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Abstract: Abrupt cooling is observed at the end of interglacials in many paleoclimate records, but
the mechanism responsible remains unclear. On the basis of model simulations, we demonstrate
that there exists a threshold in the level of astronomically-induced insolation below which abrupt
changes at the end of interglacials of the last 800,000 years occur. When decreasing insolation
reaches the critical value, it triggers a strong abrupt weakening of the Atlantic meridional
overturning circulation (AMOC) and a cooler mean climate state accompanied by high-amplitude
variations lasting for several thousand years. The mechanism involves sea ice feedbacks in the
Nordic and Labrador Seas. The ubiquity of this threshold suggests its fundamental role in
terminating the warm climate conditions at the end of interglacials.

One Sentence Summary: Astronomically-induced slow variation of insolation triggers abrupt
climate changes at the end of interglacials.

Main Text:

Abrupt climate changes and millennial climate variability have been identified in
numerous paleoclimate records, in particular during the last glacial period. Increasingly more
studies show that abrupt and millennial-to-centennial scale climate changes can also be found in
much older times (1-6) and are a persistent feature at least over the last few million years occurring
not only during glacial times but also during interglacials (4,7-11). Many interglacial periods of
the late Pleistocene are terminated by an abrupt cooling event that marks the re-appearance of
strong millennial variability (9,12-16).

During the last interglacial MIS-5e, the first abrupt cooling characterizing the end of the
interglacial is observed in the Greenland ice core records (17), which is defined as Greenland
stadial 26 and occurred at about 119 ka BP (£2.5 ka). A similar abrupt cooling is also found in the
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undergone final editing. Please refer to the complete version of record at http://www.sciencemag.org/. The
manuscript may not be reproduced or used in any manner that does not fall within the fair use provisions of the
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5180 record (5) of the Iberian Margin at 122.4 ka BP (4 ka) (Fig.1), which is consistent with the
Greenland ice core records considering the age uncertainty. In fact, this 50 record shows that an
abrupt cooling occurs at the end of each interglacial of the last 800 ka (ka: thousand years) (Fig.1),
indicating that this is a general feature for all interglacials during the late Pleistocene. After the
abrupt cooling, the climate enters into a cold state characterized by increased millennial scale
fluctuations.

The observation that a strong abrupt cooling occurs when climate was still in a warm
interglacial state is puzzling and its cause remains uncertain. Astronomically-induced long-term
variations of insolation is one of the most important external forcings of the climate system. It acts
as a pacemaker of climate change driving the behavior of different components of the climate
system. Because it varies slowly on the order of tens of thousands of years, it is often ignored in
explaining abrupt climate changes on shorter time scales (10%-10° years). To investigate the
possible influence of the slow variation of insolation on interglacial climate, we performed
transient climate simulations for all interglacials of the last 800 ka with an atmosphere-ocean-
vegetation coupled model, LOVECLIML1.3 (Supplementary Material, hereafter SM). We
considered 11 interglacial sub-stages (18): Marine Isotope Stage (MIS)-1, 5e, 7ac, 7e, 9e, 11c, 133,
15a, 15e, 17c and 19c. In order to investigate the influence of insolation alone, only
astronomically-induced insolation was initially allowed to vary with time and CO2 concentration
was fixed to a typical interglacial level of 280 ppmv. In a second set of simulations, the impacts
of both COz and insolation changes were investigated.

During MIS-5e, in response to the variation of insolation alone, our simulated sea surface
temperature (SST) in the northern North Atlantic varies slowly and follows closely the variation
of summer insolation (Fig.2c). However, an abrupt SST decrease (1.4°C in about 50 years) occurs
at 119.4 ka BP, and it is followed by rapid and large oscillations over the next 7000 years with a
much cooler mean climate state. Similar oscillations happen in the simulated surface air
temperature (SAT), precipitation and vegetation in different latitudes especially in the northern
hemisphere (NH) (Fig. S1), indicating that these abrupt oscillations are a widespread phenomenon.

