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Abrupt climate transitions, known as Dansgaard-Oeschger and
Heinrich events, occurred frequently during the last glacial period,
specifically from 80-11 thousand years before present, but were
nearly absent during interglacial periods and the early stages of
glacial periods, when major ice-sheets were still forming. Here
we show, with a fully coupled state-of-the-art climate model, that
closing the Bering Strait and preventing its throughflow between
the Pacific and Arctic Oceans during the glacial period can lead to
the emergence of stronger hysteresis behavior of the ocean con-
veyor belt circulation to create conditions that are conducive to
triggering abrupt climate transitions. Hence, it is argued that even
for greenhouse warming, abrupt climate transitions similar to
those in the last glacial time are unlikely to occur as the Bering
Strait remains open.
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brupt climate transitions, known as Dansgaard-Oeschger

(D/O) cycles, are a prominent feature of the last glacial per-
iod. Identified in different paleo-climate archives, such as Green-
land ice cores (1-3), they occurred mostly from about 80-11
thousand years before present (kyr BP) (Fig. 14). Layers of ice-
rafted debris found in North Atlantic sediment cores provide
further evidence for a different kind of climate instability, often
associated with surging ice-sheets (4, 5). While it is still debated as
to whether these variations in North Atlantic climate are driven
externally—e.g. by solar forcing or originating from internal cli-
mate instabilities (6-10)—it has been established that the Atlan-
tic Meridional Overturning Circulation (AMOC, or the ocean
conveyor belt circulation) is at least involved (11-13). It also re-
mains an open question why D/O events were absent during the
Holocene and the beginning of the last glacial period, and more
importantly whether this type of abrupt climate transition could
occur in a future warmer climate associated with elevated atmo-
spheric greenhouse gases.

The AMOC characterizes the zonally averaged oceanic circu-
lation in the Atlantic which transports warm saltier upper ocean
water from the rest of the oceans to the subpolar North Atlantic
where this water loses heat to the atmosphere, becomes dense
and sinks to depth, then flows southward and upwells elsewhere.
Theoretical studies show that as freshwater forcing increases very
slowly in the North Atlantic, the AMOC initially weakens slowly,
and then suddenly collapses (ref. 14, Fig. 24, black line). As fresh-
water forcing is subsequently slowly reduced, AMOC stays in the
“off” mode until a critical value of freshwater forcing is attained
that triggers a rapid AMOC resumption (Fig. 24, red line). The
abrupt transitions of the AMOC from “on” to “off,” or vice versa,
could induce significant cooling or warming events in the North
Atlantic and surrounding regions by disrupting or enhancing the
northward ocean heat transport in the Atlantic basin. Therefore,
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this AMOC hysteresis behavior has been used as a plausible
mechanism to explain the abrupt climate transitions recorded
in the Greenland Ice core record and supported by paleo-proxy
observations (1-5, 11-13).

Studies based on earth system models of intermediate
complexity (EMICs) and a coarse resolution atmosphere-ocean
global climate model (AOGCM) indicate that the AMOC may
exhibit multiple-equilibrium states under the same climatic forcing
(15, 16), which supports a theoretical study (14). However, to date,
there is no state-of-the-art AOGCM that supports the notion of
a bistable ocean circulation under modern conditions with an
open Bering Strait (BS), casting doubt on whether the AMOC me-
chanism could explain past abrupt climate transitions (17).

The stability of the glacial AMOC depends crucially on the
salinity transport into the North Atlantic, which is partly con-
trolled by the influx of fresher North Pacific surface waters into
the Arctic Ocean via the BS (18-21). Presently this influx
amounts to about 800-thousand-cubic-meters per second (0.8 Sv;
1 Sv=10% m3s~!, ref. 22). Reconstructed past sea level changes
(23) and Greenland ice core records (1-3) indicate that abrupt cli-
mate transitions occurred when the sea level was about 50 m below
its present level (Fig. 1 A and B). With a present-day depth of
about 50 m, BS was a land-bridge for most of the last glacial period,
which allowed for early human migration to North America. More
accurately computed relative sea level changes in the BS (see
Supporting Information) suggest that the North Pacific was closed
off from the Arctic Ocean from about 80-11 kyr B.P (Fig. 1C),
which roughly coincides with the time of strong D/O and millen-
nial-scale variability. Earlier studies speculated that the BS may
have played a major role in the occurrence of these abrupt climate
transitions through controlling the AMOC’s response to external
freshwater forcing (18-21). Furthermore, in subsequent modeling
studies it was demonstrated that a BS closure is likely to have af-
fected the stability of the major Laurentide ice-sheet (24), consis-
tent with a recent marine core study (25).

