sr in foraminiferal calcite. To solve
this problem, we measured shell Sr/Ca using LA-ICP-MS (laser ablation inductively coupled
plasma mass spectrometry) on shells from C system manipulations, where the parameters
were varied independently (see above, and also KEUL et al. 2013 for a full description of the
experimental procedures). Linear regression analyses were performed to analyse the corre-
lation between individual C system parameters and foraminiferal Sr/Ca. Since the carbonate
system parameters covary differently in the two experimental approaches, it is possible to
exclude certain parameters of the C system as (primary) causes for the observed changes in
Sr/Ca, namely pCO,, pH, [HCO;] and [CO5*7]. This leaves TA and DIC as potential param-
eters that primarily affect Sr incorporation. The importance of TA on Sr/Ca is less likely,
since it is an artificially constructed dimension, leaving DIC as the most likely parameter that
determines foraminiferal Sr/Ca. The influence of DIC on Sr/Ca can be explained if one as-
sumes that foraminifera need to keep Omega in the calcification environment stable (“Omega
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homeostasis”). The high DIC in our experiments (up to 3-times higher than normal oceanic
levels) leads to an influx of pCO, into the foraminiferal cell, since CO, in its gaseous form
can easily diffuse across cell membranes. This CO, will be transformed into carbonate and
bicarbonate ions both in the cell and in the calcification environment, which leads to an in-
crease in Omega. To achieve Omega homeostasis, the foraminifera will need to adjust Ca.
This decrease in Ca concentration would thusly cause an increase of the Sr/Ca concentration
in the calcifying fluid and consequently also in the foraminiferal shell.

MARTIN and colleagues (2000) have reported Sr/Ca oscillations in foraminiferal calcite over
glacial-interglacial (G-IG) cycles, which seems to be a common phenomenon across species
and ocean basins. It was demonstrated, that these oscillations cannot be explained by tempera-
ture effects or dissolution, also salinity and pH had to be ruled out since the magnitude of these
changes was too small. While the authors have convincingly described how changes in the mean
ocean Sr/Ca could be causing the oscillation in foraminiferal Sr/Ca over G-IG cycles, we will
explore the potential role of DIC on foraminiferal St/Ca. In the above-mentioned C system ma-
nipulation experiments we found the following correlation between DIC and Sr/Ca:

Sr/Ca = 1.168e-04 x DIC + 1.083 (p< 0.001, R? = 0.65, KEUL et al., in prep.). [1]

Assuming a G-1G change in DIC of 130 mmol/kg-sw, the resulting change in Sr/Ca would
be 1.2 %. While the direction of the change is correct, the magnitude is too small to account
for the full oscillation (ca. 4 %). ALLEN and co-authors (in prep.) have performed a similar
calibration study with the planktonic species G. sacculifer, where the slope of the calibration
was twice as steep. Applying this linear equation would lead to a change in Sr/Ca of 4.2 %,
which is in the order of the reported changes over G-1G cycles. The slope of a calibration is
usually species-specific, so that it is likely that the absolute change in foraminiferal St/Ca as a
response to the same environmental change will vary among species, which is shown here by
the difference in slope of the Ammonia sp. calibration and that of G. sacculifer.

2. U/Ca as a Proxy for Carbonate Ion Concentration

The U/Ca ratio of benthic and planktonic foraminifera has been shown to correlate with
carbonate system parameters ([CO;>7] and pH; RarrzscH et al. 2011, RUSSELL et al. 2004).
In order to quantify the impact of each individual parameter (pH, [CO;>"]) on foraminife-
ral U/Ca, LA-ICP-MS measurements were carried out on the foraminifera from the above
mentioned culture experiments. The correlation of U/Ca and the carbonate system parame-
ters were analysed by means of regression analysis. Since the carbonate system parameters
co-vary differently in the two experimental approaches (see KEUL et al. 2013 for a detailed
description of the experiments), it is possible to exclude certain parameters of the C system as
causes for the observed changes in U/Ca. This approach points to [CO5>7] as the sole parame-
ter primarily affecting U/Ca ratios in Ammonia sp. The correlation between U/Ca and [CO5*]
can be explained in terms of uranium speciation in seawater, as uranium easily complexes
with carbonate ions (MARKICH 2002). Speciation depends strongly on [CO,*]: free uranium
forms complexes with carbonate ions, consequently decreasing the amount of free uranium
with increasing [CO5>"]. It has been shown by MARKICH (2002) that free Uranium forms are
taken up by algae cells. Our findings suggest that this might also be the case in Ammonia
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sp., since similar to the content of free uranium in the seawater, the U/Ca content in the shell
clearly decreases with increasing [CO5*7:

Log U/Ca=2.42-2.65 x 10 x [CO5>7] (R®>=0.65, p>0.001; KEUL et al. 2013). [2]

Fractionation against trace elements in foraminifera is species-specific, causing the U/Ca con-
tent to be different among foraminiferal species and underlines the necessity for species-spe-
cific calibrations when applying U/Ca to reconstruct past carbonate ion concentrations. Based
on the described correlation we can infer that a glacial-interglacial decrease of 100 pmol/kg-
sw in carbonate ion concentration would result in a 54 % increase in foraminiferal U/Ca. With
the great analytical precision associated to (LA-)ICP-MS, the glacial to interglacial changes
can be resolved within 95 % confidence intervals.

3. Assessing the Proxy Potential of Pteropods

Another opportunity to establish new C system proxies is to examine the potential of pteropod
shells. Pteropods are ideal candidates: they are abundant in all major ocean bodies (LALLI and
GILMER 1989), and their physiology is known to be highly sensitive to climate change (Ocean
Acidification and Ocean Warming; LISCHKA et al. 2011). Pteropods are pelagic molluscs,
producing shells made out of aragonite, a metastable form of calcium carbonate, which is
more soluble than calcite in seawater. This make pteropods an interesting subject in the devel-
opment of new proxies: since presence of pteropods in the underlying sediments is governed
by the corrosiveness of the water column, pteropods can be used as a “double archive” as they
offer the unique chance, to quantify both, the characteristics of the water column at the time
of biomineralization (as imprinted in the trace elemental incorporation in the pteropod shell)
and the corrosiveness of the water column (through their presence/absence/fragmentation in
the sediment). It has been shown that pteropods are an excellent recorder of the aragonite sat-
uration of bottom waters (MEKIK 2013). Through a combination of analyses on open-ocean,
cultured and down core pteropods we are currently analysing the proxy potential of pteropods
with a special regard on carbonate system proxies. Preliminary results will be presented. This
includes a trace-elemental-calibration from a culturing study (under changing C system pa-
rameters and temperature) and the variability of trace elemental incorporation from a 10-year
sediment trap study.
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During the last glacial period abrupt climate changes occurred that were accompanied by var-
iations in the flux of ice sheet-derived meltwater to the North Atlantic Ocean. These events,
especially during Heinrich stadial 1, presumably affected the formation of North Atlantic
Deep Water (NADW) (e.g. SARNTHEIN et al. 2001) and led to changes in the strength of
the Atlantic Meridional Overturning Circulation (AMOC). However, the associated meltwa-
ter may have been largely entrained in coastal currents along the continental shelves (see
Fig. 1) and not reached the convection sites in the subarctic North Atlantic Ocean (e.g. STIGE-
BRANDT 1985, MYERS 2005, CONDRON et al. 2009). Thus, the key hypothesis to be tested is
that entrainment of freshwater in a coastal current renders open-ocean convection and the
AMOC less sensitive to meltwater input than in traditional “water-hosing” experiments with
coarse-resolution, global climate models. To understand the role of meltwater runoff and its
effect on the ocean circulation, especially the AMOC, is also very important with regard to
the future if the Greenland ice sheet melts (e.g. Hu et al. 2011).

