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Abstract A review of climatic variability is given with
a focus on abrupt changes during the last glacial.
Evidence from palaeoclimatic archives suggests that
these were most likley due to reorganisations of the
atmosphere—ocean system. The mechanisms respon-
sible for these changes are presented. Their implication
for future climate changes is discussed in light of recent
climate model simulations.
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Introduction

Knowledge of past climate changes is important for two
reasons. Firstly, the climate system exhibits natural
variability on a range of time scales. Processes that
govern this variability can only be understood if their
temporal evolution is documented in the unperturbed
climate of the past. Secondly, the range of possible
climate states as a response to large perturbations has
to be explored by reading the past records.

Systematic measurements of the simplest parameters
characterizing climate (e.g. surface air temperature and
sea-level pressure) only go back approximately
150 years. This was a time during which the atmos-
pheric CO, concentrations were already significantly
above the preindustrial level and the first anthropog-
enic influences on the climate system could be detected
(Mann et al. 1998). To extend the time scale much
further into the past, the information which is stored in
palaeoclimatic archives needs to be accessed (Crowley
and North 1991). These are environmental systems that
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are able to preserve information of environmental
parameters in the past. They typically consist of a
system in which material is deposited in a continuous
way. Examples are the annual growth rings of corals or
tree rings, sedimentary deposits in lakes, or the ocean
or deposits of snow on the “permanent” ice covers of
the polar and high-altitude sites.

Because environmental information is often present
only in an encrypted form in such archives, special tech-
niques have to be developed to translate measured
variables (e.g. tree ring width or an isotopic composi-
tion of a coral growth ring), so-called proxy data, into
climatically relevant data (e.g. temperature). The only
archive that records a few key variables of the Earth
system in a direct way are ice cores from the polar ice
sheets. The chemical composition of precipitation is
recorded in the annual layers of snow which is later
compacted to ice. For instance, calcium concentrations
remain unchanged for hundreds of thousands of years,
whereas others, such as H,O,, can undergo chemical
changes after a few centuries. Deposited snow is a
porous medium in which air can circulate. During
compression, in which firn and eventually ice is formed,
air bubbles get trapped in the ice matrix (Schwander et
al. 1993). These are minute samples of the air at the
time of enclosure. Analysis of the enclosed air permits
the reconstruction of past concentrations of the green-
house gases such as CO,, CH, and N,O over the past
400,000 years (Raynaud et al. 1993). Information from
these individual archives can be substantially
augmented by synchronising records from different
locations (Bender et al. 1994; Sowers and Bender 1995;
Blunier et al. 1998).

Mechanisms of climate changes
Three types of climate changes

Climate changes are typically characterised by the
natural time and length scales on which they occur
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(Mitchell 1976). Analysing climate archives that extend
back tens of thousands of years, three types of changes
can be distinguished:

1. Natural fluctuations about a mean state such as the
Holocene (Stocker 1996b). Examples are the El
Nifio Southern Oscillation (ENSO) and the North
Atlantic Oscillation (NAO; Wallace and Gutzler
1981) with typical time and length scales of
3-15 years and 10°-107 m, respectively.

2. Sequences of abrupt changes during the last glacial:
Dansgaard/Oeschger (D/O) events (Oeschger et al.
1984) and Heinrich events (Heinrich 1988), and
terminations of ice ages (Dansgaard et al. 1989).
Typical time and length scales are 3-100 years and
10°m to global. The major difference to the first
type is that amplitudes of changes are much larger.

3. Slow variations that are probably caused by changes
in the parameters of the Earth’s orbit. Milankovich’s
theory is one of the cornerstones of our under-
standing of Quaternary ice age (Imbrie et al. 1992;
Berger et al. 1993; Loutre and Berger, in press),
although important questions are still unanswered.
Typical time scales are 20,000, 40,000, 100,000 and
400,000 years, and changes are global.

It is noteworthy that division into distinct types of
variability helps identify and classify mechanisms, but
the climate system is clearly more complex with fluctua-
tions occurring on all spatial and temporal scales. It will
be an important task of future research to investigate
the interactions between scales that have been classi-
cally thought to be separated (e.g. sub-Milankovich and
abrupt changes).

