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Oceans cover more than two-thirds of our blue planet. The waters move in a global circulation system, driven
by subtle density differences and transporting huge amounts of heat. Ocean circulation is thus an active and
highly nonlinear player in the global climate game. Increasingly clear evidence implicates ocean circulation in
abrupt and dramatic climate shifts, such as sudden temperature changes in Greenland on the order of 5-10 °C
and massive surges of icebergs into the North Atlantic Ocean — events that have occurred repeatedly during

the last glacial cycle.

he world ocean is one of the main constituents
of the climate system and affects climate in a
multitude of ways. Its sheer size is obvious: 71%
of the Earth is covered by ocean, so that most of
the solar radiation received at the Earth’s surface
goes into the ocean and warms the surface waters. As a
result of its heat capacity and circulation, the ocean has the
ability to both store and redistribute this heat before it is
released to the atmosphere (much of it in form of latent
heat, that is, water vapour) or radiated back into space.
The heat storage effect is most apparent on the seasonal
timescale. The mid-latitude temperature range between
summer and winter is typically around 8 °C over the
ocean and at the coast, whereas this range is up to several
tens of degrees in the continental interiors (see Figure 2.1
in ref. 1, which contours the observed seasonal tempera-
ture range).
A corresponding figure for the temperature deviation
from the zonal mean (Fig. 1 in ref. 2) gives an indication of

the effect of ocean heat transport on surface temperatures,
with warm anomalies over the three main regions of deep-
water formation of the world ocean: the northern North
Atlantic, the Ross Sea and the Weddell Sea. These are key
areas for the thermohaline circulation of the world ocean
(see Box 1), where surface waters after releasing heat to the
atmosphere reach a critical density and sink. Clearly not all
deviations from zonal mean conditions are due to ocean
circulation, but the magnitude of the warm anomaly over
the northern North Atlantic (~10 °C) is in agreement with
estimates® and simulations of climate models™ of the effect
of ocean heat transport (Fig. 1).

In addition to its heat storage and transport effects, the
ocean can influence the Earth’s heat budget by its sea-ice
cover, which changes the planetary albedo and can thus
affect the steady-state global-mean temperature. Seaice also
acts as an effective thermal blanket, insulating the ocean
from the overlying atmosphere. This is so effective that in a
typical ice-covered sea more than half of the air—sea heat
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coarse-resolution models) and on the sea-ice distribution in the models, as ice-margin shifts act to amplify the cooling. The largest air temperature cooling is
thus greater than the largest sea surface temperature (SST) cooling. The latter is typically around 5 °C and roughly corresponds to the observed SST
difference between the northern Atlantic and Pacific at a given latitude. In most models, maximum air temperature cooling ranges from 6 °C to 11 °C in

annual mean; the effect is generally stronger in winter.
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Box 1
Some key facts about ocean circulation

The large-scale ocean circulation can be thought of as a combination
of currents driven directly by winds (mostly confined to the upper
several hundred metres of the sea), currents driven by fluxes of heat
and freshwater across the sea surface and subsequent interior

mixing of heat and salt (the so-called thermohaline circulation),
and tides (driven by the gravitational pull of the Moon and Sun).
These driving mechanisms interact in nonlinear ways (since all

currents change the heat and salt distribution) so that no

unique decomposition exists. Nevertheless the distinction is
useful, particularly when changes in wind or in surface heat and \
freshwater fluxes are considered for their effects on the

circulation.

An important way in which wind-driven currents are thought to
lead to climatic changes is through their effect on upwelling (Ekman
divergence) near coasts and the Equator, changing sea surface
temperatures. This mechanism plays a part in the El Nifio/Southern
Oscillation cycle. The thermohaline circulation is most interesting for
its highly nonlinear response to changes in surface freshwater
forcing®, allowing large changes in heat transport to occur (see
Box 2). Tides are relevant to the climate system because they form
one of the main sources of turbulent energy (in addition to that
provided by the wind) to mix the ocean®.