To this end, a regional sea ice-ocean model is being set up with different horizontal reso-
lutions and forced by global climate model output and specially designed meltwater runoff
scenarios. The model domain includes the Arctic Ocean, the Bering Strait and the Atlantic
Ocean down to about 10°N (see Fig. 2). The numerical ocean model is based on the Mas-
sachusetts Institute of Technology general circulation model (MITgcm) with an embedded
sea-ice component (ADCROFT et al. 2004, LoscH et al. 2010).

An advantage of the MITgcm in modelling the Arctic Ocean is the possibility of using the
so-called latitude-longitude-cap grid (llc), whereby the Arctic is covered by a cap, by which
the convergence of the meridians towards the North Pole can be avoided. The singularities at
the cap corners are located on land (see Fig. 2). This grid configuration is also used globally
in the ECCO (Estimating the Circulation & Climate of the Ocean) version 4 project (FORGET
et al., in prep.). A horizontal resolution of 1° on this grid ranges from 111 km at the equator
to 20 km in the Arctic. Due to the fact that the mean eddy-deformation radius in the Arctic
Ocean ranges from 5-10 km (e.g. MANLEY and HUNKINS 1985, CHELTON et al. 1998) it is
not possible to resolve the coastal current system with regard to the key hypothesis. Thus, we
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Fig. 1 Map of the current system in the Arctic and possible meltwater pathways (yellow arrows). EIC = East Icelan-
dic Current, JMC = Jan Mayen Current, EGC = East Greenland Current, WGC = West Greenland Current, LBC =
Labrador Current (prepared on the basis of COLLING 2001, CONDRON and WINSOR 2009).

are also going to set-up a model on a llc-grid with a horizontal resolution of 1/3°. As a long-
term objective it is planned to set-up an eddy-resolving model with a horizontal resolution of
up to 1/12°.

To investigate the sensitivity of open-ocean convection to ice sheet-melting, meltwater
runoff scenarios will be designed from modelling the Northern Hemisphere ice sheets during
the last glacial cycle (MARSHALL and CLARKE 1999), likely focusing on Heinrich stadial 1. To
trace the freshwater spreading we plan to implement stable water isotopes as passive tracers
as well in the MITgcm (see abstract of Rike VOLPEL) as in the ice sheet model.
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Fig. 2 Map of the regional model area (blue) on the latitude-longitude-cap grid. The Arctic cap of the 1° llc-grid
contains 90 x 90 grid points.
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A characteristic of the last glacial termination is the widespread decrease of mid-depth oxy-
gen concentrations in the upper world ocean (JACCARD and GALBRAITH 2012). The resulting
expansion of oxygen minimum zones (OMZs) fostered the deposition of laminated sediments
throughout the subarctic North Pacific. Such sediments are found in the Gulf of California
(e.g. ZHENG et al. 2000), the Santa Barbara Basin (e.g. BEHL and KENNETT 1996), near the
island of Hokkaido (e.g. IKEHARA et al. 2006), the Alaska margin (e.g. DAVIES et al. 2011)
and in the Bering Sea (e.g. Cook et al. 2005). Laminations occur when oxygen contents in the
water column fall below 0.1 ml/l and therefore can be seen as a direct indicator for extreme
changes in ocean ventilation. For the deglacial subarctic North Pacific region it is contro-
versially discussed if these ventilation variations might be coupled to changes in the age of
mid-depth water masses, e.g. North Pacific Intermediate Water (NPIW) and/or connected
with higher export productivity (e.g. KENNETT and INGRAM 1995, Mix et al. 1999). However,
knowledge of the driving forcing mechanism and the timing for OMZ strengthening is of
particular importance, as it has influence on the global carbon budget, e.g. via effect of the
biological pump. Here, laminated sediments provide the unique opportunity to study ocean
dynamics in exceptional detail, possible on decadal timescales.

From a collection of sediment cores retrieved in 2009 during R/V Sonne cruise SO202
INOPEX (Innovative NOrth Pacific EXperiment; GERSONDE 2012), we selected two partly
laminated, mid-depth sediment records (1100 m water depth) from the northern Bering Shelf
slope (Fig. 1), to investigate ocean dynamics and OMZ development during termination I
(KUEHN et al. 2014). We performed layer countings, AMS “C measurements and a corre-
lation to the NGRIP Greenland 330 ice core record. Additional high resolution XRF data
with a resolution of up to 200 um, X-ray images, geochemical data and diatom counts gave
information about the processes that led to single lamina formation.

During the correlation to the NGRIP record and the layer countings it became obvious that
(i) the presence of laminations is tightly coupled to submillennial, short-term warm phases,
especially during the Bglling-Allergd (B/A), (ii) that the correlation to the NGRIP record is
possible on decadal timescales and (7ii) that the laminations represent annual layered sedi-

1 Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research, Bremerhaven, Germany.
2 MARUM - Center for Marine Environmental Sciences, University of Bremen, Germany.
3 IOW - Leibniz Institut fiir Ostseeforschung, Warnemiinde, Germany.
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Fig. 1 Position of laminated and non-laminated INOPEX cores with red circles and white circles respectively. The
position of studied cores SO202-18-3/6 is marked by a large red circle. Orange circles mark positions of published
sediment records, containing laminations during the last deglaciation. (A) Bathymetric map of the Bering Sea region.
The position of the transect shown in (B) is indicated by a vertical dashed line. (B) Transect showing the annual mean
oxygen concentrations in the Bering Sea. Dashed lines indicate the vertical expansion of the oxygen minimum zone
during the last deglaciation, based on the occurrence of laminated sediment cores. Pictures modified from KUEHN
et al. 2014.
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ments (varves). The point (ii) strongly argues for a atmospheric teleconnection between the
North Atlantic and the North Pacific, and our observed changes in the mid-depth ocean ven-
tilation occur faster than previously published results. In those studies variations of the OMZ
were observed only on millennial timescales (e.g. KENNETT and INGRAM 1995). This means
that the Bering Sea and its OMZ is a highly sensitive system reacting almost instantaneously
to small temperature changes and therefore has the potential to influence the global carbon
budget on short timescales. Another important outcome of our correlation approach was an
absolute age model, in large parts independent from radiocarbon ages. This makes our core
one of the few marine sediment records where it is possible to directly calculate planktic
reservoir ages. Reservoir ages at our core location vary between 730—1100 years during the
B/A to Preboreal and confirm studies that argue for varying reservoir ages during the last
deglaciation (e.g. SARNTHEIN et al. 2007).

To further investigate the mechanisms for lamina formation, we calculated benthic-plank-
tic ventilation age differences. These show only smaller variations between 470-700 4C
years (Fig. 2) and, therefore, do not support the influence of old and oxygen poor water mass-
es. However, higher Si/Ti ratios from XRF measurements and high biogenic opal mass accu-
mulation rates during times of lamina formation point to increased seasonal export production
(Fig. 2). By combining this evidence with detailed sedimentological analysis we suggest two
processes that contribute to the OMZ strengthening in the Bering Sea. Firstly, our constant
ventilation ages argue for millennial-scale changes in oxygen concentration of mid-depth
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Fig. 2 (A) Benthic-planktic (B-P) ventilation ages and (B) biogenic opal mass accumulation rate (MAR) of cores
S0O202-18-3/6 from the northern Bering Slope. Vertical bars in (A) show errors from radiocarbon datings and the
gray boxes mark the occurrence of prominent laminated sections, identified in our sediment cores. (Pictures modified
from KUEHN et al. 2014.)
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water masses without changes in their formation rate, and secondly we see higher regional
export production.

During the last deglaciation the Bering Sea-OMZ also showed an increased vertical ex-
pansion. Based on a collection of published marine sediment records containing laminations
we see a deepening of the OMZ to 2100 m water depth in most parts of the Bering Sea and at
one location to more than 3100 m (Fig. 1). This is much deeper than today’s core of the OMZ,
which lies between 900—100 m water depth and has also implications for the carbon storage
capacity of the Bering Sea during those times.