The aforementioned three types of climate changes
are illustrated in the detailed climate history of the past
40,000 years (Fig. 1). The last ice age was characterised
by a sequence of abrupt changes. This is documented in
various palaeoclimatic archives ranging from tree rings
as well as marine and lake sediments, peat bogs and
tropical and polar ice cores (Broecker and Denton
1989). They are particularly well recorded in ice cores
and marine sediments. Detailed analysis of ocean sedi-
ments suggests that the ocean plays a central role in
these fluctuations (Bond and Lotti 1995). The mecha-
nisms that are most likely responsible for these changes
are discussed herein.

Natural variability during an epoch like the Holo-
cene is more difficult to extract from ice cores or
marine sediments because (a) amplitudes associated
with these changes are much smaller, and (b) the
temporal resolution of marine sediments is often
limited. Only in the rarest cases and under special local
conditions can annual layers be detected in marine
sediments (Behl and Kennet 1996; Hughen et al. 1996).
However, isotopic analysis of corals has the potential to
reconstruct past El Nifio events (Quinn et al. 1998), and
the NAO has been recently detected in ice cores from
Greenland (White et al. 1997; Appenzeller et al. 1998a;
Appenzeller et al. 1998b). The interaction between the
comparatively well-known dynamics in the Pacific
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Fig. 1 Climatic change over the past 40,000 years as obtained
from the measurement of d'®*O on ice (from Johnsen et al. 1992,
Dansgaard et al. 1993 and Hammer et al. 1994) and CH, on air of
bubbles trapped in the ice core (from Chappellaz et al. 1993 and
Blunier et al. 1995). Four different features of climate variability
are evident in the different time series: (a) slow, astronomically
forced transition from the glacial to the interglacial (8'®O records
and CH,); (b) natural variability during the Holocene (80O
records); and (c) abrupt reorganisations before 25 kyr BP and
during the Bolling/Allerod/Younger Dryas Period (all but Byrd
Station core). (Courtesy of T. Blunier)

equatorial region (ENSO) and the mid and high lati-
tudes needs more attention in the future (Cane 1998;
Stocker 1998).

The ocean as a pacemaker of abrupt events

The ocean covers over 70% of the Earth’s surface and
the global transports of water and energy are strongly
influenced by the ocean and its currents. Four major
circulation types characterise the flow in an ocean basin
on large spatial scales (Fig.2). The general circulation
is forced by the input of momentum through surface
wind stress 7 and by the flux of buoyancy, indicated by
the vertical arrow S and uniform upwelling Q. The
surface wind stress forces the wind-driven geostrophic
circulation (WGC) which is intensified at the western
boundary and forms the subtropical and subpolar



Fig. 2 View of the different types of steady-state circulations in a
sectorial ocean basin extending from the equator to the pole with
a longitudinal extent of approximately 60°. Wind stress 7 drives a
wind-driven gyre circulation (WGC) which shows western inten-
sification due to the curvature of the rotating Earth. 7also causes
Ekman suction in the northerly and Ekman pumping in the
southerly upper layer giving a near-surface isopycnal surface s its
typical shape: The isopycnal is shallow below the subpolar gyre
and deep below the subtropical gyre. A source of newly formed
deep water, S, feeds the deep ocean in which a deep western
boundary current (DWBC) develops from which the deep geos-
trophic flow (DGF) of the interior is derived. The DGF flows
northward to conserve potential vorticity while slowly upwelling.
This results in a vertical mass flux Q that closes the flow. In
reality, O<S, in this sector and the DWBC is crossing the
equator setting up a global circulation. (From Stocker 1996a)

gyres. Ekman pumping and Ekman suction change the
local depth of the near-surface isopycnals o which set
up horizontal pressure gradients with associated geos-
trophic flows. They are responsible for the fact that the
wind driven gyres do not extend all the way to the
bottom but are compensated by sloping isopycnals in
the top few hundred metres. In other words, the geos-
trophic velocities exhibit a vertical structure (Pedlosky
1996).