A highly simplified cartoon of the global thermohaline circulation
(sometimes called ‘conveyor belt’) is shown in the figure above
(modified from the original by Broecker). Near-surface waters (red
lines) flow towards three main deep-water formation regions (yellow
ovals) — in the northern North Atlantic, the Ross Sea and the Weddell
Sea — and recirculate at depth (deep currents shown in blue, bottom
currents in purple; green shading indicates salinity above 36%o, blue
shading indicates salinity below 34%o). A recent estimate of the rate
of deep-water formation is 15 + 2 Sv (1 Sv=10° m®s™) in the North
Atlantic and 21 =6 Sv in the Southern Ocean®. Northward heat
transport into the northern Atlantic peaks at 1.3 +0.1 PW
(1 PW = 10" W) in the subtropics®; this heat transport warms
the northern Atlantic regional air temperatures by up to 10 °C

exchange occurs through patches of open water (leads) that make up
around 10% of the surface area.

Finally, the ocean affects the climate system not only by being part
of the planetary energy cycle, but also by participating in the biogeo-
chemical cycles and exchanging gases with the atmosphere, thus
influencing its greenhouse gas content. For example, the ocean
contains about fifty times more carbon than the atmosphere, and
theories seeking to explain the lower concentrations of atmospheric
carbon dioxide that prevailed during glacial times invariably invoke
changesinthe oceanic carbonsink, either through physical or biolog-
ical mechanisms (the so-called ‘biological pump’).

Rather than providing a general overview of the ocean’s role in the
climate system, which is a subject matter for textbooks, | focus here on
the role of ocean circulation changes in major climate changes during
the past 120,000 years, since the Eemian interglacial. Thisisaperiod for
which palaeoclimatic data of relatively good global coverage and dating
are available. The emphasis is on presenting physical ideas and con-
cepts for understanding these climate changes; more-detailed reviews
of the palaeoclimatic data can be found elsewhere (see, for example,
refs8-10). Thisisahighly dynamical research field with rapid progress,
but not yet a generally accepted and established theory. Controversies
remain over many issues, and the interpretation I have attempted here
issubjective and will probably turn out to be partly wrong.

Analysis of sediment cores and corals provides a wealth of informa-
tion on past ocean circulation, and clearly shows that it has
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over the ocean with the effect declining inland.

Little is currently known about present-day natural variability of
this circulation (see ref. 91 for a review), or about the effects of such
variability on surface climate. Variations of the Atlantic thermohaline
circulation on timescales of several decades are found in many
coupled climate models, with a typical amplitude of a few sverdrup;
they are probably damped oscillations driven by stochastic
variations in surface fluxes (that is, weather variability)*>. Good
observational time series of integral measures of this circulation are
lacking, although some data suggest that such decadal variability
also exists in nature, and is correlated with the North Atlantic
Oscillation (NAO)***, The NAO also seems to orchestrate the
location and intensity of deep convection in the northern Atlantic®.
Lack of data makes it hard to establish whether a longer-term trend
in the circulation exists, although there is intriguing evidence for
trends in temperature and salinity®®®’ that may indicate a gradual
weakening of the overflow from the Nordic Seas into the Atlantic in
recent decades.

undergone significant changes during the past 120,000 years.
Reconstructions of past ocean temperatures can be derived, for
example, from species abundances of fossil plankton, from organic
geochemistry (using alkenone unsaturation indices), from trace-
metal ratios (Sr/Ca, U/Caor Mg/Ca) in corals or calcite shells, and to
some extent from oxygen isotopes. Using multiple proxies, informa-
tion on salinity can also be reconstructed. This constrains the
distribution and properties of water masses; information on flow
ratesis harder to obtain. Indirect evidence for ventilation rates comes
from the distribution of isotopes such as **C (ref. 11) or radiochemi-
cal tracers®, and from the radiocarbon content of the atmosphere. In
some locations, the grain size of sediments yields information on the
speed of local bottom currents®, or density gradients have been
reconstructed to give information on the geostrophic current
component™. Although there is still much discussion on the
interpretation and error margins of each data type, and in some
cases proxy data seem to give contradictory results, an increasingly
consistent picture isemerging.

