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The climate of the last glacial period was extremely variable, characterized by abrupt warming events in the Northern Hemisphere,
accompanied by slower temperature changes in Antarctica and variations of global sea level. It is generally accepted that this
millennial-scale climate variability was caused by abrupt changes in the ocean thermohaline circulation. Here we use a coupled
ocean–atmosphere–sea ice model to show that freshwater discharge into the North Atlantic Ocean, in addition to a reduction of the
thermohaline circulation, has a direct effect on Southern Ocean temperature. The related anomalous oceanic southward heat
transport arises from a zonal density gradient in the subtropical North Atlantic caused by a fast wave-adjustment process. We
present an extended and quantitative bipolar seesaw concept that explains the timing and amplitude of Greenland and Antarctic
temperature changes, the slow changes in Antarctic temperature and its similarity to sea level, as well as a possible time lag of sea
level with respect to Antarctic temperature during Marine Isotope Stage 3.

The climate over much of the last glacial period was extremely
variable on a millennial timescale. The North Atlantic climate was
punctuated by warm phases recorded in proxies over most of the
Northern Hemisphere1. These so-called Dansgaard–Oeschger (DO)
events2 were characterized by changes from cold (stadial) towards
warmer and wetter (interstadial) conditions, with shifts of up to
16 8C observed within a few decades in Greenland3–5, followed by a
more gradual cooling over a few hundred to thousand years. The
long-lasting DO events were preceded by massive ice surges from
the Northern Hemisphere ice sheets. These so-called Heinrich
events are documented as thick layers of ice-rafted debris in marine
sediments in the North Atlantic6,7. They coincide with cold con-
ditions in the North Atlantic region, warm episodes in Antarctica8

and with increases in sea level of 10 to 35 m (refs 9–12). Although
the body of observational data is growing, the physical processes
behind these events remain elusive.

Guided by evidence from marine sediments for massive reorgan-
izations of the ocean circulation13, and modelling results14,15, a
concept known as the ‘thermal bipolar seesaw’ was suggested, in
which abrupt changes in the strength of the ocean thermohaline
circulation (THC) affect the polar climate through changes in the
meridional heat transport14,16–20. The THC is sensitive to the
Atlantic freshwater balance and exhibits a threshold and hysteresis
behaviour21–23. It was argued that the increased glacial climate
variability is a result of different stability properties of the glacial
thermohaline circulation as compared to today19. Although in
qualitative agreement with many proxies, important issues remain
unclear from the published modelling studies. In particular, most
models19,24 so far have underestimated either the large temperature
shifts of 8 8C and more over Greenland and parts of the North
Atlantic region, or the changes of about 3 8C over the Antarctic
continent25–27. Furthermore, it is difficult to reconcile the conspicu-
ous temporal relationship between the abrupt shifts in Greenland2

and the relatively slow changes in the Antarctic temperature
reconstructions28 in a physically consistent way.

Here we present results using the ECBILT-CLIO model29,30, which
consists of an ocean general circulation model, coupled to a sea-ice
and a simplified dynamical atmosphere model. This coupled
global atmosphere–ocean model (CGAOM) is forced by meltwater

discharge into the North Atlantic (see Methods). On the basis of the
simulated climate events, we propose a mechanism by which
freshwater discharge into the Northern Hemisphere directly affects
the Southern Ocean temperature through two distinct, but inti-
mately related, ocean circulation feedbacks. This concept, combined
with a multi-millennial transient climate model simulation of
abrupt climate events, provides a consistent framework to answer
a number of open questions that have remained unresolved until
now. This includes the timing, amplitude and spatial extent of DO
and Heinrich events, the slow timescale associated with Antarctic
warm phases, the similarity and lag of sea level to southern
temperature and the source of the meltwater discharge.