The source S feeds the deep western boundary
current (DWBC) which flows southward and leaks into
the deep interior where the deep geostrophic flow
(DGF) is directed polewards at all latitudes. The DGF
recirculates into the source area of the DWBC. There is
a cross-interface mass flux Q into the upper 1000 m
which supplies the mass lost due to S in the upper
layer.

There are only a few locations in the ocean where
new deep water is being formed. These are the Green-
land-Iceland—Norwegian Seas in the north and the
Weddell Sea in the south, and a few other, minor sites
(Killworth 1983). The dynamics of a fluid moving on a
rotating sphere dictates that the flow is confined to
western boundary currents (Stommel 1958; Stommel
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and Arons 1960). The northern source is strong enough
so that the current crosses the equator and penetrates
eventually into the southern ocean. There, it mixes with
the deep waters from the Weddell Sea and flows into
the Indian and Pacific oceans where broad upwelling
occurs. The global structure of the deep water paths
was suggested by Stommel (1958); the return flow in
the thermocline, preferentially via the “warm water
route” around Africa, was first described by Gordon
(1986). This global flow subsequently became known
by the name “conveyor belt” (Broecker 1987; Broecker
1991), but the structure is far more complicated than a
simple ribbon spanning the globe (Schmitz 1995). The
metaphor of a continuous flow with a unique water
mass identity is misleading. Whereas the abyssal flow
can be traced from one ocean basin to the next, the
thermocline flow is strongly influenced by other types
of circulation such as the wind-driven gyre and Ekman
circulations (Fig. 2).

Evaluations of the radiation balance at the top of
the atmosphere show that the ocean-atmosphere
system must transport heat towards the high latitudes
where there is a net loss of energy over 1 year (Tren-
berth and Solomon 1994). Approximately half of that
heat is carried by ocean currents (Macdonald and
Wunsch 1996). In contrast to the other ocean basins,
the meridional heat transport in the Atlantic Ocean is
northward at all latitudes. Evaluation of oceanographic
observations (Hall and Bryden 1982) as well as model
simulations (BoOning et al. 1996) indicate that the
meridional heat transport in the Atlantic is due prima-
rily to the meridional overturning circulation which
carries warm near-surface waters northward and cold
deep water southward. This is the deep circulation of
the ocean that is driven by surface buoyancy fluxes and
is referred to as the “thermohaline circulation”
(Warren 1981). The wind-driven, near-surface circula-
tions in the Atlantic do not transport significant
amounts of heat polewards.

The idea that the ocean has more than just a regul-
ating or damping effect on climate changes is old. The
American geologist, T.C. Chamberlin, who made signif-
icant contributions to the understanding of the ice ages,
wrote in 1906 (Chamberlin 1906):

“In an endeavor to find some measure of the rate of the
abysmal circulation, it became clear that the agencies
which influence the deep-sea movements in opposite
phases were very nearly balanced. From this sprang the
suggestion that, if their relative values were changed to
the extent implied by geological evidence, there might
be a reversal of the direction of the deep-sea circula-
tion, and that this might throw light on some of the
strange climatic phenomena of the past and give us a
new means of forecast of climatic states in the future”.

This statement contains the important ingredients
that are responsible for what we presently call
“multiple equilibria” of the ocean circulation. The topic
was then dormant for approximately 50 years until
Stommel (1961) observed two stable equilibrium states
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in a simple model of the thermohaline circulation. In
his conclusions he wrote:

“One wonders whether other, very different states of
flow are permissible in the ocean or some estuaries and
if such a system might jump into one of these with a
sufficient perturbation; if so, the system is inherently
fraught with possibilities for speculation about climatic
change”.

These early insights were forgotten for another
20 years until marine sediment cores were analysed in
sufficiently high temporal resolution. One example is
the study by Ruddiman and Mclntyre (1981) who
showed that the Younger Dryas (YD) cold event
(12,700-11,550 years BP) was associated with a rapid
southward movement of the North Atlantic polar front
by more than 20° latitude. This, combined with
evidence of CO, changes in ice cores, led Oeschger et
al. (1984) to suggest that rapid changes in ocean circula-
tion are responsible for the variations observed in the
palaeoclimatic archives. The “target” for modellers was
formulated by Broecker et al. (1985), and the first
three-dimensional ocean model showing multiple equil-
ibria followed soon (Bryan 1986). It was this study that
finally convinced researchers that the ocean plays a
central and active role in the climate system.