Time-slice compilations suggest that at different times, three dis-
tinct circulation modes have prevailed in the Atlantic’*® (Fig. 2).
These have been labelled the stadial mode, interstadial mode and
Heinrich mode (based on their occurrence during stadial and inter-
stadial phases of glacial climate and during Heinrich events), or the
cold, warmand off mode (based on their physical characteristicsin the
North Atlantic). In the interstadial mode, North Atlantic Deep Water
(NADW) formed in the Nordic Seas, in the stadial mode it formed in
the subpolar open North Atlantic (that is, south of Iceland), whereas
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Figure 2 Schematic of the
three modes of ocean
circulation that prevailed
during different times of the
last glacial period. Shown is
a section along the Atlantic;
the rise in bottom
topography symbolizes the
shallow sill between
Greenland and Scotland.
North Atlantic overturning is
shown by the red line,
Antarctic bottom water by
the blue line.
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in the Heinrich mode NADW formation all but ceased and waters of
Antarctic origin filled the deep Atlantic basin. This grouping of the
data in three distinct modes is a somewhat subjective interpretation.
However, it is clear that latitude shifts of convection (between the
Nordic Seas and the region south of Iceland) have occurred™®*, and
that at certain times (for example, during Heinrich events) NADW
formation was interrupted**%, There is also firm evidence now for a
link between these changesin ocean circulationand changesin surface
climate (argued in more detail in refs 8, 19).

Numerical models of the climate system are essential in the forma-
tion and exploration of quantitative hypotheses about the dynamics
of climate changes; the system is too complex to be understood by
heuristic arguments or analytical calculations. Numerical models
incorporate and combine our knowledge about many individual
physical processes in a quantitative way. Obviously, knowledge about
these processes isincomplete and often inaccurate, and each model is
acompromise as to how many processes are included, at what level of
complexity and with what resolution®, given limited computer and
human resources. A critical appraisal of what can be learnt from a
particular (necessarily imperfect) model experiment thus involves
not only looking at the result, but also understanding exactly how it
was obtained. For thisreason, non-specialists sometimes suspect that
modelsare either notoriously wrong or ‘can be tuned to do anything’.
(In fact, ‘tuning’ to determine the optimal values for certain model
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parameters is an essential part of constructing a good model; a set of
rules for good tuning practice is proposed in ref. 21.)

Nevertheless, models have now reached a level where useful and
fairly realistic simulations of many aspects of palaeoclimate have
become possible, so that a quantitative understanding of key
mechanisms and feedbacks in past climate changes is emerging. On
the other hand, palaeoclimatic reconstructions of past climatic
forcings and the resulting changes in atmospheric and oceanic
conditions are now advanced enough to provide a challenging test
bed for the performance of climate models. This is an important
credibility test for models that are also used for estimating the effects
of anthropogenic climate forcing from increasing concentrations of
greenhouse gases.

A landmark was reached with the first simulations of a radically
different climate, that of the Last Glacial Maximum (LGM), with cou-
pled ocean-atmosphere models from prescribed orbital, CO, and
continental ice-sheet forcing?2. The huge computing requirements
of this task, resulting from the long timescale of adjustment of the
ocean circulation (several thousand years), were overcome in differ-
ent ways: by using fast models of intermediate complexity?%, by
studying only the initial adjustment to the forcing®, or by brute force,
running the model for over a year on a supercomputer®. These
models confirm the result of the much cheaper, atmosphere-only sim-
ulations of glacial climate (see, for example, ref. 26) that, given these
forcings, the high albedo of the continental ice sheetsand the low CO,
concentrationsare the dominant factors leading toaglobal cooling. In
addition, the coupled models predict the state of the ocean circulation
and the effect of oceanic changes on surface climate. For example, two
of the models?*? obtained a southward shift of NADW formation in
glacial climate, as is suggested by sediment data™®*’.