The climate effect of freshwater discharge
To investigate the processes relating northern and southern high-
latitude temperatures, three model simulations using idealized
freshwater discharge scenarios are shown in Fig. 1. For case A, the
freshwater discharge into the North Atlantic leads to a partial
shutdown of the deepwater formation and a cooling in the North
Atlantic region. The subsequent recovery to warm conditions
coincides approximately with the cooling in the Southern Ocean
region. For both cases B and C, the freshwater discharge is sufficient
to stop the meridional overturning completely, causing a cooling in
the north and a warming in the south. While the cooling in the
North Atlantic has a similar magnitude in cases B and C, the
Southern Ocean warming is larger for a larger freshwater input.
This is in contradiction with the classical ‘thermal bipolar seesaw’
picture, in which southern temperature is determined by northern
temperature only20. In addition, southern temperature in case C
starts to decrease several centuries before the onset of northern
temperature increase. The similarity of southern temperature time
series with the freshwater forcing in the North Atlantic is also
simulated for different scenarios (not shown) and thus suggests a
direct process by which northern freshwater discharge affects
southern temperature.

To elucidate the physics of this process, equilibrium simulations
using a sustained freshwater input into the North Atlantic of
zero, 0.5 and 1.0 Sv (control, F0.5 and F1.0, respectively;
1 Sv ¼ 106 m3 s21) were performed. Figure 2a shows the simulated
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temperature anomaly pattern in the Atlantic arising from the
complete collapse of the meridional overturning simulated for
F0.5. The surface North Atlantic and the deep Atlantic cool by
several degrees, while the South Atlantic and Southern Ocean warm
in the upper 1,500 m, consistent with previous model studies31–33. A
subsurface warming is seen north of about 608 N, caused by the
cessation of deep convective mixing of cold surface water, in
particular north of Iceland. Because fresh water affects both the
THC and southern temperature as long as the THC is active, the
effect of fresh water is best isolated when comparing the two states
F0.5 and F1.0 in which the THC is collapsed. The additional
freshwater discharge in F1.0 leads to an anomalous southward
mass transport of about 2 Sv in the Atlantic south of 408 N,
compensated by a return flow between 500 and 1,500 m in depth
(Fig. 2b). This causes an anomalous southward heat transport of
0.1 PW, which warms the Southern Ocean sea surface temperature
by about 1.5 8C. Although the subsurface Atlantic cools between 208
S and 408 N and warms north of 408 N, this is barely seen at the
surface, probably owing to the strong stratification arising from the
freshwater cap.

The anomalous meridional transport is due to a zonal density
gradient caused by the freshwater input in the following way. The
density changes associated with the North Atlantic fresh water
trigger Kelvin waves, which propagate along the western Atlantic
coast towards the Equator34. Owing to the Coriolis effect, they are
forced to travel along the Equator towards the coast of Africa, where
they split into a northern and southern branch. While moving
poleward, they radiate Rossby waves, which readjust the interior
transport of the North and South Atlantic. Overall, our simulated
global thermocline anomaly pattern (not shown) is consistent
with this wave-adjustment mechanism34,35. Rossby waves establish
large-scale pressure (sea level) gradients that are accompanied by
geostrophic flow anomalies (see Fig. 2c). North of the Equator these
southward geostrophic currents are relatively strong, owing to the
weakness of the Coriolis force and the presence of large sea-level
gradients in the western boundary region. Cross-equatorial mass

transport is possible, because the velocity anomalies occur close to
the western boundary of the basin, where friction is important.
Finally, a southward cross-equatorial heat transport of about
0.1 PW is established, in response to the North Atlantic freshwater
flux anomalies. Typical response times are of the order of one or two
decades36. These conclusions are corroborated by an analysis of the

Figure 2 The ocean response to freshwater discharge into the North Atlantic. F1.0 and

F0.5 denote 1.0 Sv and 0.5 Sv sustained freshwater discharge, respectively. a, The

equilibrium Atlantic temperature difference (8C, colours) and meridional streamfunction

difference (Sv, contours) resulting from 0.5 Sv freshwater input and the subsequent

complete shutdown of the THC. b, Doubling the freshwater input leads to an additional

temperature and streamfunction anomaly. c, Freshwater anomalies trigger a

redistribution of the sea surface height (m, colours), owing to fast wave adjustment

processes, which in turn drives geostrophic transport anomalies (m s21, vectors).