Looking at single laminae high resolution XRF data and diatom counts showed that the
laminations represent an alternation of pure diatom ooze and rather terrigenous sedimenta-
tion. Compared to the terrigenous laminae, the diatomaceous laminae have high Si/Ti ratios
in the XRF data, a lower density and diatom counts showed high amounts of well preserved
sea-ice- and cold-water-related species like Fragilariopsis oceanica, F. cylindrus and Bac-
terosira bathyomphala. We therefore interpret the biogenic laminae as a diatom-dominated
productivity event related to the spring/summer sea-ice break-up and the terrigenous laminae
as the background sedimentation during autumn/winter.
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With 3 Figures

During each of the last four glacial cycles, there has been a lowering of atmospheric CO, of
about 1/3 (~90 ppm) and, considering the relative sizes of the carbon reservoir in the ocean
compared to those of the atmosphere and the terrestrial biosphere, it is likely that ocean
processes caused most of this CO, drawdown. It has, however, proved to be difficult to put
constraints on the relative effects of different processes contributing to this oceanic uptake
(KoHFELD and RIDGWELL 2009, and references therein). In this work, we attempt to constrain
the maximum CO, drawdown that can be achieved by biological uptake in the ocean, by ex-
amining the consequences of 100 % nutrient utilization efficiency of biology using an Earth
System Model of Intermediate Complexity (EMIC) called cGENIE (RIDGWELL et al. 2007,
Cao et al. 2009). Similar computations of the abiotic CO, equilibrium have previously been
made for a variety of box models and GCMs by ARCHER et al. (2000).

By using an EMIC of this type, which is not very computationally demanding, we are
able to do an ensemble of long simulations where we allow the model to reach steady state
for the carbon system. This would not be feasible if we were using a GCM. Still, the model
keeps a higher system complexity than box models. The cGENIE model is the carbon system
centric version of the physical framework of the GENIE-1 model described in RIDGWELL et
al. (2007). The physical framework is comprised of a reduced physics (frictional geostroph-
ic) 3-D ocean circulation model, which is coupled to a 2-D energy-moisture balance model
(EMBM) of the atmosphere and a dynamic-thermodynamic sea-ice model. The spatial reso-
lution in the ocean is a 36-by-36 equal-area grid in the horizontal and 16 levels in the vertical.
In this case, we start our simulations from a preindustrial spin-up of the carbon system as
described in Cao et al. (2009).

When biology is as efficient as it can be, hence using all available nutrients to produce new
organic material, a maximum amount of carbon will be “trapped” in the biological cycle as
soft organic material. This soft tissue carbon can be considered to no longer be a part of the
chemical equilibrium between the atmosphere and the surface ocean. As a result, the atmos-
pheric pCO,, which is determined by this chemical equilibrium, will stabilize at a lower level
than it does when biology is less efficient. Our work aims to determine this new equilibrium
in the model.
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Our calculations of the efficiency of the biological (soft tissue) pump are based on the frame-
work presented in ITo and FoLLows (2005), using the tracer P* as an indicator for the nutrient
utilization efficiency. P* is defined as the quota between regenerated phosphate, P ", origi-
nating from decomposition of organic material, and total phosphate, P . Since phosphate is
the main limiting nutrient in the global ocean, it is used as a proxy for nutrient availability in
general. P "¢ is calculated from the Apparent Oxygen Utilization (AOU), which is approxi-
mately the difference between the observed oxygen concentration, 0,°”, and the saturation
concentration for oxygen, O,*, at the observed salinity and potential temperature, by using
the adjusted Redfield ratio between P and O,, Rp.,, of 1/~170 (ANDERSON and SARMIENTO
1994). The concentration of soft tissue carbon, C*%, can be calculated in a similar manner
from P’ and the Redfield ratio of C and P, R..p, which is 117/1 (ANDERSON and SARMIEN-
TO 1994). The separation between the biological cycle and the chemical equilibrium when
P* =1, and the calculation framework for the biological cycle are shown in the schematic in
Figure 1.

The state we aim to reach in the model is when P* = 1, thus when all nutrients in the sur-
face ocean are instantly utilized by biology and no nutrients are brought into the deep ocean
without being trapped in biological tissue. As an example, shown in Figure 2A is P* for a
longitudinal cross-section through the Atlantic as calculated using data from World Ocean

—

Atmosphere

Surface
S B o

Decomposition

P*=Ppreg/pri=1 2Ly
€> Ppreg= ptot ocean
<> pre=Q AOU =

Ozsm — Ozobs
Closed cycle of biological (soft tissue) pump Chemical equilibrium

and physical mixing

Fig. 1 Schematic describing the state where biology achieves 100 % nutrient uptake efficiency, which we aim to
simulate in the cGENIE model to find the upper limit for CO, drawdown due to increased efficiency of biology. In
this state, the biological (soft tissue) pump is detached from the (abiotic) chemical equilibrium. Here, C*%' is the
concentration of soft tissue carbon, P™¢ is regenerated phosphate, P is total phosphate, O,°* is observed oxygen
concentration, O,™ is saturation concentration for oxygen at the observed salinity and potential temperature, AOU is
Apparent Oxygen Utilization, Rp., = 1/-170 is the adjusted Redfield ratio between P and O,, and R, = 117/1 is the
adjusted Redfield ratio of C and P (ANDERSON and SARMIENTO 1994).
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Atlas 2013 (GARcIA et al. 2014a, b, LOCARNINI et al. 2013, ZWENG et al. 2013). Typical
values in the deep ocean are between 0.3 and 0.4. Hence, in the deep Atlantic, the soft tissue
pump is only working at 30—40 % of its maximum theoretical capacity. This agrees well with
the global calculation by ITo and FoLLows (2005) of 36 % efficiency for the modern ocean.
Figure 2B shows similar numbers for P* in the Atlantic for the preindustrial spin-up made
with the Cao et al. (2009) configuration of cGENIE.
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Fig. 2 Nutrient utilization, P*, calculated from apparent oxygen utilization (AOU) and total phosphate using data
for a longitudinal transect along 25°W through the Atlantic Ocean from (A) World Ocean Atlas 2013 (GARcIA et al.
2014a, b, LocARNINI et al. 2013, ZWENG et al. 2013), (B) the preindustrial spin-up of cGENIE (Cao et al. 2009).

When P* =1, there are no preformed nutrients (phosphate), P?”, in the deep ocean. Shown in
Figure 3A, preformed phosphate in the deep Atlantic Ocean is currently about 0.8 uM in the
northern parts and is higher than 1.6 uM when entering the Southern Ocean (calculated using
data from World Ocean Atlas 2013: GARcIA et al. 2014a, b, LOCARNINI et al. 2013, ZWENG
et al. 2013). Thus, vast amounts of unutilized nutrients are currently being subducted into the
deep ocean. Therefore, increasing the efficiency of the biological soft tissue pump does have
the potential to significantly affect the ocean-atmosphere CO, equilibrium. When comparing
the model data (examples shown in Fig. 2B and 3B) to the climatological data, we see similar
patterns of P* and P?™. For a model of such low resolution, the representation of the nutrient
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utilization is reasonably good and should be sufficient for our purposes. To achieve P* = 1
in the model we will use restoring of surface nutrients (to 0) and remove a corresponding
amount of dissolved inorganic carbon from the surface ocean. Interactive sediments and re-
mineralization will be switched off.
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Fig. 3 Preformed phosphate, P?", calculated from apparent oxygen utilization (AOU) and total phosphate using data
for a longitudinal transect along 25°W through the Atlantic Ocean from (A) World Ocean Atlas 2013 (GARCIA et al.
2014a, b, LocARNINI et al. 2013, ZWENG et al. 2013), (B) the preindustrial spin-up of cGENIE (Cao et al. 2009).