Bryan (1986) reasoned that the water sinking in the
high latitudes is fed from the lower latitudes where the
salinity is higher. This operates as a positive feedback
mechanism for deep-water formation. Assume that this
surface mass flux is temporarily reduced: the salinity
then decreases in high latitudes and deep-water forma-
tion is reduced. This in turn reduces the advection of
low-latitude high-salinity waters further and results in a
rapid switch-off of the thermohaline circulation on time
scales of decades. A “polar halocline catastrophe”
ensues which is characterised by very low surface salin-
ities in the former sinking regions (Bryan 1986). As a
result, the thermohaline circulation is interrupted or
even reversed implying large changes in the meridional
heat fluxes, in sea-surface temperature and in sea-
surface salinity. Such different states could also be real-
ised in two-dimensional thermohaline models
(Marotzke et al. 1988; Wright and Stocker 1991;
Stocker and Wright 1991), multi-basin three-dimen-
sional ocean models (Marotzke and Willebrand 1991;
Mikolajewicz and Maier-Reimer 1994; Hughes and
Weaver 1994; Rahmstorf and Willebrand 1995) and
coupled atmosphere—ocean models (Manabe and
Stouffer 1988; Schiller et al. 1997; Fanning and Weaver
1997).

All these models essentially exhibit a universal
hysteresis behaviour (Fig.3). This is due to the non-
linear processes that govern the atmosphere—ocean
fluxes of buoyancy which are the drivers for the ther-
mohaline circulation (Stocker and Wright 1991).
Anomalies of sea-surface temperatures are removed
efficiently by anomalies in the atmosphere—ocean heat
fluxes because of the strong correlation between these
two quantities. On the other hand, sea-surface salinity

Heat flux

Freshwater balance

Fig. 3 The ocean-atmosphere system is a non-linear physical
system that can exhibit hysteresis behaviour of the deep circula-
tion in the ocean (Stocker and Wright 1991). Depending on the
surface freshwater balance of the Atlantic Ocean, the meridional
heat flux in the Atlantic is not unique and multiple equilibria
exist. Changes are linear as long as they remain on the same
branch of the hysteresis loop. If certain threshold values in the
atmosphere—ocean system are passed, the climate state can
change abruptly by switching from one branch to the other. This
is a robust feature of the climate system as demonstrated by the
entire hierarchy of climate models (Stocker and Wright 1991)

anomalies are not correlated with anomalies in the net
surface freshwater fluxes (evaporation—precipita-
tion-runoff). Therefore, there is a large difference
between the response time of these different anomalies
(Rooth 1982). The important result of hysteretic behav-
iour is that certain perturbations in the climate system
can induce abrupt, non-linear and sometimes irrever-
sible reorganisations in the atmosphere—ocean system.

Dansgaard/Oeschger, Heinrich events and the
Younger Dryas

Abrupt changes have become a focus in palaeoclimatic
research during the past decade (Broecker and Denton
1989), because of new analytical methods and the avail-
ability of high-resolution records. Abrupt changes char-
acterised the glacial climate: approximately 23 of these,
now referred to as Dansgaard/Oeschger events, were
found in the Greenland ice cores (Dansgaard et al.
1993), and both marine sediments (Bond et al. 1992;
Bond et al. 1993; Bond and Lotti 1995; Hughen et al.
1996) as well as terrestrial records (Grimm et al. 1993)
from the northern hemisphere show similar changes.

The typical evolution of these abrupt events as
recorded in Greenland ice cores is as follows: a rapid
warming, completed usually within a few decades, is
followed by gradual cooling over a few hundred years,
and a distinct cold phase afterwards for a few centuries
to a millennium. Some of these events are more
pronounced occurring on a time scale of approximately
6000-8000 years. In the marine records the cold phase
of these events is associated with a layer of ice-rafted
debris. These events are referred to as Heinrich events
(Heinrich 1988; Broecker et al. 1992; Bond et al
1992).