Model and Experiments

Here we evaluate the potential impact of the BS closure/opening
on the glacial climate stability by testing the role of the Bering
Strait on AMOC hysteresis. A fully coupled state-of-the-art
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Fig. 1. Time series of the North Greenland Ice core 508 record (A, ref. 1),
ice-volume equivalent sea level (B, ref. 21) and the predicted relative sea level
in the BS region (C). The dashed lines indicate the present-day depth of the
Bering Strait. All sea levels are relative to the present-day sea level. The dots
indicate Dansgaard-Oeschger events (2, 3).

AOGCM—the Community Climate System Model, version 3
(CCSM3, ref. 26)— is employed with a resolution high enough
to properly simulate effects of BS closure on the North Atlantic
climate system and its stability. This model simulates realistic
BS transports under present-day conditions (18) in comparison
to observations (22). To isolate the potential effect of the BS
closure/opening on the AMOC hysteresis, two identical water-
hosing simulations under present-day boundary conditions are
carried out, except that the BS is open in one (Open Bering Strait,
or OBS) but closed in the other (Closed Bering Strait, or CBS).
Following ref. 15, an initial freshwater flux of 200 m3 /s (about
4 times the value used in ref. 15) is added to the North Atlantic
between 20 and 50 °N. This freshwater flux increases by 200 m3 /s
per year until the AMOC collapses. Afterwards this additional
freshwater forcing linearly decreases to zero at the same rate.
With such a slow rate change, a freshwater forcing increment/
decrement of 0.1 Sv takes place over 500 y, thus maintaining the
AMOC at a quasiequilibrium state throughout our simulation.
Therefore, our simulations differ significantly from many pre-
vious coupled model studies (18, 19) since here we focus speci-
fically on the BS impact on the AMOC hysteresis, not AMOC’s
response to a short-lived freshwater pulse. Our simulations also
stand out from EMIC type simulations (15) by using an AOGCM
with a reasonably high horizontal resolution that captures atmo-
sphere-ocean-sea-ice coupling more realistically.

Results

In the OBS simulation, the AMOC (defined as the maximum of
the Atlantic meridional overturning streamfunction below 500 m
depth) slows down almost linearly as the freshwater forcing in-
creases until AMOC collapses (Fig. 2B, Fig. S14). As the fresh-
water forcing is reduced, AMOC stays in the off mode only for a
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short period (less than 400 yr) before it starts to linearly strength-
en. This seems to confirm previous results which indicate that,
with an open BS, the AMOC off mode is an advectively unstable
mode (19, 27). Therefore, with an open BS, there are no AMOC
multiple equilibria. When BS is closed, however, the AMOC
exhibits a behavior reminiscent of the hysteresis behavior in the
simplified models (15): AMOC weakens slowly as freshwater for-
cing increases initially, with a significant acceleration when fresh-
water forcing exceeds 0.3 Sv, leading to an AMOC collapse for a
freshwater forcing of 0.42 Sv. After that, the AMOC stays near
the off mode for about 1,400 yr while the freshwater forcing gra-
dually reduces, before it finally returns to the prehosing level
when the freshwater forcing drops below 0.15 Sv (Fig. S14).
The AMOC recovery from off to active mode is, however, not
as sharp as indicated in theoretical studies (14) and intermediate
complexity models (15, 28), perhaps due to the damping asso-
ciated with local and remote air-sea interactions. Additionally,
the AMOC system might not be completely in equilibrium at each
point on the curve, creating possible transients.

As the AMOC collapses, the mean surface temperatures of
Greenland drop by 12 °C in both simulations (Fig. 2C, Fig. S1B),
comparable to the magnitude of Greenland temperature varia-
tions in the abrupt climate change events recorded in the Green-
land ice core data (29), confirming that an AMOC collapse could
indeed induce large temperature changes in Greenland.

Although the AMOC recovers more abruptly in the CBS simu-
lation than in the OBS simulation, the increase of Greenland
temperatures is actually not as abrupt in the former as in the lat-
ter simulation. As suggested by Fig. 2D and Fig. S1C, the Green-
land temperature change seems closely associated with the
alterations of the Atlantic meridional heat transport (MHT) at
65 °N, which is closely related to the strength of North Atlantic
deep convection. This deep convection restarts about 600 yr ear-
lier in the Nordic Seas than in the Labrador and Irminger Seas in
the CBS simulation (Fig. 3), resulting in a two-stage recovery of
the Atlantic deep convection and a slower increase of Greenland
temperature. In contrast, deep convection in these two regions in
the OBS simulation restarts less than 300 yr apart, leading to a
more abrupt Greenland warming. This two-stage recovery in the
CBS simulation may be an artifact of the modern-day background
climate used in this experiment. Under glacial conditions, the Nor-
dic Seas were mostly sea ice covered and deep convection possibly
occurred mostly in the Labrador and Irminger Seas. This might
have led to a one-stage recovery of the Atlantic deep convection,
resulting in a more abrupt warming in Greenland, such as in ref. 17.