It should be pointed out that the theoretical maximum limit where P* = 1 is indeed a theoret-
ical limit and an extreme upper bound for the capacity of CO, drawdown through increased
efficiency of the biological pump. According to the theory presented by ITo and FoLLowsS
(2005), the potential is ~30 ppmv of pCO, for an increase of 0.1 in P*. It is yet too early to
predict how big the potential effect in cGENIE is. In reality, deep water formation dynamics
will prevent P* from exceeding values of ~0.55 (ITo and FoLLows 2005). Another important
factor influencing the abiotic equilibrium and atmospheric pCO, is the temperature effect,
where the distribution of SST influences the global mean ocean temperature (GOODWIN et
al. 2011) and hence the solubility of CO, in seawater. This effect will also be investigated in
the model.

324 Nova Acta Leopoldina NF 721, Nr. 408, 321-325 (2015)



Maximum Drawdown of Atmospheric CO, due to Biological Uptake in the Ocean

References

ANDERSON, L. A., and SARMIENTO, J. L.: Redfield ratios of remineralization determined by nutrient data analysis.
Global Biogeochem. Cycles 8/1, 65—80 (1994)

ARCHER, D. E., ESHEL, G., WINGUTH, A., BROECKER, W., PIERREHUMBERT, R., ToBIs, M., and JAcoB, R.: Atmos-
pheric pCO, sensitivity to the biological pump in the ocean. Global Biogeochem. Cycles /4/4, 1219-1230 (2000)

Cao, L., EBY, M., RIDGWELL, A., CALDEIRA, K., ARCHER, D., ISHIDA, A., Joos, F., MaTsumoTo, K., MIKOLAJE-
wicz, U., MOUCHET, A., ORR, J. C., PLATTNER, G.-K., SCHLITZER, R., Tokos, K., TOTTERDELL, 1., TscHumI, T.,
YAMANAKA, Y., and YooL, A.: The role of ocean transport in the uptake of anthropogenic CO,. Biogeosciences
6/3, 375-390 (2009)

GARCcIA, H. E., LocarNINI, R. A., BOYER, T. P., ANTONOV, J. 1., BARANOVA, O. K., ZWENG, M. M., REAGAN, J.
R., and JoHNsoN, D. R.: World Ocean Atlas 2013. Vol. 3. Dissolved Oxygen, Apparent Oxygen Ultilization, and
Oxygen Saturation. In: LEviTUS, S. (Ed.), and MisHONOV, A. (Technical Ed.): NOAA Atlas NESDIS 75, 27 pp.
(2014a)

GARCIA, H. E., LocARNINI, R. A., BOYER, T. P.,, ANTONOV, J. 1., BARANOVA, O. K., ZWENG, M. M., REAGAN, J. R.,
and JOHNSON, D. R.: World Ocean Atlas 2013. Vol. 4. Dissolved Inorganic Nutrients (Phosphate, Nitrate, Silicate).
In: LEvITUS, S. (Ed.), and MisHONOV, A. (Technical Ed.): NOAA Atlas NESDIS 76, 25 pp. (2014b)

GooDWIN, P., OLIVER, K. I. C., and LENTON, T. M.: Observational constraints on the causes of Holocene CO,
change. Global Biogeochem. Cycles 25, GB3011; doi:10.1029/2010GB003888 (2011)

Ito, T., and FoLLows, M. J.: Preformed phosphate, soft tissue pump and atmospheric CO,. J. Marine Res. 63/4,
813-839 (2005)

KoHFELD, K. E., and RIDGWELL, A.: Glacial-interglacial variability in atmospheric CO,. In: QUERE, C. L., and SALTZ-
MAN, E. S. (Eds.): Surface Ocean-Lower Atmosphere Processes; pp. 251-286; doi:10.1029/2008GM000845.
Washington, D. C.: American Geophysical Union 2009

LocARNINI, R. A., MisHONOV, A. V., ANTONOV, J. 1., BOYER, T. P., GARCIA, H. E., BARANOVA, O. K., ZWENG, M.
M., PAVER, C. R., REAGAN, J. R., JoHNSON, D. R., HAMILTON, M., and SEIDOV, D.: World Ocean Atlas 2013. Vol.
1. Temperature. In: LEviTUs, S. (Ed.), and MisHONOV, A. (Technical Ed.): NOAA Atlas NESDIS 73, 40 pp. (2013)

RIDGWELL, A., HARGREAVES, J. C., EDWARDS, N. R., ANNAN, J. D., LENTON, T. M., MARSH, R., YooL, A., and
WATSON, A.: Marine geochemical data assimilation in an efficient Earth System Model of global biogeochemical
cycling. Biogeosciences 4/1, 87-104 (2007)

ZWENG, M. M, REAGAN, J. R., ANTONOV, J. I., LOCARNINI, R. A., MisHONOV, A. V., BOYER, T. P., GArcia, H. E.,
BArANOVA, O. K., JoHNSON, D. R., SEipov, D., and BIDDLE, M. M.: World Ocean Atlas 2013. Vol. 2. Salinity. In:
Levitus, S. (Ed.), and MisHoNOV, A. (Technical Ed.): NOAA Atlas NESDIS 74, 39 pp. (2013)

Malin ODALEN

Department of Meteorology
Stockholm University

106 91 Stockholm

Sweden

Phone: +46 8 162416

Fax:  +468 157185

E-Mail: malin.odalen @misu.su.se

Nova Acta Leopoldina NF 7217, Nr. 408, 321-325 (2015) 325






Nova Acta Leopoldina NF /27, Nr. 408, 327-329 (2015)

New Data of DIC Radiocarbon in the
Eastern Equatorial Indian Ocean
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Radiocarbon (*C) in ocean has long been used as a tracer to study the processes of air-sea
CO, exchange, mixing and ocean circulation at different timescales (e.g. DuTTA and BHU-
SHAN 2012). The early measurements of '“C in dissolved inorganic carbon (DI'*C) in the
northeastern Indian Ocean were carried out during the GEOSECS expeditions of 1978 (Stui-
vER and OsTLUND 1983) and WOCE expedition of 1995 (KEyY et al. 2004). More recently,
BHUSHAN et al. (2000, 2003, 2008), and DuTTaA et al. (2010, 2012) reported DI**C measure-
ments at several other locations in the northern Indian Ocean. These studies provided valuable
information about the distribution and temporal changes of DI'*C in Indian Ocean, and some
of them revealed high bomb radiocarbon inventories in equatorial Indian Ocean that is partly
attributed to the influence of different water masses exchange between different ocean basins,
such as Indonesian Throughflow (ITF) from Pacific and mode water from the southern gyre
of the Indian Ocean.

Given the potential of radiocarbon in addressing a range of scientific questions related to
the global carbon cycle change and ocean circulation process, we have started a project which
involves collection of seawater for measurements of DI'*C from the Eastern Equatorial Indian
Ocean. Here we report our initial DI'*C data of some seawater samples collected onboard
R/V SHIYAN 1 in 2014 (Fig. 1). The headspace-extraction method developed by Gao et al.
(2014) was used for sample preparation and AMS '“C measurements were made in the Insti-
tute of Heavy Ion Physics, Peking University. Our main observations are as follows:

— The A™C values of measured stations range from —205.3 to 72.1 %o, and the depth pro-
files show an overall similar pattern. The surface DI'*C varies from 22.7-72.1 %o. On the
sub-surface depth (25-100 m), it reaches a maximum value of 28.3-69.2 %o (except for
Station 1512), and then gradually decreases to about 190.5+10.0 %o (n = 5) at 2000 m. Be-
low 2000 m, the DI'*C values remain almost constant around 221.0 + 4.9 %o (n = 9). The
A™C records from different stations are quite complex in the upper 200 m water column.