Subsequently a cross-equatorial anomalous meridional transport is established (contours,

b), which leads to an export of heat into the Southern Ocean of about 0.1 PW, thereby

warming the upper 800 m of the Southern Ocean. On the other hand, associated surface

temperature signals in the North Atlantic are weak.

Figure 1 Temperature response to three scenarios of freshwater discharge into the North

Atlantic. Freshwater discharge (top), 10-yr running mean of near-surface air temperature

of the North Atlantic region (608 W–208 E, 508 N–808 N) (middle) and the Southern Ocean

region (658 S–508 S) (bottom) are shown in black. The fresh water causes a partial

shutdown of the THC in case A, and a complete shutdown in cases B and C. The classical

thermal bipolar seesaw20 (green) predicts the same amplitude of the southern warming for

cases B and C and fails to explain the early cooling in southern temperatures. The

extended thermal–freshwater seesaw concept (red) correctly predicts both an additional

southern warming for case C that is related to the large freshwater input, and the slow

southern temperature changes due to slow freshwater changes. The fit here explains

more than 98% (r 2) of the southern temperature response simulated by the CGAOM.

Fresh water alone (blue) is insufficient to explain the model response.
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thermal wind balance, as deduced from the upper-ocean zonal
density gradients. The ocean adjustment scales linearly with the
freshwater perturbation. The freshwater amplitudes in Fig. 2 are
only chosen to be large to separate the related signal better from the
internal ocean variability.

From these idealized simulations we conclude that the Southern
Ocean surface temperature changes are not only determined by the
heat transport of the large-scale THC, but are also directly affected
by the anomalous meridional overturning circulation (Fig. 2b),
which is established in response to the freshwater input in the North
Atlantic. This provides a consistent explanation for the apparent but
so far unexplained similarity between sea level variations and
southern temperatures. Additional model simulations show that
the same mechanism works equally well for freshwater input into
the North Pacific, whereas it does not operate for freshwater input in
the Southern Ocean, where zonal density anomalies cannot be
established.

The thermal–freshwater seesaw
The direct effect of freshwater release on the meridional heat flux in
the South Atlantic suggests a modification of the thermal bipolar
seesaw concept20. Assuming that the Southern Ocean acts like a heat
reservoir, we propose the following approximation relating the
freshwater flux F and the temperature anomalies TN, TS of the

northern and southern region relative to equilibrium climate:

dðTSÞ=dt ¼ ð2aTN þ bF 2TSÞ=t ð1Þ

where t is a typical thermal response timescale of the southern heat
reservoir. In this concept, the southern reservoir temperature is
controlled by the sum of a meridional oceanic heat transport due to
the thermohaline circulation that is assumed to be proportional to
(2aT N 2 T S) (ref. 20), and an oceanic heat transport that is
proportional to (bF 2 TS), related to the freshwater input into
the North Atlantic.

The three parameters in equation (1) are now determined by a
series of transient simulations using the CGAOM (see Methods) in
which the circulation is perturbed by a range of different freshwater
discharges. The best fit yields a timescale t of 114 yr; values for a and
b are given in the Methods section. This timescale is considerably
shorter than the one determined for the original thermal bipolar
seesaw fitted to observations20, which was of the order of 1,000 yr. In
contrast, our new thermal–freshwater seesaw is based solely on the
comprehensive CGAOM, and its agreement with palaeoclimatic
proxy data provides an independent check of its validity. The
extended thermal–freshwater seesaw concept is able to explain the
timing and amplitude of the southern temperature response in the
CGAOM in Fig. 1 with very high accuracy. We find that large
changes in the freshwater discharge F contribute up to one-third to
the amplitude of the southern temperature response TS, and that
the timescale t is consistent with a thermal inertia timescale of the
upper 1,000 m of the Southern Ocean.