During the abrupt cooling at 119.4 ka BP, the oceans become cooler in the NH especially
in the northern North Atlantic where the cooling can reach 1°C-5°C (Fig.2d), and they become
slightly warmer in the southern hemisphere (SH). The change in surface air temperature (SAT)
(Fig.2e) has a similar pattern but with a larger amplitude than SST. Over the Labrador Sea and the
Barents Sea, the SAT decreases by up to 6°C and 4°C, respectively. It decreases by 5°C over
southern Greenland. The opposite change in temperature in the two hemispheres is associated with
an abrupt weakening of AMOC (a weakening of 30% in 50 years) (Fig.2b) which is followed by
large-amplitude oscillations with a mean state of much weaker AMOC. The mechanism by which
AMOC influences the climate in both hemispheres has been discussed in numerous studies (19).
Stronger AMOC transports more heat to the NH high latitudes leading to a generally warmer NH
and cooler SH, and vice versa. The abrupt weakening of AMOC at 119.4 ka is responsible for a
reduction of 22% in the northward heat transport across 40°N in the North Atlantic. Therefore, the
key to understanding the insolation-induced abrupt changes in our simulated temperature and other
components of the climate system is how insolation induces such abrupt changes in AMOC.

The occurrence of abrupt weakening of AMOC followed by high-amplitude oscillations
driven by slow insolation changes only is unexpected. It occurs not only during MIS-5e, but also
during all the other interglacials except MIS-1, MIS-9e and MIS-19 (Fig.S2). The onset of the
oscillations is always marked by a sharp weakening of AMOC that happens at the end of the
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interglacials. Moreover, the onset always occurs at times when NH summer insolation is
decreasing and approaching a minimum. This leads to the proposition that a threshold of NH
summer insolation may trigger an abrupt weakening of the AMOC. Our examination suggests that
the threshold value is not exactly the same among the interglacials (Fig.S3). This is not unexpected
because the latitudinal and seasonal distribution of insolation is not exactly the same among the
interglacials. Nevertheless, our results show that, to trigger the abrupt weakening of AMOC, the
summer insolation must be sufficiently low, ranging in a narrow window between 352.1 Wm~ for
MIS-15e and 358.2 Wm™ for MIS-7a (Fig.3, Fig.S3).

The mean summer insolation is controlled by both obliquity and precession with precession
being the major controlling factor reflecting the important role of the length of the season. Our
results (Fig.S2) show that the favorable astronomical condition to trigger the abrupt weakening of
AMOC is a combination of a high precession with June solstice occurring at aphelion (inducing
long summers) and, at the same time, a relatively low obliquity (inducing low total summer
irradiation). The insolation threshold values have a strong negative correlation with the precession
index (Fig.S3) due to the dominance of precession on the mean summer insolation. Obliquity also
plays a role through its phase relationship with precession. For all the interglacials, when abrupt
weakening and high-amplitude oscillations of AMOC occur, precession maxima and obliquity
minima are in phase (Fig.S2), leading to very low summer insolation in the NH. On the contrary,
for some periods such as around 210 and 495 ka BP, although precession reaches one of its
maxima, abrupt oscillations do not occur owing to the anti-phase relationship between precession
and obliquity. In this case, high obliquity counteracts the effect of high precession making the
summer insolation insufficiently low. During MIS-1 and MIS-19, low eccentricity leads to small
variations in precession and therefore there is no deep minima in summer insolation, explaining
why insolation alone does not trigger abrupt oscillations during these two interglacials. Although
MIS-11 also has low eccentricity similar to MIS-1 and 19, the insolation is sufficiently low to
trigger abrupt oscillations because of the low obliquity. In summary, to have abrupt weakening of
AMOC, both low obliquity and high precession (occurrence of NH summer at aphelion and high
eccentricity) are required.