The first of the major climatic changes considered here is the transi-
tion from the Eemian interglacial to the beginning of glacial climate,
which occurred between 120,000 years (120 kyr) and 115 kyr ago.
Data for the Eemian climate are too scarce to build a reliable picture,
but global simulations of Eemian climate together with local
palaeodata suggest it may have been around 1 °C warmer (global
annual mean) compared with the modern pre-industrial climate?”,
with particularly warm temperatures in Northern Hemisphere
summers. Sea-level reconstructions® show that climate moved
rapidly from this state into the last glacial, reaching almost half of the
glacial-maximumice volume withinafew thousand years (see review
in this issue by Lambeck et al., pages 199-206). The challenge of
understanding this shift has become known as the ‘glacial inception
problem.

The cause for this climate shift must be the Milankovich cycles of
the Earth’sorbitaround the Sun, which are believed to be the ultimate
forcing for the glacial cycles of the past 2 million years. At 115 kyr ago,
summer insolation at high northern latitudes was up to 40 W m=less
than at present. Simple, nonlinear conceptual models® are able to
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reproduce the observed glaciations from this forcing (according to
these, the next glaciation can be expected in ~30 kyr from now).

A number of climate models have been used to study glacial
inception even without incorporating a continental ice-sheet
model, based on the concept that snow cover that persists through-
out the summer would eventually grow into an ice sheet. Discussion
has focused on the conditions under which sufficient perennial
snow cover can be achieved. This has turned out to be difficult in
atmosphere-only models with present-day sea surface temperatures
and vegetation cover. A reduction in high-latitude forest cover
greatly increases the albedo after snowfall, leading to a positive
snow-albedo feedback that helps glacial inception®. Lower high-
latitude sea surface temperatures (caused by the insolation change)
are also clearly conducive to perennial snow cover®. Recently, a real-
istic simulation of glacial inception in terms of actual ice-sheet
growth has been achieved in an Earth system model of intermediate
complexity that includes a continental ice-sheet model (R. Calov &
A. Ganopolski, in preparation).

Does a weakening in Atlantic Ocean circulation have a role in
glacial inception? There are no palaeoclimatic data showing that
NADW formationslowed at this time. Modelsimulationsthatinclude
a dynamical ocean model achieve glacial inception with only minor
changesinoceancirculation (ref. 31;and R. Calov & A. Ganopolski, in
preparation) — changes that are too small to be important in glacial
inception in these models. The reverse theory®, namely that a warm
North Atlantic could have induced ice-sheet growth by enhanced
moisture supply, goes against our knowledge of glacier mass balance:
glaciersgrowwhen climate is cold, not warm and moist.

Dansgaard-Oeschger (D/O) events (Figs 3, 4) are perhaps the most
pronounced climate changes that have occurred during the past
120 kyr. They are not only large in amplitude, but also abrupt (irre-
spective of whether one follows a physical definition of abruptness®
or takes it to mean ‘in less than 30 years’®). In the Greenland ice cores,
D/O events start with a rapid warming by 5-10 °C within at most a
few decades, followed by a plateau phase with slow cooling lasting
several centuries, then a more rapid drop back to cold stadial condi-
tions. The eventsare notlocal to Greenland (Fig. 3); acomprehensive
review of spatial coverage (for events during marine isotope stage 3,
59-29 kyr ago) is given by Voelker et al.’® who list 183 sites, most of
which clearly show these events (Fig. 4). Amplitudes are largest in the
North Atlantic region, and many Southern Hemisphere sites,
especially those in the South Atlantic, reveal a hemispheric ‘see-saw’
effect (cooling while the north is warming). Alley et al.** have shown
that these events have curious statistical properties: the waiting time
between two consecutive events is often around 1,500 years, with
further preferences around 3,000 and 4,500 years (Fig. 3), which
suggests a stochastic resonance™ process at work.