— In the reoccupation station 1401 (GEOSECS 448, WOCE 302) and 1316 (GEOSECS 449,
WOCE 316) (Fig. 2), the surface A*C values decrease to a level of 25.5 + 4.0 %o (n = 2),
while the bomb radiocarbon penetration depths increase significantly, showing the tem-

1 Department of Geography, Peking University, Beijing, 100871, China, E-Mail: gianna@pku.edu.cn.
2 Institute of Ocean Research, Peking University, Beijing, 100871, China, E-Mail: Ipzhou@pku.edu.cn.
3 Department of Geography, Peking University, Beijing, 100871, China, E-Mail: pangao @pku.edu.cn.
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Fig. 1 (A) Distribution of DI'*C sampling stations in northeastern Indian Ocean from GEOSECS, WOCE and our
R/V SHIYAN 1 expedition. (B) Depth profile of A“C values obtained in this study.
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Fig. 2 Depth profiles of temperature, salinity, and DI'*C at the reoccupation station 1401 and 1316. Filled black
triangles and grey squares are the data from GEOSECS and WOCE expeditions, respectively. Filled red dots are the
results obtained in this study.
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poral variation of bomb-!*C penetration through downward transfer mixing with deeper
waters between 1978 to 2014.

— The maximum A'#C value and corresponding depth varies a lot among stations, e.g. the sur-
face A"C value of station I512 (72.1 %o) is much higher than other stations (22.7-34.5 %o),
which may indicate the lateral advection of '“C-enriched waters from the Pacific Ocean
through the Indonesian Throughflow (ITF).
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With 2 Figures

Over the last decades extensive research has been carried out on changes in the Atlantic Me-
ridional Overturning Circulation (AMOC) and its role during the last deglaciation. At present,
only a few high-resolution data sets from the deep eastern North Atlantic (NA) exist for this
period. It, therefore, remains uncertain whether deep water changes in the Eastern North
Atlantic Basin were governed by alternating contributions of northern and southern deep
water or whether the Eastern North Atlantic Basin reflects changes in the initial composition
and source of NA deep water only. Furthermore, it is still debated whether such changes are
triggered by Northern or Southern Hemisphere climatic changes.

In this study we investigate centennial to decadal scale changes in deep water composition
of the Eastern North Atlantic Basin over the last 15 ka BP. We used sediment cores GEOFAR
KF16 and MD08-3180 (37.984°N; 31.118°W, wd. 3050 m/37.999°N; 31.134°W, wd 3064
m), obtained from a small basin at the eastern flank of the Mid Atlantic Ridge (MAR) south
of the Azores Islands. Under modern conditions the coring site is situated at the boundary
between southern Lower Deep Water (LDW) and northern Eastern North Atlantic Deep Water
(ENADW) consisting of Iceland Scotland Overflow Water (ISOW) and Labrador Sea Water
(LSW) (Fig. 1). Distinct differences between the three water masses in terms of ventilation
state, temperature, and salinity signatures are ideal for tracking changes in the deglacial NA
deep water distribution. For these reconstructions we use paired benthic foraminifera stable
isotope (8'*C, §'*0) and Mg/Ca bottom water temperature (BWT) reconstructions, including
salinity estimates using 80 values corrected for ice volume changes (5'%0,,.) and tempera-
ture changes (3'80,,4,0).

The results show a close coupling of low BWT (1.5 °C) and §'3C (0—0.5 %o) values during
the end of cold Heinrich event 1 (H1), the Younger Dryas (YD) and the Preboreal (PB), that
were coeval with a major decrease of 8'30,, ;. values that can be associated with a freshening
of the deep water. These subtropical ENADW changes are in phase with the NGRIP Green-
land ice core §'%0 record (ANDERSEN et al. 2006) and with subpolar NADW changes. The
313C/8'30,,, signatures from our coring site (Fig. 2) are similar to those from the subpolar

1 Institute of Geosciences, University of Kiel, Ludewig-Meyn Straf3e 10, 24118 Kiel, Germany.

2 Institute of Prehistoric and Protohistoric Archaeology, University of Kiel, Johanna-Mestorf-Strale 2—6, 24118
Kiel, Germany.

3 Leibniz Laboratory for Radiometric Dating and Stable Isotope Research, University of Kiel, Max-Eyth-Str. 11—
13, 24118 Kiel, Germany.
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Fig. I Overview of the modern deep water hydrography at the Azores coring site (GEOFAR16/ MD08-3180) (red
dot) (REPSCHLAGER et al. 2015a). Additional cores (SKINNER et al. 2003, THORNALLEY et al. 2010, WAELBROECK
etal. 2011, Yu et al. 2008) used in this study are indicated in blue dots. (A) Map with the main deep water currents
of the NA modified after ScHOTT et al. (2004). (B) Temperature cross-section of the Eastern North Atlantic Basin,
cores used in this study are indicated. Both figures are based on Ocean Data View. © Deep water convection areas.
Abbreviations: NAC North Atlantic Current; ISOW Iceland-Scotland Overflow Water; DSOW Denmark-Strait-Over-
flow-Water; LSW Labrador-Sea Water; MOW Mediterranean Overflow Water; ENADW Eastern North Atlantic
Deep Water; WNADW Western North Atlantic Deep Water; LDW Lower Deep Water; AABW Antarctic Bottom
Water, CGFT Charlie- Gibbs-Fracture-Zone, E Entrainment
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Fig. 2 Three deglacial time slices (modified after REPSCHLAGER et al. 2015a) showing §'3C/5'%0 ., cross plots
comparing cores GEOFAR KF16/MDO08-3180 from the Azores coring site with records obtained from the East-
ern Atlantic Basin (WAELBROECK et al. 2011), supplemented with four RAPID cores from the South Iceland Rise
(THORNALLEY et al. 2010), BOFS cores from the supolar ENAB (YU et al. 2008 and citations therein), and core ODP
986 from the Reykjanes Ridge (PRAETORIUS et al. 2008). The cross-plots indicate that changing contributions and
compositions of northern and southern sourced deep water can explain the deglacial deep water changes. Azores §'*C
data obtained from C. wuellerstorfi published in REPSCHLAGER et al. (2015b).

North Atlantic, becoming more negative during the Deglacial. This cannot be explained by a
deep water intrusion of southern origin reaching northward towards the Azores coring site, as
the AABW §'%0 signature was more positive during the Deglacial than the Northern Hemi-
sphere end-member.

Thus we assume a northern origin of the cold, less saline, low §'°C deep water that is
observed at the Azores coring site during the H1 and the YD. This assumption contradicts
the classical interpretation of deglacial 8'*C and Pa/Th data sets (e.g. GHERARDI et al. 2009,
McmanNus 2004, PIoTROWSKI et al. 2012, ROBERTS et al. 2010, SARNTHEIM et al. 1994) and
requires a process, which can explain a dominance of a deep water mass with a more negative
8'3C produced in northern high latitudes. We assume that the low §'°C signature is related to
the existence of a third deglacial water mass, e.g., a glacial lower NADW (Yu et al. 2008), that
extended down to 3060 m wd at 38°N. The influence of brine water formation as postulated
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to have caused §'*C changes within the Nordic Seas (e.g. MELAND et al. 2008, THORNALLEY
et al. 2010, WAELBROECK et al. 2011) could not be proofed by our data.

The Northern Hemisphere governance of the deep water composition changes instead of
a N-S see-saw mechanism also seems to be evident over the early Holocene under stepwise
increasing 8'3C values that suggest increasing ENADW production with minor but distinct
interruptions (at 10.8, 10.6, 9.1, 8.4, 8.1 and 7.2 ka BP), which were most probably also trig-
gered in the subpolar NA.

Our new dataset indicates that deglacial deep water changes are governed by changes in
NADW composition instead of changing contributions of northern and southern sourced deep
water. Thus it is likely that the deglacial deep water changes were triggered by changes in
the Northern Hemisphere. Furthermore, our results strengthen the arguments that deep water
convection remained active in the Nordic Seas over the Deglacial (e.g. DOKKEN and JANSEN
1999, MELAND et al. 2008), and supports the existence of glacial lower NADW (Yu et al.
2008) during the Deglacial. Our data implies that this water mass that is characterized by low
CO,* concentrations, extended further southward and at least 200 m deeper than previously
expected. As already suggested by YU et al. (2008) this deep reaching glacial lower NADW
could result in a decrease of carbon sequestration in the deep North Atlantic.
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Implementing Water Isotopes in the
MIT Ocean General Circulation Model (MITgcm)
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and Michael ScHuLZ!?