An illustrative sequence of climate events
Forcing the CGAOM by freshwater discharge into the North
Atlantic in a transient multi-millennial simulation reveals a picture
of abrupt climate events that resolves a number of questions that
emerged from earlier modelling studies. The illustrative freshwater
scenario assumed in Fig. 3 causes large and abrupt changes in the
North Atlantic deepwater formation and thus also in the air
temperature of the North Atlantic region and Greenland with a
magnitude of more than 15 8C in the convection regions. Changes in
the modelled Antarctic temperature are up to about 5 8C and are
controlled both by the temperature in the North Atlantic and by the
amount of fresh water. Recent proxy estimates suggest changes in
Antarctic temperature during the glacial of 2 to 4 8C (refs 25–27).
This indicates that the peak of northern freshwater input mimicking
a Heinrich surge, although intentionally chosen large here to
illustrate its effect, is probably at the upper limit. The resulting
sea level change of 30 m also suggests that the freshwater amplitude,
although consistent with the largest estimate of sea level variations12,
is chosen rather high. The apparent lead of the peak Antarctic
warming to the Greenland transition T2 depends on the shape of the
freshwater discharge and would be smaller if fresh water was
decreased more rapidly. Using the illustrative freshwater scenarios,
the CGAOM simulates two types of events in the North Atlantic, a
transition from a weak to a strong meridional overturning state
(transition T1 in Fig. 3) and a transition from a stratified Atlantic
without deepwater formation to a strong overturning state (tran-
sition T2). The spatial patterns (shown in Fig. 4) of temperature and
precipitation changes of transition T2 suggest that climate changes
following a Heinrich event were large in amplitude and seen in most
regions of the globe. The qualitative model response is consistent with
proxy reconstructions indicating broad cooling of the Southern
Hemisphere and warming of the Northern Hemisphere during
interstadial phases1 and, for example, higher accumulation in
Greenland, warmer and wetter conditions in Europe37, wet con-
ditions in most of northern subtropical Asia38 and Arabia39, as well
as increased rainfall over the Cariaco basin40. Many proxies distant
from the North Atlantic record the large DO events following a
Heinrich event (for example, DO events 8, 12) but not all of the
smaller ones (for example, DO events 9, 13)40. This is qualitatively

Figure 3 Time evolution of the THC and global sea level and corresponding changes in

polar near-surface air temperature in an illustrative scenario of freshwater discharge into

the North Atlantic. The fresh water (a) causes abrupt shifts in the North Atlantic deepwater

formation (b). The associated massive and abrupt warming events simulated over

Greenland (c) and the North Atlantic region are reminiscent of the DO events observed in

palaeorecords from the last glacial epoch. Antarctic temperature (d) is influenced by the

THC and directly by the freshwater discharge into the North Atlantic. This explains why

changes in sea level (e, detrended integral of freshwater input) resemble but lag notably

Antarctic temperature, consistent with the proxy reconstructions. Freshwater discharge in

this scenario integrates to 30 m sea-level change, the upper limit of published values.
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supported here by the smaller amplitude and spatial extent for
transition T1 compared to T2. The modelled temperature shift in
Greenland is similar for both transitions, also in good agreement
with Greenland isotopic records28, which indicate large temperature
shifts even for the short DO events. The model response is in line
with most proxies showing a hemispheric antiphase temperature
pattern1, and does not support in-phase changes in Greenland and
Antarctica41,42.