Several ideas have been advanced to explain D/O events, most of
which involve the thermohaline circulation of the Atlantic. The first of
these was probably the idea of thermohaline circulation bistability™:
NADW formation is active during the warm phases (interstadials),
whereas it is shut off during cold phases (stadials), and some outside
trigger causes mode switches between these two stable states. Thisidea
is based on the bistability of the circulation for modern climate in
models (Broecker™® cites the bistability found in Stommel’s™ classic
model; see Box 2). However, this theory is at odds with more recent
sediment data showing NADW formation active during stadials*"®
and shutdown only during or after Heinrich events™*,

A second idea is that of internal oscillations in the volume trans-
port of the thermohaline circulation. Broecker’s salt oscillator® is
based on the (challenged®) notion that the Atlantic thermohaline
circulation balances the netatmospheric freshwater export from the
Atlantic basin. A weakening of the circulation would thus lead to a
salinity build-up inthe Atlantic, strengthening the circulation again.
A variation of this idea involves the surrounding continental ice
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sheets: a strong circulation warms the northern Atlantic and melts
surrounding ice, which leads to meltwater runoff and weakens the
circulation again®“., These were conceptual ideas, but circulation
models are also able to show several types of internal oscillations in
thermohaline flow (without ice sheets) under certain forcing condi-
tions™. The relevance of such model oscillations for the real ocean is
open to debate, and a problem of all internal-oscillation theories for
D/Oeventsistoexplain the waiting-time statistics found by Alley and
co-workers.

Athird ideais that of latitude shifts of convection® between Nordic
Seas and the mid-latitude open Atlantic Ocean. Based originally on
sediment data, this idea has found strong support in model simula-
tions showing that such a mechanism can explain many observed
features of D/O events®, including the three-phase time evolution,

Box 2
Stability and nonlinearity of the thermohaline circulation

The thermohaline circulation is thermally driven: highest surface
densities in the world ocean are reached where water is coldest, in
spite of the lower salt content there compared with the warmer
tropical and subtropical regions. Nevertheless, the influence of
salinity is important and is the main cause of the nonlinearity of the
system. Salinity is involved in a positive feedback. Higher salinity in
the deep-water formation area enhances the circulation, and the
circulation in turn transports higher salinity waters into the deep-
water formation regions (which tend to be regions of net
precipitation, that is, freshwater would accumulate and surface
salinity would drop if the circulation stopped). This leads to two
possible equilibrium states, with and without North Atlantic Deep
Water (NADW) formation®. This was first described in a classic paper
by Stommel*” with the help of a simple box model.

The stability properties are illustrated in the diagram below,
which plots the strength of the thermohaline circulation as a function
of the freshwater input into the North Atlantic. The simple
presentation shows the bistable regime and a saddle-node
bifurcation point where the circulation breaks down (for a more
detailed discussion, see ref. 88).

This salt-transport feedback is not the only feedback rendering
the system nonlinear. The convective mixing process at high
latitudes is itself a highly nonlinear, self-sustaining process, which at
least in models can lead to multiple stable convection patterns®®,
Together, these two positive feedback mechanisms allow two types
of transitions between distinct circulation modes: on/off switches of
NADW formation, and shifts in the location of convection. These two
mechanisms are crucial in attempts to explain glacial climate
changes.

The thermohaline circulation takes several thousand years to
reach full equilibrium. The transient response to a change in forcing
can therefore deviate substantially from the equilibrium solutions and
is in many cases more linear®.
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spatial pattern and hemispheric see-saw. In this mechanism, the rapid
warming phase results from a northward intrusion of warm Atlantic
waters into the Nordic Seas, the plateau phase is the ‘warm mode’ of
Atlantic Ocean circulation (see above), which gradually weakens over
several centuries, and the final cooling phase marks the end of deep-
water formation in the Nordic Seas. Some trigger is required to start
the event, the exact nature of which remains unknown. However,
because this is a threshold mechanism it lends itself naturally to
stochastic resonance, with random climate variability plus a weak
external cycle in freshwater forcing (for example, driven by a solar
cycle®**) combining to cross the critical threshold*,