With 1 Figure

During the last deglaciation large amounts of freshwater, emanating from the continental
ice sheets over the Northern Hemisphere, entered the North Atlantic and likely affected the
Atlantic Meridional Overturning Circulation (AMOC —e.g. CLARK et al. 2002). Since glacial
meltwater has a very characteristic water isotopic signature, water isotope ratios can be used
to trace the meltwater signal in the ocean.

In the present study, we include the water isotopes H,'°O, HDO and H,'%0 as passive trac-
ers in the MIT ocean general circulation model (MITgcm), which enables the investigation
of present and past states of ocean circulation and a direct comparison with proxy data (oxy-
gen-isotopes in foraminiferal calcite — §'30,). The MITgcm is used in a global configuration
(MARSHALL et al. 1997, ADCROFT et al. 2004) with a horizontal resolution of approximately
2.8° and 15 levels in the vertical, ranging in thickness from 50 m at the surface and 690 m at
depth, giving a maximum model depth of 5200 m. We use a nonlinear free surface in combi-
nation with the real freshwater flux as a natural boundary condition (HUANG 1993). Special
care is given to an annual balanced freshwater flux by implementing a correction factor for
precipitation.

To perform a pre-industrial (PI) experiment, the model is forced with the isotopic content
of precipitation and water vapor obtained from an atmospheric general circulation model
(NCAR IsoCAM — THARAMMAL et al. 2013), while the kinetic fractionation during evapo-
ration is treated explicitly in the MITgcm. Fractionation during the formation of sea ice is
neglected, because it is very small and leads to no observable effect on the isotopic composi-
tion of sea water (5'%0,, — CRAIG and GORDON 1965). Furthermore, the isotopic composition
of river runoff is set to 0 %o with reference to the V-SMOW (Vienna Standard Mean Ocean
Water), whereby no difference between river runoff in low and high latitudes occurs.

Comparing the resulting distribution of §'30,, to the NASA GISS Global Seawater Oxy-
gen-18 Database (SCHMIDT et al. 1999), we obtain a good agreement between the simulated
and observed values (Fig. 1). General pattern and latitudinal gradients at the sea surface as
well as in the deep ocean are faithfully reproduced. However, the sea surface in northern high
latitudes is enriched in '®0, which is caused by insufficient river runoff.

1 MARUM - Center for Marine Environmental Sciences, University of Bremen, 28359 Bremen, Germany.
2 Department of Geosciences, University of Bremen, Klagenfurter Strafe, 28359 Bremen, Germany.
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Fig. 1 Preliminary result of modelled sea surface §'*0,, compared to the NASA GISS Global Seawater Oxygen-18
Database (colored circles — SCHMIDT et al. 1999).

Hence, as a next step, river runoff with a reasonable isotopic composition will be implement-
ed in the ocean model. Further, surface boundary conditions will be derived from output of
the NCAR IsoCAM to simulate water isotopes during the LGM and last deglaciation. For
comparison with proxy data, we compile a synthesis of benthic foraminiferal §'0, for the
Atlantic Ocean.
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Simulating Holocene Variations of the Eastern
Tropical South Pacific Oxygen Minimum Zone
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With 2 Figures

The distribution of dissolved oxygen in the ocean is controlled by ocean transport and biogeo-
chemical cycling. Oxygen is considered a key parameter of biogeochemical cycles, and espe-
cially in areas of low oxygen concentrations it has strong relevance for nutrient cycling and
eventually the global carbon system (Bopp et al. 2002). Oxygen minimum zones (OMZs) are
located at subsurface ocean, mainly in the tropics, where ventilation by ocean circulation is
rather sluggish and/or oxygen consumption due to the decomposition or organic matter is rel-
atively high. Although the tropical OMZs constitute only ~1 % of global ocean volume, they
have profound impact on the oceanic nutrient budgets, and thus global biological produc-
tivity and CO,-fixation (STRAMMA et al. 2010). Modern observations indicate an expansion/
intensification of OMZs, probably caused by climate change (STRAMMA et al. 2008), so that
it can be assumed that OMZs also must have exhibited significant variations over geological
times, including implications for oceanic carbon and nutrient cycling (MEISSNER et al. 2005).
For more reliable future projections of oceanic oxygen distributions, it is important to better
understand their sensitivity to climate variability and climate change.

The climate of the Holocene, the current warm period, is globally relative stable, which
means that Holocene climate change is more characterized by pronounced reorganizations
of seasonal and interannual variability and rather regional long-term trends. Therefore, this
epoch provides an ideal scenario to assess both the impact of internal climate variability and
climate change on OMZ.

In our study, we use an atmosphere-ocean-sea ice general circulation model, the Kiel Cli-
mate Model (KCM, ParK et al. 2009) in combination with a marine biogeochemical model
PISCES (AumonT and Bopp 2006) to simulate oceanic dissolved oxygen, nutrients and ma-
rine productivity in the early (9.5 ka BP), middle (6 ka BP), and late Holocene (preindustrial).
We developed an anomaly method that considers climate model biases, which are common in
the state-of-the-art non-flux corrected model. The method uses KCM circulation anomalies
between 6 K and preindustrial (0 K) as well as 9.5 K and 0 K, and those anomalies are add-
ed on a reference ocean circulation field (NEMO standalone) to form a new ocean field for
early Holocene and mid-Holocene. The PISCES simulation with the chosen reference ocean

1 Institute of Geosciences, University of Kiel, Kiel, Germany; E-Mail: xu@gpi.uni-kiel.de.
2 Institute of Geosciences, University of Kiel, Kiel, Germany; E-Mail: Bschneider @ gpi.uni-kiel.de.
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circulation field is in fairly good agreement with observation and performs as well as other
Earth System Models.

In our analysis we focus on the Eastern Tropical South Pacific (5S-15S and 75W-90W).
Despite the relatively stable global climate conditions of the Holocene, here the changes in
oxygen concentration are up to 10%. We find an intensification of low oxygen conditions
over the Holocene, while the early Holocene trend (9.5 K to 6 K) is less pronounced than the
late Holocene trend (6 K to preindustrial) (Fig. 1). The analysis of oxygen transport between
100 m and 600 m depth in this area (Fig. 2) reveals a stronger south-east ward oxygen trans-
port at middle Holocene than preindustrial. Therefore, the mid-Holocene relaxation of the
OMZ off Peru is mostly due to better oxygen ventilation.
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Changes in the Terrestrial Carbon and Nitrogen
Cycles since the Last Glacial Maximum
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With 3 Figures and 1 Table

From the time of the Last Glacial Maximum (LGM, 21 ka BP) to the pre-industrial era
(0 ka BP) the volume mixing ratio of CO, in the atmosphere increased by about 100 ppm
(from 184 to 278 ppm). The magnitude of oceanic carbon (C) release required to explain
this rise and the concurrent isotopic changes of atmospheric CO, depends on estimates of
changes in terrestrial C. However, a comprehensive understanding of the terrestrial carbon
dynamics during the transition from glacial to pre-industrial conditions is still lacking (C1a1s
etal. 2011). Estimates of the changes in terrestrial C pools are either inferred from '*C isotope
data and mass-balance approaches, or based on the application of process-based ecosystem
models; and typically range between 0 Pg C and 700 P g C (BIRD et al. 1996, KOHLER and
FISCHER 2004, CIAIs et al. 2011). Terrestrial biosphere models used in studies of the LGM
carbon cycle generally do not take account of the wide-spread nitrogen (N) limitation of
temperate, boreal, and arctic ecosystems. Models not accounting for these limitations tend to
overestimate the productivity of vegetation, and — in consequence — carbon storage in these
ecosystems (ZAEHLE et al. 2010, ZAEHLE 2013).