Particularly the isotopic records from Greenland ice
cores suggest that three to four Dansgaard/Oeschger



cycles group into long-term cooling trends punctuated
by abrupt warming (Bond et al. 1993); they are referred
to as “Bond cycles” (Broecker 1994). It appears that
they may represent an important mode of variability
during the glacial, because CO, exhibits small varia-
tions that correlate with these cycles (Stauffer et al.
1998; Marchal et al. 1998a). The last of these abrupt
warmings was the termination of YD at approximately
11,550 years BP (Dansgaard et al. 1989; Taylor et al.
1993) within less than a decade. Another fast warming
transition occurred at approximately 14,500 years BP,
the first northern hemispheric warming after the last
glacial maximum. However, these last two events occur
during the deglaciation and other important effects
(disappearing ice sheets, rising sea level) must be
considered as well.

Abrupt changes are also found in variations of the
atmospheric concentration of methane (Chappellaz et
al. 1993a, 1993b), and in isotopic compositions of
foraminifera from marine sediments (Bond et al. 1992;
Bond et al. 1993; Cortijo et al. 1995; Vidal et al., in
press). Icebergs from different locations around the
North Atlantic disintegrated and brought large
amounts of debris which were deposited on the ocean
floor. The meltwater reduced the sea-surface density
with the likely effect that deep-water formation in the
North Atlantic was weakened. Rapid climatic changes
are strongest in the North Atlantic, but concomitant
signals are also found clearly at lower latitudes, in a
lake in Florida (Grimm et al. 1993) and in the Cariaco
Basin (Hughen et al. 1996), as well as in the Pacific
region (Behl and Kennet 1996). In contrast, the climatic
record of Antarctica is relatively quiet during that
period with the exception of two important climatic
events (Blunier et al. 1998).

The period of the last termination (21-10 kyr BP),
the deglaciation (Alley and Clark 1999), contains a
complicated sequence of abrupt changes both in the
north (Greenland) and in the south (Antarctica; Fig. 4).
Warming starts in both hemispheres around 21 kyr BP
but is soon interrupted in the north, probably due to
Heinrich event 1. While warming continues in the
south, an abrupt warming occurs in the north at
14.5 kyr BP. This is most likely linked to a sudden onset
of deep-water formation. Because a strong thermo-
haline circulation in the Atlantic draws heat from the
southern ocean (Crowley 1992), a cooling should follow
in the south. This is what is found in the isotopic record
in Antarctica: the warming trend is interrupted and the
Antarctic cold reversal begins. Due to the abrupt
warming in the south, ice sheet melting and the hydro-
logical cycle then increase and lead to an enhanced
supply of freshwater to the Atlantic ocean. In the
simple model of the interhemispheric seesaw (Broecker
1998; Stocker, in press) this would result in a gradual
reduction in the Atlantic thermohaline circulation,
implying gradual cooling during the Bglling/Allergd
phase. Whereas this is consistent with the isotopic
record from Greenland ice cores, the data of Marchitto
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et al. (1998) suggest a strengthening of North Atlantic
deep water. If deep water is being formed at more
southerly latitudes, less heat is delivered to the high
northern latitudes resulting in a cooling (Rahmstorf
1994). Therefore, both amount and location of deep-
water formation determine high-latitude temperatures
in the North Atlantic region.

An extreme cold phase, the YD, then starts in the
north, at which time the warming resumes in the south.
This particular climatic evolution, superimposed on the
long-term glacial-interglacial warming and opposite in
both hemispheres, was suggested before (Charles et al.
1996; Jouzel et al. 1995) but became apparent when ice
cores from Greenland and central Antarctica were
synchronised using methane (Blunier et al. 1997).
There is strong evidence that this last cold episode was
due to a complete shut-down of the thermohaline circu-
lation in the North Atlantic, at least during its initial
few hundred years (Hughen et al. 1998). After another
1200 years, YD terminates within a few decades and
the thermohaline circulation resumes again, drawing
heat from the southern ocean. Around that same time,
the long-term warming in the south comes to a close.
There are therefore three instances (14.5, 12.7 and
11.6 kyr BP) when the climate system exhibits strong
coupling of the two hemispheres.