Finally, the tropical driver hypothesis*’*® does not involve changes
in thermohaline circulation, but suggests that D/O-style tempera-
ture shifts in Greenland may be caused by shifts in the atmospheric
planetary-wave pattern, controlled remotely from the tropics. Thisis
based on the strong control that tropical sea surface temperatures
exert over global atmospheric heat-transport patterns in present
climate, but a more specific and quantitative explanation for D/O
eventsbuilding on thisideaisyet to emerge.

Itis possible that several of these basic physical ideas work togeth-
er in D/O events. For example, shifts in convection latitude could be
caused by changes in atmospheric freshwater transport controlled
partly from the tropics.

Heinrich events are the second major type of climatic event that
occurred mostly in the latter half of the last glacial. They are
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characterized by distinct layers in North Atlantic sediments®®,

spaced atirregular intervals of the order of 10,000 years. Sedimentsin
these layers are so coarse that they can only have been transported out
into the ocean by icebergs; hence, they are referred to as ice-rafted
debris. The thickness of these layers, decreasing from several metres
inthe Labrador Sea down to a few centimetres in the eastern Atlantic,
strongly suggests that Heinrich events are massive episodic iceberg
discharges from the Laurentide ice sheet through Hudson Strait, with
up to 10% of the ice sheet sliding into the ocean®=*. A highly
plausible explanation is that the ice sheet grew to a critical height
where it became unstable, and a major surge could then start
spontaneously or be triggered by a small perturbation®®. Sediment
data show that NADW formation ceased or was at least strongly
reduced during Heinrich events*'**, and models consistently
show that this is to be expected®***° given the reduction in surface
water density associated with such a large freshwater release (up to
0.1Sv; ref.53).

The climatic consequences of Heinrich events thus probably
consist of the superposition of two effects: the direct effect of the ice-
sheetsurge, leading to alowered ice sheetand higher sea level, and the
effect of the subsequent breakdown of the Atlantic thermohaline
circulation. The climate signature of Heinrich events differs from
D/O events in several ways. In Greenland, stadials were equally cold
with or without Heinrich events. Further south around the Atlantic,
however, Heinrich events manifest as clear cold intervals with even
larger amplitude than D/O warmings®®. This pattern can be
explained if the ‘latitude shift of convection’ theory of D/O events is
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correct: during stadials, the ocean is in the ‘cold mode’ with the warm
Atlantic current stopping too far south to warm Greenland, so that
shutting it down has no effect there® (but it does further south).

The data further show that at most Antarctic sites, Heinrich
events are associated with warming that is stronger than that during
other stadials®. This is the bipolar see-saw (or ‘sea-saw’) effect®>,
resulting from the reduced interhemispheric heat transport by the
ocean; the effect of a shutdown of NADW formation is greater than
that of a latitude shift*. There are in fact two see-saw effects in opera-
tion: in addition to the temperature see-saw, many models indicate
there isa deep-water formation see-saw, which will lead to enhanced
Southern Ocean deep-water formation if NADW formation is
reduced, and vice versa. As well as enhancing the see-saw response in
temperature, this mechanism gives a possible role to changes in the
Southern Ocean deep-water source in affecting northern Atlantic
climate®’.

D/0O and Heinrich events are not unrelated. First, each Heinrich
event is followed by a particularly warm D/O event; successive D/O
events tend to get progressively cooler until the next Heinrich event
(this sequence of D/O events is sometimes referred to as a Bond
cycle). Thiscould simply be aconsequence of the Laurentide ice sheet
growing gradually in height between Heinrich events.

Second, Heinrich events apparently always occur during cold sta-
dials and not in the warm phase of D/O events®. This suggests that
ice-sheet instability does not occur at random, but is helped by some
climatic trigger, possibly a temperature or sea-level change®®; there is
also evidence for smaller precursor events®. The issue of a possible
trigger mechanism, which may also synchronize discharges from
separate ice sheets®®, is one of the important, currently open research
questions surrounding Heinrich events.