Here, we investigate the effects of the carbon-nitrogen cycle coupling on projections of
the terrestrial C storage increase between 21 ka and 0 ka by applying the terrestrial biosphere
model O-CN (ZAEHLE and FrIEND 2010, ZAEHLE et al. 2011). O-CN has been developed
from the land surface model ORCHIDEE (KRINNER et al. 2005), and describes the nitrogen
and carbon fluxes and stocks of vegetation and soil organic matter for 10 natural plant func-
tional types at a half hourly timescale. Nitrogen availability directly controls photosynthesis
and respiration of vegetation through tissue nitrogen concentrations, which are varying in
time according to N availability, and effects on plant allocation (e. g. the root, shoot ratio), and
thus foliage area and root growth. Nitrogen availability also affects the temperature-sensitive
rate of organic matter decomposition and the net mineralization of nitrogen. The modelled
ecosystem receives inputs from biological N fixation and atmospheric N deposition, and sim-
ulates losses of N to leaching and volatilization based on the process-based simulation of
nitrification and denitrification. The biogeochemical fluxes are tightly coupled to the calcula-
tions of the terrestrial energy and water balance.

1 Biogeochemical Integration Department, Max Planck Institute for Biogeochemistry, Hans-Knoll-StraBe 10, 07745
Jena, Germany; E-Mail: szachle @bgc-jena.mpg.de.

2 Centre for Past Climate Change and Department of Meteorology, University of Reading, UK.

3 CEMPS, Earth System Science, University of Exeter, UK.
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To isolate the effects of N dynamics, the O-CN model has been run twice, once with explicit
accounting for N dynamics (referred to as CN cycle), and once with N concentrations set to
global averages of observed values (referred to as C cycle), such that plant productivity and
soil organic matter decomposition correspond to an ecosystem with average N availability,
not taking account of the spatial-temporal patterns of N availability. A key uncertainty in these
simulations is the response of biological N fixation to the differing climatic and atmospheric
conditions between 0 and 21 ka. We therefore conducted two experiments with the CN cycle
model: one, in which biological N fixation was derived from an empirical relationship be-
tween actual evapotranspiration and biological N fixation (referred to as pre-calculated BNF,
CLEVELAND et al. 1999), and another one, in which biological N-fixation was calculated
dynamically based on the non-structural carbohydrate reserve of the plant, its N stress, as
well as the C cost of N fixation, which varies with temperature (referred to as dynamic BNF,
HouvrToN et al. 2008). Both approaches yielded comparable global vegetation production
and ecosystem carbon storage, despite an about 25 % lower global nitrogen fixation in the
dynamic case.

Driving data for O-CN, i.e. the climate forcing, as well as associated information on at-
mospheric CO, volume mixing ratios, orbital parameters, land-sea mask, and vegetation dis-
tribution, were obtained from 21 ka, 6 ka and 0 ka snapshot simulations using the Hadley
Centre climate model, HadCM3 (SINGARAYER and VALDEsS 2010). The O-CN model was
applied at the spatial resolution of the climate model (i.e. 3.25° x 2.5°). A weather generator
(KRINNER et al. 2005) was used to dis-aggregate monthly climate model output to half-hourly
values. Simulations were made for each time slice from bare ground and until an equilibrium
state of the terrestrial C cycle was obtained. That is to say, that the simulations do not account
for transient changes in vegetation and soil C following deglaciation, nor the transient effects
of biome shifts.

The O-CN simulations show that net primary production, vegetation and soil C storage
were greatly reduced north of 40°N under LGM conditions, but that lower biomass densities
and soil C storage also occured in tropical regions (Fig. 1). In concert with these C cycle
changes, also biological N-fixation was considerably lower in these regions at this time. Glob-
ally integrated, net primary production was 15 Pg C a™! (Tab. 1) lower in LGM conditions (34
Pg C a™') relative to pre-industrial conditions (48 Pg C a™!), which is comparable to changes
inferred with the C cycle version of the O-CN model, and previous studies (KOHLER and
FiscHER 2004).

Tab. 1 Key carbon and nitrogen cycle properties and their change between 21 ka and 0 ka derived from the C cycle
and the CN cycle version with dynamic biological N fixation (BNF).

C cycle CN cycle
Parameter Units 21 ka 0 ka 0 ka-21 ka 21 ka 0 ka 0 ka-21 ka
NPP PgCa' 35.8 52.4 16.6 33.6 48.2 14.6
Vegetation C  PgC 261 616 355 232 548 316
Soil C PgC 699 1203 504 586 960 375
Total Land C Pg C 960 1819 859 818 1508 691
BNF TgNa'! n.a. n.a. n.a. 73,1 98.3 25.1
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Fig. 1 Simulated net primary production (NPP; g C m™ a™'), ecosystem C storage (LandC; kg C m™2), ecosystem
N storage (LandN; kg N m), biological N fixation (g N m~2 a™!), and terrestrial N,O emissions (N,O; g Nm~2a™")
derived from the dynamic BNF run with O-CN for the time slice of 21 ka and 0 ka.

The increases in atmospheric CO, and the concurrent climate change between LGM, 6 ka,
and 0 ka has caused net primary production and ecosystem C storage to increase (Fig. 2).
Interestingly, the relative increase in net vegetation production (NPP; 43 %) is larger than the
relative increase in biological N fixation (34 %), indicating that — assuming equilibrium — the
colder LGM conditions do — globally — not lead to increased N limitation of vegetation pro-
duction, probably because the direct effect of changes in the atmospheric CO, mixing ratio
on photosynthesis is larger than the indirect effect of temperature (and plant net primary pro-
duction) on biological N fixation. This finding is robust between the two CN cycle model ver-
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Fig. 2 Simulated global net primary production (NPP), vegetation and ecosystem C storage, ecosystem N storage,
biological N fixation, and terrestrial N,O emissions for the time slices of 21 ka, 6 ka, and 0 ka. Models used: the
carbon-cycle only version (C cycle), the carbon-nitrogen cycle version with prescribed BNF (CN cycle with pre-cal-
culated BNF), as well as the carbon-nitrogen cycle version with dynamic BNF (CN cycle with dynamic BNF).

sions applied here: despite a difference in biological N fixation between the two versions of
the CN cycle model, projected changes in the terrestrial carbon and nitrogen pools are fairly
similar, and diverge notably from the projections of the C cycle version of the model (Fig. 2).

The C cycle model projects a larger difference in terrestrial C and N between LGM and
pre-industrial than the CN cycle models (Tab. 1 and Fig. 2). Most of these differences result
from strongly attenuated net primary production and terrestrial C storage in the boreal and
arctic zone due to N constraints (Fig. 3). Tropical regions are not strongly impacted by ni-
trogen dynamics, consistent with the observation that tropical ecosystems are typically not
strongly limited by N availability (ZAEHLE 2013). The difference between C cycle and CN
cycle models is consistent with earlier studies, showing that not accounting for N availability
results in larger estimates boreal vegetation cover, production and biomass. For the O-CN
model, earlier studies have shown that accounting for N constraints improved the perfor-
mance of the model under modern conditions (ZAEHLE et al. 2010). In total, the differences
between the C cycle and CN cycle predictions is 178 Pg C. While this is a significant (and
robust) difference, both estimates clearly fall into the range of uncertainty of previous studies.

Our simulations also suggest nearly a doubling of terrestrial N,O emissions from around
2.5TgNa'to4.4TgN a™!, which is commensurate with the total change in atmospheric N,O
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Fig. 3 Simulated change in net primary production (NPP; g C m~ a™!), vegetation C (VegC; kg C m™) and soil C
(SoilC; kg C m™) between 21 ka and 0 ka for left: the C cycle version, middle: the CN cycle version with dynamic
BNE. The right hand side shows the difference between the C-cycle and CN-cycle versions.

volume mixing ratios observed in the ice core records, however, larger than the estimates re-
ported in the recent study of SCHILT et al. (2014), and potentially conflicting with the isotopic
evidence presented there.