It is clear from Fig. 3 and from our thermal–freshwater seesaw
that the shape of the sea level variations is similar to Antarctic
temperature, as recently suggested from a reconstruction of sea level
from the Red Sea12. A significant amount of ice surges must there-
fore have emerged from the Northern Hemisphere, in line with the
generally accepted pattern of the Heinrich surges recorded in the
North Atlantic7. The results presented here do not preclude contri-
butions to sea level from other locations43. However, additional
CGAOM simulations show that freshwater discharge into the North
Pacific or into the Gulf of Mexico have a similar effect of warming
Antarctica, whereas freshwater discharge from Antarctica has the
opposite effect of cooling the Southern Ocean and Antarctica and
warming the North Atlantic44. Therefore, a dominant contribution
from the Antarctic ice sheet to the sea level variations recorded
during MIS 3 (refs 9–12) can be excluded.

We find that despite their similarity, sea level in the model lags
Antarctic temperature by several centuries. Such a lag can be
identified in palaeodata using the benthic oxygen isotope record
from a sediment core off Portugal9, if taken as a proxy for sea level,
and the Byrd oxygen isotope record28 as a proxy for Antarctic
temperature (see Fig. 5). Both records are independently synchro-

nized to the GRIP record from Greenland8,9. Maximizing lag
correlation in a moving window of 10 kyr suggests a lag of 300 to
1,500 yr of the benthic sea level curve to Antarctic temperature when
using the published timescales. However, the uncertainties in the
timescales (resolution of the records, gas age–ice age and synchro-
nization uncertainties) and the fact that part of the benthic signal
could be caused by changes in ocean temperature (which need not
necessarily be in phase with sea level) prevent us from firmly
concluding that there is a sea-level lag from the data alone. Equation
(1) suggests almost no sea-level lag for changes in the freshwater flux
F on short timescales (decades), but a phase lag of up to 908,
equivalent to about 1,000 yr, when assuming changes in F on
timescales of a few millennia.

The sequence of events during MIS 3
The sequence of events shown in Fig. 3 is reminiscent of parts of the
last glacial period, for example, the time around 45,000 yr before
present (45 kyr before present, BP) with DO events 13 and 12. But
the complexity of the CGAOM, the uncertainties in the hysteresis
behaviour of the glacial thermohaline circulation and the compu-
tational cost of the model prevent us from simulating longer time
periods. However, equation (1) has been shown to adequately relate
the polar temperature anomalies simulated by the CGAOM and can
thus be used as a substitute. Here we use the substitute conceptual
model to quantify the extent to which the thermal–freshwater
seesaw concept can explain the evolution of Greenland and Ant-
arctic temperature reconstructions, as well as sea-level variations
during Marine Isotope Stage (MIS) 3. We start from a random time
evolution of the freshwater flux F. Subsequently, F is iteratively

Figure 4 Temperature and precipitation changes simulated for two stadial–interstadial

transitions. Transition T1 (shown in Fig. 3) is from a partial ‘off’ to a THC ‘on’ state,

transition T2 from a completely collapsed THC state to a strong THC ‘on’ state. The

CGAOM predicts that temperature changes were prominent in Greenland for both

transitions, but the amplitude and spatial extent was different over most of the Northern

Hemisphere. The maps show the near-surface temperature (8C) and precipitation

difference (cm yr21) for the cold-to-warm transition T1 (1,500 to 1,700 minus 800 to

1,000 model yr, top) and T2 (4,800 to 5,000 minus 3,400 to 3,600 model yr, bottom).

These patterns are in agreement with proxy evidence for the long-lasting DO events

following a Heinrich event (T2) and for the shorter DO events, which have a weak or no

clear counterpart in the south (T1). The large temperature shifts in some areas of the

Southern Ocean during transition T2 are caused by changes in sea-ice extent.

articles

NATURE | VOL 430 | 19 AUGUST 2004 | www.nature.com/nature854 ©  2004 Nature  Publishing Group



changed so as to maximize the correlation between the simulated
time series T N, TS and sea-level h (obtained from the time integral
of F) with the reconstructed time series GRIP d18O, Byrd d18O and
the sea-level proxy, respectively. TN is assumed to be proportional to
the strength of the THC. The latter is assumed to depend in a tanh
way on the freshwater flux F, an approximation to a very narrow
hysteresis. Thus, the expressions for the polar temperatures read
TN ¼ p tanh(sF) and dðTSÞ=dt ¼ ð2aTN þ bF 2TSÞ=t: Parameters
are taken from the CGAOM (see Methods)25–27. The optimized
freshwater flux time series F and its relation to the reconstructed and
simulated time series are depicted in Fig. 5.