Theend of the lastice age and the transition to the Holocene is the last
first-order global climatic change on record. Since then, climate has
been relatively warm and stable, providing aconducive environment
for the development of human civilization. A rise in (ice-volume-
equivalent) sea level by 130 m between 19 kyr and 7 kyr ago marks the
rapid vanishing of the glacial ice sheets?®. Many puzzles surround the
complex sequence of events that occurred during deglaciation, and
three key factors need to be considered: the changes in insolation
(due to the Milankovich cycles) which must have initiated deglacia-
tion, the rise in atmospheric CO, levels providing a strong global
warming feedback, and changes in ocean circulation.

Surface warming started around 17-20 kyr ago in Antarctica and
proceeded approximately synchronously with the rise in atmospher-
ic CO, and global sea level. Northern records such as the Greenland
ice cores, however, show a very different deglaciation history. A
consistent and plausible (although tentative) explanation can be
advanced if we assume (as for the D/O and Heinrich events discussed
above) that these northern sites are dominated by the state of the
Atlantic thermohaline circulation, which went through some signifi-
cant changes during deglaciation, in part because of the influx of
meltwater from the shrinking ice sheets.

According to this explanation, warming from glacial-maximum
conditions is initiated by changes in northern insolation™ (summer
insolation increases in high latitudes of the Northern Hemisphere by
about 30 W m™ between 24 and 12 kyr ago). The carbon cycle
responds almost synchronously by releasing CO, to the atmos-
phere™, which reinforces and globalizes the warming (together with
other greenhouse gases, primarily water vapour), and the ice sheets
start to melt. Greenland, however, remains cold (although some
warming begins at a similar time as in Antarctica when the two
regions are viewed on a common timescale’?), as meltwater influx
and Heinrich event 1 tend to keep the Atlantic Ocean in cold circula-
tion mode™. Greenland then warms abruptly at 14.6 kyr ago in the
Bglling warming, owing to a northward shift in ocean circulation
(thatis, D/O event 1). If we believe the chronology derived from the
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Greenland ice core GISP2, this follows almost exactly 9 kyr after D/O
2, thusfitting amultiple of the 1,500-year cycle.

Synchronous with the Bglling warming is a small cooling in
Antarctica — the Antarctic cold reversal — which interrupts the
general trend towards warming there, and which represents the
characteristic see-saw response to the change in Atlantic Ocean circu-
lation associated with D/O 1. A major inflow of meltwater’ into the
ocean (meltwater pulse 1A) is registered shortly after the strong
northern warming. This could be a consequence of the Bglling
warming, assuming most of this meltwater originated from the
northernicesheets (aquestion thatisdebated). Butthe meltwater did
not immediately close down NADW formation, perhaps because it
did indeed originate mostly in the Southern Hemisphere, or perhaps
because the North Atlantic was at this time in the vigorous warm
interstadial mode, which is relatively insensitive to freshwater
forcing. D/O 1finally ended (as did the previous D/O events), giving
way to the Younger Dryas (YD) cold event (warming accelerates in
Antarcticaat this point). Finally, at 11.5 kyr ago, the YD ends with an
abruptwarming that mightbe called D/O 0, almost exactly 3 kyr after
D/O 1, again fitting the 1,500-year pattern. This warming is also
followed by another major meltwater pulse (pulse 1B), but this time
the North Atlantic remains in the warm circulation mode, which is
stable inwarmer climatesand prevailsin the Holocene.

Model simulations with the CLIMBER-2 model show that thisisa
feasible scenario that can be reproduced from prescribed insolation,
CO,, ice-sheet and meltwater forcing. However, the sequence and
timing of events is particularly sensitive to the details of the freshwa-
ter forcing, which are poorly known. Efforts have been made to
estimate the history of meltwater flux from different outlets and link
it to ocean circulation and climate changes”, but additional data are
needed to obtain a more robust representation, and the freshwater
forcing may never be known accurately enough to allow truly
deterministic modelling.