Our results are preliminary because we assumed steady-state for all time slices, there-
fore omitting the time-lag between melting and vegetation regrowth on carbon sequestration.
Likely, this would tend to increase the gap between the C cycle and CN cycle model versions.
We also did not account for the potential presence of old, inactive C (Cials et al. 2011),
which, if melting and becoming an active part of the terrestrial C and N cycle might stimulate
vegetation regrowth and reduce the difference between the C cycle and CN cycle versions.
Future work will therefore be to investigate include dynamic changes in vegetation between
the time slices, so as to account for the succession of ecosystems from bare ground to fully
developed under N constraints.

References

BIrD, M. L., LLOYD, J., and FARQUHAR, G. D.: Terrestrial carbon-storage from the last glacial maximum to the pres-
ent. Chemosphere 33, 1675-1685 (1996)

Ciars, P, TAGLIABUE, A., CuNTZ, M., Bopp, L., ScHOLZE, M., HOFFMANN, G., LOURANTOU, A., HARRISON, S. P.,
PRENTICE, 1. C., KELLEY, D. L., KoveN, C., and P1ao, S. L.: Large inert carbon pool in the terrestrial biosphere
during the Last Glacial Maximum. Nature Geosci. 5, 74-79 (2011)

CLEVELAND, C. C., TOwNSEND, A. R., SCHIMEL, D. S., FISHER, H., HowaArTH, R. W., HEDIN, L. O., PERAKIS, S.
S., LATTY, E. F.,, FISCHER, J. C. VON, ELSEROAD, A., and WassoN, M. E.: Global patterns of terrestrial biological
nitrogen (N-2) fixation in natural ecosystems. Global Biogeochem. Cycles /3, 623 -645 (1999)

HouLtoNn, B. Z., WANG, Y. P., VITOUSEK, P. M., and FIELD, C. B.: A unifying framework for dinitrogen fixation in
the terrestrial biosphere. Nature 454, 327-330 (2008)

KOHLER, P., and FISCHER, H.: Simulating changes in the terrestrial biosphere during the last glacial/interglacial tran-
sition. Global and Planetary Change 43, 3355 (2004)

Nova Acta Leopoldina NF /21, Nr. 408, 345-350 (2015) 349



Sonke Zaehle, Joy S. Singarayer, and Pierre Friedlingstein

KRINNER, G., Viovy, N., NOBLET-DUCOUDRE, N. DE, OGEE, J., FRIEDLINGSTEIN, P., CIAIs, P., SITCH, S., POLCHER,
J., and PRENTICE, L. C.: A dynamic global vegetation model for studies of the coupled atmosphere-biosphere sys-
tem. Global Biogeochem. Cycles 79, GB1015 (2005)

ScHILT, A., BROOK, E. J., Bauska, T. K., BAGGENSTOS, D., FISCHER, H., Joos, F., PETRENKO, V. V., SCHAEFER, H.,
SCHMITT, J., SEVERINGHAUS, J. P., SPAHNI, R., and STOCKER, T. F.: Isotopic constraints on marine and terrestrial
N. Nature 516, 234-237 (2014)

SINGARAYER, J. S., and VALDES, P. J.: High-latitude climate sensitivity to ice-sheet forcing over the last 120 kyr. Quat.
Sci. Rev. 29, 43-55 (2010)

ZAEHLE, S.: Terrestrial nitrogen-carbon cycle interactions at the global scale. Phil. Trans. Royal Soc. Series B — Biol.
Sci. 368, 20130125 (2013)

ZAEHLE, S., and FRIEND, A. D.: Carbon and nitrogen cycle dynamics in the O-CN land surface model: 1. Model
description, site-scale evaluation, and sensitivity to parameter estimates. Global Biogeochem. Cycles 24, GB1005
(2010)

ZAEHLE, S., C1a1s, P., FRIEND, A. D., and PRIEUR, V.: Carbon benefits of anthropogenic reactive nitrogen offset by
nitrous oxide emissions. Nature Geosci. 4, 601-605 (2011)

ZAEHLE, S., FRIEND, A. D., FRIEDLINGSTEIN, P., DENTENER, F., PEYLIN, P., and ScHULZ, M.: Carbon and nitrogen
cycle dynamics in the O-CN land surface model: 2. Role of the nitrogen cycle in the historical terrestrial carbon
balance. Global Biogeochem. Cycles 24 (2010)

Dr. Sonke ZAEHLE

Department Biogeochemical Integration
Max Planck Institute for Biogeochemistry
Hans-Knoll-StraBe 10

Room: C3.015

07745 Jena

Germany

Phone: +49 3641 576230

Fax: 449 3641 577200

E-Mail: szaehle@bgc-jena.mpg.de

350 Nova Acta Leopoldina NF 721, Nr. 408, 345-350 (2015)



Rolle der Wissenschaft im Globalen Wandel

\ortrége anlasslich der Jahresversammlung
vom 22. bis 24. September 2012 in Berlin

Nova Acta Leopoldina N. F. Bd. 778, Nr. 400
Herausgegeben von Detlev DRENCKHAHN (Wiirzburg) und
Jorg HACKER (Halle/Saale, Berlin)

(2013, 396 Seiten, 123 Abbildungen, 27 Tabellen, 29,95 Euro,
ISBN: 978-3-8047-3210-0)

Gesellschaftliche Probleme verlangen heute sehr hidufig eine Widerspiegelung im Bereich
der Wissenschaften. Als Nationale Akademie der Wissenschaften ist die Leopoldina in
zunehmendem Maf3e gefordert, auch Beratung bei Fragen zu liefern, die iiber Lander und
Kontinentgrenzen hinausgreifen: Klimawandel, der Einsatz erneuerbarer Energien, Fra-
gen der Gesundheitsversorgung, die Einrichtung einer effektiveren Landwirtschaft zur
Bekidmpfung von Hunger in Krisengebieten und die sich wandelnde Altersstruktur von
Bevolkerungen in vielen Staaten sind nur einige Beispiele fiir entsprechende Gebiete mit
dringendem Forschungsbedarf. Sie bilden Herausforderungen fiir die Gesellschaften, die
nur in internationaler, oft globaler Zusammenarbeit zu bewiltigen sein werden. Daher
withlte die Leopoldina 2012 das Thema ,,Rolle der Wissenschaft im Globalen Wandel* fiir
ihre Jahresversammlung. Der Band umfasst Beitridge zu den Themenkomplexen ,,.Die Erde
im Globalen Wandel®, ,,Herausforderungen des Globalen Wandels* und ,,Losungswege
von Problemen des Globalen Wandels* sowie zu den gesellschaftlichen und politischen
Implikationen der mit dem globalen Wandel verbundenen Prozesse.

Wissenschaftliche Verlagsgesellschaft Stuttgart




Russian-German Synergies in the Scientific Exploration of
Northern Eurasia and the Adjacent Arctic Ocean

Leopoldina-Symposium in Zusammenarbeit mit der
Sankt Petersburger Staatlichen Universitit
10.-12. September 2012 in Sankt Petersburg

Nova Acta Leopoldina N. F. Bd. 777, Nr. 399

Herausgegeben von Jorn THIEDE (Kiel) und Wolf Dieter BLUMEL (Stuttgart)
(2014, 198 Seiten, 73 Abbildungen, 7 Tabellen, 23,95 Euro,

ISBN: 978-3-8047-3242-1)

Der Band behandelt die deutsch-russische Zusammenarbeit bei der wissenschaftlichen
Erforschung Nordostsibiriens und des angrenzenden arktischen Meeres. Die wissen-
schaftlichen Beziehungen in dieser Forschungsregion besitzen eine lange Tradition, die
in einem ausfiihrlichen historischen Essay von Jorn THIEDE dargestellt wird. Die kur-
zen Forschungsbeitrige stammen iiberwiegend von jungen Wissenschaftlern und sind in
Gemeinschaftsarbeit von russischen und deutschen Forschern entstanden. Sie umfassen
grundlegende Fragen der Geographie und Geologie des norddstlichen Sibiriens.

Wissenschaftliche Verlagsgesellschaft Stuttgart







ISSN: 0369-5034
ISBN: 978-3-8047-3433-3