Comparison between our two sets of simulations shows that lowered insolation is essential
for triggering the abrupt changes of AMOC at the end of interglacials, and CO. only modulates
slightly the effect of insolation (SM and Fig.S2). For MIS-9e and MIS-19 when insolation minima
are insufficiently low to trigger the abrupt oscillations, the decrease of CO: reinforces the
insolation-induced cooling and helps to trigger abrupt oscillations.

Figure 1 shows that under the combined influence of insolation and CO2, our model
simulates an abrupt weakening of AMOC at the end of all the interglacials of the last 800 ka. Their
timings are in good agreement with those of the first abrupt cooling in the planktic §*®0 record
from the lberian Margin if age uncertainties are considered, except for MIS-13a that is a
controversial interglacial (20). After this time, the climate becomes unstable in both the simulation
and the planktic 580 record. The first sudden cooling and reduction of AMOC at 119.8 ka BP in
our last interglacial simulation also coincide with the first abrupt cooling observed at 119 ka BP
(the stadial 26) in the Greenland ice core records (17) and around 118 ka BP in the SST in subpolar
North Atlantic (12). It is worth noting that a series of cooling events occurring after MIS-5e have
been observed in many records, and our simulated abrupt cooling corresponds to the very first
cooling just after the interglacial optimum (SM). The SST reconstructions south of Greenland
indicate a sudden cooling around 119, 238, 322 and 399 ka BP at the end of MIS-5e, 7e, 9e and
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and 11c (14). At the end of MIS-11c, an abrupt weakening of the Asian monsoon is indicated
around 397 ka BP (9) and an abrupt cooling around 396 ka BP is identified in the Lake Baikal
region (16). All these dates are consistent with the ages for each of the first abrupt AMOC
weakening in our simulations, marking the end of the interglacials (Fig.1) when age uncertainties
are taken into account. The consistency between our model results and paleoclimate records
suggests that the abrupt cooling at the end of interglacials occurred when insolation fell below the
threshold value, and this consistency also supports the validity of the range of the insolation
threshold values found in our study (Fig.3).

In addition to the end of interglacials, there were other times in the last 800ka when
insolation fell below the threshold (Fig.3). Most occurred during glacial times, and two during the
stadials MIS-13b and MIS-15b. However, given the very different conditions during glacial times
with much larger ice sheets and lower COg, the insolation threshold value determined from our
interglacial climate simulations is most likely not the same for glacial times. Regarding the future,
our simulation for the next 34 ka does not show abrupt change of AMOC (Fig.S2). The insolation
minima remain high during the next 50 ka due to a small eccentricity, and it reaches the threshold
only at 50 ka AP (Fig.3). Such a long period without insolation reaching the threshold is very
exceptional as compared to all the interglacials in the last 800 ka, including MIS-11 and MIS-19
which also have small eccentricity. Actually, it has been demonstrated that the current interglacial
would be exceptionally long and the next glacial inception would occur only in 50,000 years (22).

To explain how slow variation of insolation alone triggers abrupt weakening and high-
amplitude oscillations of AMOC, we use the example case of MIS-5e. The processes are similar
for other interglacials. Fig.4a shows that the strength of the AMOC is anti-correlated with summer
insolation on time scales of orbital variations. A previous study (21) showed that over the high-
latitude oceans, summer insolation plays a key role not only in controlling summer SST and sea
ice, but also during the winter through the remnant effects of summer insolation. Our analyses
show that this anti-phase relationship between summer insolation and the intensity of AMOC can
be explained by the fact that, when insolation decreases, the SST in the northern North Atlantic
decreases and more sea ice is formed leading to saltier surface water as a consequence of brine
rejection. In addition, the net precipitation over the ocean south of Greenland decreases
significantly leading to additional salinity increase. Lower SST and saltier water combine to
contribute to denser surface water, stronger convection, and stronger AMOC.