The different AMOC responses to freshwater forcing in our
simulations can be attributed to variations of the BS throughflow.
Earlier studies indicate that with an open BS, the flow through
this strait is controlled primarily by the sea level difference be-
tween the Pacific and the Arctic (Atlantic), with a higher sea level
in the former (19, 30). In the OBS experiment, a fresher North
Atlantic and a weaker AMOC lead to a dynamic sea level rise in
the North Atlantic (31-33). This reduces, or even reverses, the
sea level contrast between the Pacific and the Atlantic, leading to
a weakened/reversed BS throughflow (Fig. 44, Fig. S2, Fig. 34),
resulting in a reduced freshwater transport from the Pacific into
the North Atlantic, and even transporting the now fresher North
Atlantic water back into the North Pacific. In any case, this pro-
cess reduces the freshwater flux into the North Atlantic from
across the Arctic. There is subsequently less freshwater conver-
gence and a smaller salinity anomaly in the North Atlantic
(Fig. 44, Fig. S3A4), and this prevents a sudden AMOC collapse.
When the freshwater forcing gradually reduces after the AMOC
collapses eventually, the freshwater anomaly in the Atlantic still is
diverging out of the subpolar region into the South Atlantic and
North Pacific via surface ocean currents with the same speed as
when AMOC has just collapsed. This will make the surface ocean
saltier, leading to a weakened oceanic stratification, a restart of
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Fig. 2. Theoretical and simulated AMOC hysteresis curves (A, B) and the associated changes of Greenland surface temperature and meridional heat transport
at 65 °N in the Atlantic (C, D). In panel a), “S” is the bifurcation point beyond which AMOC collapses and the “+/ — F” values indicate the freshwater forcing
strength. In (B), (C), and (D), the black/red (blue/green) lines are for the closed (open) BS simulation. The black/blue (red/green) lines represent the phase of
freshwater forcing increase (decrease) in these simulations. Note that a change of the freshwater forcing by 0.1 Sv (Sv = 10® m3s~") in this figure takes place
over 500 model years.

deep convection and the AMOC (Fig. 3, Fig. S4), and a resump- With a closed BS, as freshwater forcing strengthens in the
tion of fresh Pacific water being transported into the North Atlan-  North Atlantic, the AMOC also weakens and part of the fresh-
tic via the BS (Fig. S2), thus preventing the AMOC from asudden  water added to the North Atlantic is transported into the Arctic.
jump in strength (19). Instead it increases slowly in magnitude. = However, the closed BS prevents this freshwater from being
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carried into the Pacific, inducing a prominent freshening effect in
the Arctic and a sea level rise, especially along the edges of the
Arctic. As a result, a large surface cyclonic gyre forms in the
subpolar North Atlantic and the Arctic basins (Fig. 4B, Fig. S3B).
This subpolar-Arctic cyclonic gyre transports the Arctic fresh-
water anomaly back into the North Atlantic, generating an
enhanced freshwater convergence there and a much greater ne-
gative surface salinity anomaly (Fig. 4B). This reduces the upper
ocean water density (Fig. S4), strengthens the upper ocean stra-
tification, and suppresses deep convection in the subpolar North
Atlantic, leading to the collapse of the AMOC in this simulation.
Once the AMOC collapses, the ocean’s ability to transport the
North Atlantic freshwater anomaly elsewhere of the world ocean
through the overturning circulation is greatly reduced. Therefore,
the divergence of this North Atlantic freshwater anomaly de-
pends mostly on the much less efficient water mass exchange be-
tween the subpolar-Arctic cyclonic gyre and the subtropical gyre.
As the freshwater forcing in the North Atlantic starts to weaken,
the resulting freshwater anomaly in the North Atlantic (Fig. S4)
can only be transported southward because of the closed BS, thus
delaying the removal of the freshwater anomaly and leading to a
delayed recovery of the AMOC (19). Once the Arctic freshwater
anomaly becomes sufficiently small due to the transport by the
oceanic currents and the atmospheric circulation, this big subpo-
lar-Arctic cyclonic gyre breaks into two gyres again—a cyclonic
gyre in the subpolar North Atlantic and an anticyclonic gyre in
the Arctic, reducing the freshwater convergence in the subpolar
North Atlantic, leading to renewal of the deep convection there
(Fig. S4) and a rapid AMOC recovery on timescales of a few hun-
dred years.