Despite the simplicity of this approach, we find correlations of
r ¼ 0.75, 0.71 and 0.86 of the calculated curves with GRIP d18O,
Byrd d18O and the sea-level proxy, respectively. Therefore, this
concept explains 60% (r2) of the variability found in the polar
temperature and sea-level reconstructions over MIS 3 (60 to
25 kyr BP). In particular, it shows that the slow changes in F explain
the low-frequency timescale found in the Byrd isotopic record.
Maximum values in the optimized freshwater flux coincide with
high input of ice-rafted debris during Heinrich events7 and low
values of benthic d13C, indicating a reduced ventilation of the North
Atlantic Deep Water9. Although we show here that both the shape of
sea-level variations and marine proxies in the North Atlantic over
MIS 3 are broadly consistent with meltwater discharge into the
North Atlantic only, we note that this concept does not preclude
additional meltwater discharge of smaller magnitude elsewhere. A
change in the slope parameter s affects the amplitude needed in F

and can thus change the magnitude (but not the shape) of the sea-
level variations by at least a factor of two, without significantly
changing the correlation values. The magnitude of these sea-level
variations in the last glacial epoch is still debated10–12. The benthic
record off Portugal9 probably reflects changes in both sea level and
ocean temperature. A recent reconstruction of sea level12 shows a
very similar shape, which confirms the time evolution (but not
necessarily the magnitude) of sea-level variations. However, this
reconstruction does not have sufficient age control to be used in this
study.

Substituting either the Byrd record or the Byrd and the sea-level
record with red noise time series, the same concept can explain only
about 40% (r2) of the variability. This indicates that, in contrast to
recent studies45,46, we show here a strong and statistically significant
(.99%) coupling of the hemispheres during the climate variations
in MIS 3.

Ocean linkage during abrupt climate change
Using a synthesis of proxy data from the last glacial period and a
coupled climate model, we have demonstrated that the main
patterns of temperature and sea-level variations recorded in a
variety of archives during abrupt glacial climate events can largely
be explained by changes in the oceanic heat transport related
directly to freshwater discharge and the large-scale thermohaline
circulation. This supports the view that the ocean circulation and its
potential nonlinear changes play a crucial role in modulating the
Earth’s climate on global and regional scales. But there is also a
strong response of the atmospheric circulation and of precipitation,
indicating that atmospheric processes and feedbacks are relevant to
transmit the abrupt Atlantic climate signals to other regions47. We
have obtained a quantitative picture of how the ocean circulation
has shaped millennial-scale climate variability during the last glacial
period, but are still unable to determine whether atmospheric
processes, oceanic thresholds, ice-sheet dynamics, and their coup-
ling or an external forcing acted as the pacemaker of abrupt climate
changes. A