The smooth relationship between summer insolation and AMOC described above is
disrupted by abrupt oscillations in AMOC as soon as insolation decreases below the threshold
value. During the normal AMOC state (Fig.4a, point A), deep mixing in the North Atlantic occurs
at two centers, the southern Labrador Sea and the Nordic Sea (Fig.4d). The intensity of AMOC is
controlled by convection over these two regions. In the northern (N.) Nordic Sea, before 122 ka
BP (Fig.4b, point B), the convection intensifies smoothly with decreasing insolation. However,
starting from 122 ka BP, it weakens smoothly in spite of continuously decreasing insolation and
then, starting around 119 ka BP, multi-centennial scale high-amplitude variations occur. In the
Labrador Sea, the intensification of convection is accelerated from 122ka BP but is suddenly
shutdown at 119.4 ka BP (Fig. 4b, point C) and remains inactive over the next 7000 years. These
results show that the abrupt weakening in AMOC at 119.4 ka BP is caused by the sudden shutdown
of convection in the Labrador Sea, whereas the high-amplitude variability of AMOC between 119
and 112 ka BP is related to changes in the N. Nordic Sea.
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The changes in the convection in the Labrador Sea and N. Nordic Seas are closely linked
to the changes in sea ice over these regions. Over the southern Labrador Sea there is no sea ice
before 122 ka BP owing to the relatively high summer insolation (Fig.4c and 4e). Because of the
cooling induced by decreasing insolation, sea ice starts to develop there at 122 ka BP (Fig. 4c).
The appearance of sea ice amplifies and accelerates the cooling over the Labrador Sea which
explains the accelerated deepening of convection after 122 ka BP (Fig. 4b up to point C). Sea ice
continues to grow and starts to cover the center of convection in the Labrador Sea at 119.4 ka BP
(Point C, Fig.4f), leading finally to a sharp shutdown of convection and a complete coverage of
sea ice in the Labrador Sea only in a few decades (Fig.4g).

In the N. Nordic Sea, before 122 ka BP, the convection is mainly controlled by the gradual
cooling related to decreasing insolation, which explains the gradual intensification of convection.
With insolation continuing to drop, cooling intensified, Arctic sea ice extended southwards and
started to cover the convection center in the N. Nordic Sea by 122 ka BP (Fig. 4e), which explains
the weakening of N. Nordic convection starting from this time (Fig. 4b). This lasts until 119 ka BP
with no abrupt weakening as seen in the Labrador Sea but immediately followed by high-amplitude
multi-centennial oscillations.

These multi-centennial oscillations in the convection of the N. Nordic Sea can be explained
by the feedbacks between sea ice and ocean temperature. To illustrate this effect, we focus on three
cycles. When sea ice increases over the N. Nordic Sea, the convection is weakened and becomes
inactive when sea ice reaches its maximum and covers almost completely the convection center in
N. Nordic Sea (Fig.S4a, phase A and Fig. S4b-c). This convection-inactive period lasts for about
70 years. In the meantime, convection nevertheless remains active in the southern Nordic Sea (Fig.
S4c) because this region is not covered by sea ice. This explains why AMOC is not completely
shut down although the convection in both the Labrador Sea and the N. Nordic Sea is inactive
during phase A. When sea ice covers completely the N. Nordic Sea, the sub-surface ocean
temperature increases (Fig. S4a, phase A) because increased sea ice cover leads to reduced ocean
heat loss to the atmosphere and consequently more heat stored in the ocean, resulting in subsurface
warming. The ocean heat accumulates with time and it melts sea ice and warms the air. The rapid
release of heat from ocean to atmosphere after a rather long period of heat accumulation explains
the sudden decline of sea ice at the end of phase A (Fig. S4a). In the meantime, sub-surface ocean
temperature decreases rapidly. Once sea ice retreats from the convection site in the N. Nordic Sea,
deep mixing starts again and convection is switched on (phase B, Fig.S4a and 4d), which leads to
the intensification of AMOC. The intensification of AMOC in turn enhances the northward
oceanic heat transport which explains the rapid sub-surface warming in the N. Nordic Sea after the
rapid cooling at the end of phase A. However, as insolation remains very low, the background
climate is still too cold, and thus the Arctic sea ice extends again to the south and covers the
convection center in the N. Nordic Sea. This leads to a new cycle of the multi-centennial
oscillations (Fig.S4a).