There are numerous pieces of circumstantial
evidence that support the hypothesis of a complete
shut-down, at least during the first few centuries, of the
thermohaline circulation during abrupt coolings. For
example, at the end of YD, a strong '“C-plateau is
registered in tree rings and varved marine sediments
(Hughen et al. 1998). Model simulations show that such
plateaus can be generated (Stocker and Wright 1996),
but the detailed evolution of '*C during YD still
remains to be explained by models. For example, the
early decrease in atmospheric radiocarbon suggested by
the data (Hughen et al. 1998) cannot yet be reproduced
by models. The fact that CO, does not decrease during
YD (Fig. 4) is another indirect indication that cooling
was not global but that the sea surface must have
warmed in large areas outside the North Atlantic
region (Schiller et al. 1997). Model simulations are
broadly consistent with the palaeoclimatic reconstruc-
tions (Marchal et al. 1999). However, as more palaeo-
climatic archives are being analysed, further questions
arise. The recent isotopic record of Taylor Dome
(Antarctica) indicates an abrupt shift around the time
of the Bglling/Allergd transition in the north (Steig et
al. 1998). This may be interpreted as an abrupt
warming which is synchronous to that in Greenland.
However, synchronisation is disturbed again, as a clear
YD signal is not observed in the Taylor Dome isotopic
record. This is a major puzzle and calls for a better
understanding of the regional changes on the Antarctic
continent.
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Fig. 4 High-resolution climate records based on polar ice cores
from Greenland and Antarctica during a sequence of abrupt
climate changes in the northern hemisphere. Changes in the
isotopic composition of the water molecule, §'®O and 8D, indi-
cate temperature variations. Atmospheric CO, is measured in
bubbles enclosed in Antarctic ice from Byrd station (Blunier et al.
1997) and increases almost linearly during Younger Dryas. (From
Blunier et al. 1997)

Future changes in a warmer climate

Palaeoclimatic research is the key to the quantitative
estimation of future changes that may be caused by the
human influence on the Earth’s system. The increase in
the major anthropogenic greenhouse gases (CO,, CH,
and N,O) since the beginning of industrialisation could
be convincingly demonstrated on the basis of recon-
structions from ice cores (Raynaud et al. 1993). Since
approximately 1750 the atmospheric concentration of
CO, has increased by over 30% (Fig.5). Through the
burning of fossil fuels, land use change and cement
production, approximately 7x10'>kg of carbon are
emitted into the atmosphere every year of which
approximately one third remains in the atmosphere,
one third is taken up by the ocean and the rest is prob-
ably currently taken up by the terrestrial biosphere.
Carbon dioxide influences the radiation balance of
the atmosphere. Climate sensitivity has been estimated
at approximately 1.5-4.5 °C of global mean temperature
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Fig. 5 Reconstruction of the industrial increase of atmospheric
CO, from measurements in various Antarctic ice cores (Neftel
1985; Siegenthaler et al. 1988; Barnola et al. 1995; Etheridge et al.
1996). Before 1750, the concentration was approximately
280 ppm; in 1997 it was over 360 ppm. (From Joos 1996)

increase for a doubling of CO, (IPCC 1996). This esti-
mate is based on three-dimensional atmospheric
general circulation models. However, significant
regional differences are expected, e.g. the polar amplif-
ication of surface air temperatures due to increased
melting of ice and snow cover in the summer.

More recent simulations also indicate that ocean
circulation is influenced by a warming of the atmo-
sphere. Manabe and Stouffer (1993) showed that the
thermohaline circulation in the North Atlantic
decreases in strength. Between two and four times of
the preindustrial CO, concentration, a threshold value
is passed and the thermohaline circulation ceases
completely. The atmosphere—ocean system changes
into a second, structurally different climate state, not
unlike those observed during the brief cold events of
the last glacial. The reason for this non-linear behav-
iour, again, is associated with the hysteresis discussed
herein (Fig.3). Model simulations suggest that this
transition may be irreversible. The question of irrever-
sibility, however, is still difficult to address, as it
depends on the exact position of the present state of
the atmosphere—ocean system on the hysteresis curve.
This, in turn, is strongly dependent on the model used
and the exact parametrisations of sub-grid scale proc-
esses such as mixing and deep-water formation. Gener-
ally, coupled integrations exceeding several thousand
years are necessary to determine whether or not the
thermohaline circulation recovers (Kerr 1998).