The effect of the BS closure on the AMOC and the adjustment
of the global scale ocean circulation can be further illustrated
from the zonal mean salinity and meridional overturning stream-
function fields in the Atlantic and Pacific basins during the weak
AMOC phase (Fig. 5) and strong AMOC phase (Fig. S5). Result-
ing from the changes of the BS transport in the OBS simulation,
the upper few hundred meters of the North Atlantic are much
saltier in the OBS run than in the CBS run. But the upper North
Pacific is much fresher in the OBS run than in the CBS run due to

the reduced/reversed freshwater transport from the North Pacific
into North Atlantic via the BS (see Fig. 4). Resulting from these
different salinity distributions in the two basins, although the
Atlantic overturning patterns are quite similar in these two simu-
lations when AMOC is off (Fig. 5), the Pacific overturning circu-
lations are quite different. As illustrate in ref. 34 and Fig. S6, a
Pacific MOC sets up in the CBS simulation due to this saltier
North Pacific, but not in the OBS simulation. On the other hand,
the fresher upper North Atlantic in the CBS simulation prevents
a quick resumption of deep convection, thus keeping the AMOC
in the off mode for much longer, even in case of weakened ex-
ternal freshwater forcing. These processes lead to the AMOC
hysteresis in the CBS simulation. The surge of freshwater from
the North Atlantic into the North Pacific via the BS and into the
southern oceans in the OBS simulation leads to an early resump-
tion of the deep convection in the North Atlantic (19), preventing
the occurrence of the AMOC hysteresis in the OBS simulation.

Conclusion and Discussion

Our AOGCM simulations have suggested that under present-day
conditions, a strong AMOC hysteresis can only be found when
the BS is closed. With an open BS, the AMOC does not exhibit
an apparent hysteresis from the freshwater forcing. These results
imply that if the AMOC hysteresis is indeed a plausible mechan-
ism to explain past abrupt climate transitions, such as the D/O
events, these abrupt climate transitions could occur only during
glacial times with a (nearly) closed BS. With an open BS, such as
during the Holocene and in the future warmer climate associated
with elevated levels of atmospheric greenhouse gases, our results
indicate that the manifestations of bistability are unlikely to
occur, reducing the chances for abrupt climate transitions asso-
ciated with an AMOC collapse or recovery.

Our results also suggest that the discharge of land-based ice (or
the instability of the land-based ice, ref. 35) might be only one of
the necessary conditions to induce abrupt climate transitions,
with the existence of the AMOC hysteresis being another one.
For example, due to the lack of AMOC hysteresis, although the
discharged land-based ice volume during the early Holocene is
equivalent to about a 50 m global sea level rise, there have been
no abrupt climate transitions in this period of similar magnitude to
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Fig. 4. Sea surface salinity (SSS) anomaly and sea surface currents when AMOC collapses for the open Bering Strait (A) and closed Bering Strait (B) simulations.
The arrows are the sea surface currents with units of cm/s. The shading is the SSS anomaly with a contour interval of 0.5 psu.

Hu et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1116014109/-/DCSupplemental/pnas.1116014109_SI.pdf?targetid=SF6

Bane

/

I\

=y

Zonal Mean Salinity/MSF when AMOC Collapses
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Fig.5. Zonal mean salinity (shading) and meridional streamfunction (contour) in the Pacific (Left) and the Atlantic (Right) with a collapsed AMOC. The contour
interval of the meridional streamfunction is 2 Sv, and that of zonal mean salinity is 0.1 psu. The upper panels are for the open Bering Strait simulation and lower
panels for the closed Bering Strait simulation. Note: the scale for the upper 1,000 m of the ocean is stretched.

those that occurred during the last glacial period. Moreover,
although the same conclusion regarding abrupt climate transitions
only being able to occur during glacial times has been reached, the
mechanism for glacial climate instability proposed in this study
is fundamentally different from the mechanism proposed by a
previous study (21) in which the authors proposed only that a BS
closure has prevented the freshwater anomaly from being exported
into the North Pacific. The lack of the AMOC hysteresis with an
open Bering Strait could be the key for the absence of the abrupt
climate change events during the early Holocene while major dis-
charge of continental ice was still ongoing (Fig. 1B).

In order to isolate the BS effects on AMOC hysteresis and with
the concern of possible future abrupt climate changes in mind,
we intentionally used the same climate boundary condition—
the present-day condition. Questions may be raised regarding
whether our result with a closed BS would hold if glacial bound-
ary conditions had been used. Earlier AOGCM studies showed
that the AMOC’s response to a strong pulse of freshwater forcing
in the North Atlantic under present-day and glacial conditions is
similar with a closed Bering Strait (19), suggesting that the con-
clusions reached here would be valid for glacial times. However,
some previous simple model studies on AMOC hysteresis show
diversified results under these climate conditions. Some indicate
that AMOC hysteresis exists under both last glacial maximum
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(LGM) and present-day conditions, but with a narrower AMOC
hysteresis width in the former than in the latter (36-38). Others
suggest that under LGM conditions, the AMOC only has one
stable mode (28). Moreover, due to the crudeness of these simple
models, the BS cannot be represented properly and normally it
is closed. Thus the results from this type of model are mostly
equivalent to our closed BS simulation (more discussion in
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