The high-amplitude oscillations of AMOC only stop when insolation becomes high enough
such that sea ice no longer covers the convection centers of the N. Nordic Sea and Labrador Sea.
The duration of the high-amplitude oscillations differs among interglacials and ranges from 3100
years for MIS-11c to 8000 years for MIS-7ac and -7e (Fig.S2). The duration is related to the length
of the intervals over which insolation is lower than the threshold value. During these periods,
AMOC varies at multi-century scale with a major periodicity between 300 and 600 years.
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The good agreement in the timing of the first cooling at the end of the interglacials between
various paleoclimate records and our model results supports an insolation threshold associated
with the resumption of millennial variability near the end of all interglacial periods. The insolation-
induced abrupt weakening of AMOC happens at the end of the interglacials during which time the
CO2 concentration is still relatively high and ice sheets are relatively small. The millennial event
triggered by declining insolation may very well lead to the end of interglacial conditions, as it
results in a strong abrupt cooling and a cold mean climate state lasting for several thousands of
years in the northern middle-high latitudes and high snow accumulation over ice sheet nucleation
regions (SM). These conditions are favorable for ice sheet growth that, in turn, amplify the cooling
and definitively terminate the warm interglacial period.
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Fig. 1. The planktonic 580 record from the Iberian margin and the simulated AMOC intensity
(blue). The 580 data are from ref. (5) augmented in this study by additional analyses over during
glacial inceptions. Gray dotted lines and red lines represent the §'80 data and a five-point running
mean of the data. The AMOC results are from the second set of simulations driven by both
insolation and CO2, and 100-year running mean is applied. The dates of the abrupt cooling and
abrupt weakening of AMOC are indicated. Given the age uncertainty (x4 ka) in the planktonic
580 record, the two data sets are plotted on their own timescales and are aligned at the time of the
abrupt changes observed in each set of data. The date of the abrupt changes in the §'80 data is
defined as the time when the first sharp cooling occurs at the end of each interglacial period,
corresponding to the age immediately before the first sharp increase of the 520 signal.
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Fig. 2. Insolation-only induced variations in AMOC and temperature during MIS-5e. (a) Mean
summer insolation averaged over the four latitudes 55°N, 65°N, 75°N and 85°N (23); the mean
insolation of the half-year NH astronomical summer is obtained by dividing the total irradiation
received during the half-year summer (24) by the length of the half-year summer (25). (b) AMOC
intensity; (c) annual mean SST in the North Atlantic region; (d) difference in annual mean SST
between points B and A; and (e) difference in annual surface air temperature between points B and
A. The results are from the simulation with only insolation varying and CO: fixed at 280 ppmv.
100-year running mean is applied on the simulated AMOC and SST.
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Fig. 4. Insolation-only induced variations in AMOC, the convection and sea ice in N. Nordic Sea
and Labrador Sea during MIS-5e. (a) Mean summer insolation averaged over 55°N, 65°N, 75°N
and 85°N (green) and AMOC intensity (black); (b) mix layer depth in the N. Nordic Sea (70°N-
78°N, 2.5°E-17.5°E) (red) and the Labrador Sea (56°N-66°N, 62°W-52°W) (blue); (c) sea ice
fraction in the N. Nordic Sea (red) and the Labrador Sea (blue); (d) mix layer depth (m) at time A;
(e), (f), (g) are sea ice fraction at time B, C and D, respectively. 100-year running mean is applied
on the simulated results. The two rectangles in (d)-(g) indicate the convection center in the

Labrador Sea and the N. Nordic Sea.
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