A simplified, coupled climate model with the same
global climate sensitivity has confirmed these findings
(Stocker and Schmittner 1997). It is further noted that
not only the final concentration is a critical quantity
with respect to irreversible changes of the Atlantic
thermohaline circulation. Also the rate of increase is
important (Fig. 6). If CO, increases by 1% per year up
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Fig.6 a Prescribed increase of atmospheric CO, until a
maximum concentration is reached. The rates of increase are 1%
per year (exps. 560, 650, 750) and are slightly higher than the
increase of CO, in the 1980s. Additional experiments are
performed at 0.5% per year (exp. 750 S) and 2% per year (exp.
650F). b Evolution of the overturning volume transport of the

Fig. 7 Illustration of the rate-sensitive response of the thermo-
haline circulation. The downward transport of excess heat is
limited by the vertical mixing in the ocean. For a fast increase of
the atmospheric warming (left), the surface layers of the ocean
must heat up more. This implies a greater reduction of density
and an overall stabilisation of the water column. If the warming
proceeds more slowly (right), the temperature increase distributes
over a deeper layer. The near-surface density reduction is there-
fore smaller and the stability of the water column is not signifi-
cantly altered

to 750 ppm, the deep circulation turns off permanently.
For a slower rate of only 0.5% per year, the system
sustains the increase of CO, to the same final value
without a transition to the second equilibrium state.
Similarly, the circulation is destabilised if the CO,
increase is faster (exps. 650 und 650F in Fig. 6).

The reason for this rate-sensitive response of the
ocean—atmosphere system is the speed of the uptake of
heat by the ocean (Fig. 7). Vertical mixing processes
near the ocean surface (advection, diffusion and
convection) determine the downward heat flux into the
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thermohaline circulation in the North Atlantic. For an increase of
1% per year the threshold value is between 650 und 750 ppm.
When passed, the thermohaline circulation decreases and a new
stable state is reached. The circulation recovers, if the CO,
increase is slower (exp. 750S), or it collapses if it is faster (exp.
650F). (From Stocker and Schmittner 1997)

ocean. If the warming is fast, then the ocean is not
capable of mixing the heat down fast enough and a
large reduction in sea-surface density follows. This in
turn slows down the sinking of waters in the high lati-
tudes and leads to a reduction in the thermohaline
circulation. The hydrological cycle, i.e. the meridional
flux of freshwater, is also increased in a warmer
climate. This is crucial in finally bringing the thermo-
haline circulation to a collapse. The reduction in the
associated meridional heat flux in the ocean causes a
cooling in the North Atlantic region that is superim-
posed on the warming due to the increase in CO,. This
illustrates clearly that global warming is probably asso-
ciated with large regional differences.

Conclusion

The Earth is a dynamical system the fate of which is
determined by external forces (insolation and the
orbital parameters) as well as internal processes.
Climate changes have influenced the Earth’s system at
all times. However, complex and resource-intensive
human societies are a relatively recent addition to this
planet. Humans are not well experienced with climatic
change, because during the past 5000 years, the late
Holocene, climate has been stable. The last abrupt
reorganisation happened approximately 8200 years ago
(Alley et al. 1997), but its amplitude was already much
smaller than the amplitude of the series of abrupt
events during the last glacial. Moreover, human society
is vulnerable to much smaller fluctuations such as the
little ice age (Pfister et al. 1996). Burning fossil fuels is
beginning to influence the global climate in a detect-
able manner (Mann et al. 1998; Hegerl et al. 1997) and
larger changes, not unlike those of the past, can no
longer be excluded.
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Climate model simulations indicate that processes of
change are of the same nature as those that were
responsible for past changes. The investigation of past
climatic changes thus exhibits the full dynamical prop-
erties of Earth’s system. Threshold values are a funda-
mental property of this nonlinear system. Therefore,
irreversible changes can happen if perturbations
achieve sufficiently large amplitudes. It must be a
primary goal of future climate research to determine
exactly how large these threshold values are.
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