The Younger Dryas event seems to be special in anumber of ways.
Because of the high meltwater influx at this time, NADW formation
probably stopped®® ™7, as during Heinrich events. Nevertheless, it
seems hard to reconcile the fact that the Younger Dryas event is
almost as cold as previous Heinrich events during glacial-maximum
conditions with the already elevated CO, level in the atmosphere
(over 240 p.p.m.) and reduced inland ice volume. Furthermore, there
is increasing evidence from New Zealand” and South America™"
that the Younger Dryas event was accompanied by a global re-
advance of ice, which is also reflected in a temporary halt of sea-level
rise?®. The Younger Dryas event may thus be more than a change in
ocean circulation;aglobal forcing causing cooling could be involved,
possibly of solar origin®.

A final northern cooling in the history of deglaciation is a short
event occurring 8,200 years ago, which has also been linked to a
meltwater-induced weakening of the thermohaline circulation®.

In present-day climate, the strongest mode of natural climate
variability is the EI Nifio/Southern Oscillation (ENSO). It is a cou-
pled ocean—atmosphere mode centred on the tropical Pacific, with a
variable period of 3-7 years and worldwide ecological and societal
impacts due to its effect on the global atmospheric circulation.
Annually banded corals provide a unique opportunity to determine
whether this mode has also been in operation during different
climatic states of the past, as they record climatic information atup to
monthly resolution in the chemistry of their skeletons as they grow?.
Asaresult of tectonic uplift, fossil coral reefs from past climatic peri-
ods can be found on exposed terraces at some sites, such as the Huon
Peninsula of Papua New Guinea (see review in this issue by Lambeck
etal., pages 199-206).

Coral data from different time segments show convincingly that
ENSO variability prevailed in very different climates, including
glacial times and the Eemian interglacial®. The amplitude seems to
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have varied, however, with particularly weak ENSO variations dur-
ing the mid-Holocene (6.5 kyrago) and the early glacial (112 kyrago)
and the strongest ENSO during modern times. First attempts to
simulate the effect of Milankovich cycles on ENSO variations using a
simple model suggest that the precession cycle could directly alter
ENSO intensity by zonally asymmetric heating of the equatorial
Pacific®. But comparison with datashows that this cannot be the only
effect®, and both more data and further simulations with more com-
prehensive models are needed to understand ENSO variations
through time.

The study of climate variations over the past 120,000 years has
reached a state where palaeoclimatic data provide increasingly
reliable information on the driving forces and the responses of the
climate system, and where distinct climatic events such as glaciation,
deglaciation, D/O events or Heinrich events can be characterized in
terms of their spatial patterns and evolution over time. Understand-
ing the mechanisms behind these climatic changes has moved
beyond speculation to specific, testable hypotheses backed up by
quantitative simulations.

It has become clear that the climate system is sensitive to forcing
and responds with large and often abrupt changes in surface condi-
tions. The role of the ocean circulation is that of a highly nonlinear
amplifier of climatic changes. Many issues are still controversial and
unresolved, both in terms of the data (for example, whether the
late-glacial glacier advance in New Zealand and South America is
synchronous with the Younger Dryas cold event in the north) and in
terms of the mechanisms (for example, whether Younger Dryas
cooling is caused by a meltwater-induced shutdown of NADW for-
mation). But progress has been rapid, and the potential exists to
resolve many of these issues in the coming decade or so by collecting
more data, refining the analysis methods and improving models.

A better understanding of the carbon cycle remains one of the
main challenges; the ocean has a crucial role in this cycle, one that
could not be discussed here owing to space limitations. Reconstruc-
tions™* and modelling® of carbon cycle changes can provide useful
constraints on ocean circulation changes, and understanding the
glacial-interglacial changes in atmospheric CO, concentration
remainsan elusive central piece in the climate puzzle. o
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