Methods
The model used for this study is the global coupled atmosphere–ocean–sea ice model
ECBILT-CLIO (version 3.0). The atmosphere is represented by the T21, three-level quasi-
geostrophic model ECBILT2 (ref. 29), which contains a full hydrological cycle and
explicitly computes synoptic variability associated with weather patterns. The ocean
model CLIO30 is a primitive equation, free-surface ocean general circulation model with a
resolution of 3 £ 3 degrees and 20 unevenly spaced levels, coupled to a thermodynamic–
dynamic sea-ice model. The CGAOM includes realistic topography, bathymetry, a simple
representation of land surface processes and a bucket runoff scheme. Given the long
timescales investigated here, the model is among the most complex climate models that
can be applied to study this type of question at present. The model is freely available from
http://www.knmi.nl/onderzk/CKO/ecbilt.html. The presented simulations use modern
boundary conditions. Changing topography, greenhouse gas concentrations, orbital
parameters and albedo values to conditions of the Last Glacial Maximum48 show very
similar results (see Supplementary Fig. S1). Freshwater discharge into the North Atlantic is
between 508 N and 708 N, and is uniformly compensated outside the discharge regions to
avoid model drift. The coupled model employs weak freshwater flux corrections. Given the
large uncertainties in the freshwater budget of the Atlantic, the zero level in freshwater flux
can thus be shifted within a wide range. Such model results are clearly sensitive to the shape
of the hysteresis of the THC, which is mainly determined by the equilibrium freshwater
budget of the Atlantic, and is often tuned by adjusting runoff masks or prescribing
freshwater redistributions (flux corrections). Given the uncertainties associated with the
THC hysteresis and the feedbacks, which determine the stability of the THC even under
modern boundary conditions49, we have chosen not to tune the CGAOM to achieve a
certain threshold behaviour. Although the processes studied require a comprehensive
general circulation ocean model, our conclusions do not depend on a particular threshold
behaviour of the THC.

The parameters a, b and t of equation (1) were determined by minimizing the sum of
the squared deviations for southern temperature of the CGAOM and of equation (1),
taking fresh water and northern temperature as an input. Near-surface temperatures of the
North Atlantic and Southern Ocean region yield a ¼ 0.41 8C 8C21, b ¼ 3.6 8C Sv21 and
t ¼ 114 yr (used for Fig. 1). Correlation of the CGAOM results (10-yr running means)
and the response of equation (1) with optimal parameters exceeds r ¼ 0.97 in all cases. For
the original thermal bipolar seesaw (equation (1), b ¼ 0), the fitting procedure yields
t ¼ 90 yr.

For the conceptual model used in Fig. 5, all parameters except the slope s are fitted from

Figure 5 Variability of Greenland and Antarctic temperature and sea-level proxy data

(grey, right axes) explained by a conceptual model (black, left axes). The optimized

solution to the conceptual model (see text and Methods) shows strong coupling of

Greenland and Antarctic temperature, fresh water and sea level during MIS 3 and explains

60% (r 2) of the variability seen in the water isotope reconstructions of GRIP2, Byrd28 and

the benthic isotope record from off Portugal9, which is assumed to be a proxy for sea-level

variations. The timing of the optimized freshwater discharge peaks shows remarkable

agreement with input of ice-rafted debris during Heinrich events7 and low values of

benthic d13C, indicating reduced ventilation of the North Atlantic Deep Water9 (grey, top).

Age scales are synchronized to GRIP8,9 and all time series except d13C are splined with a

100-yr cut-off period50. Note that benthic d13C and ice-rafted debris are not used to

optimize correlation.
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the Greenland and Antarctic temperature response of the CGAOM and yield
a ¼ 0.24 8C 8C21, b ¼ 6.3 8C Sv21, t ¼ 135 yr and p ¼ 4 8C. The range of Antarctic
temperature variations is required to be in agreement with observations25–27. Models
simulating the sensitivity of the THC to fresh water indicate that the range for the slope s is
uncertain. However, the choice of the value s is not critical for our conclusion. That only
one branch of the THC hysteresis behaviour is captured in our simple model explains why
the calculated temperature generally drops too fast at the end of the Antarctic warm events,
as compared to reconstructions. Ocean models indicate that the lower branch of the
hysteresis (‘off–on’ transition) is probably more abrupt than the upper one. Such a
hysteresis behaviour would need a slower decrease in the freshwater flux and thus lead to a
slower decrease in Antarctic temperature, while still producing an abrupt warming in
Greenland, and thus improve the agreement with proxy data.
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