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The MIROC4m AOGCM is used for several paleoclimate experiments and sensitivity experiments. Numerical experiments using
MIROC4m with freshwater hosing in the northern North Atlantic showed that climate becomes most unstable in intermediate glacial
conditions associated with large changes in the Atlantic Meridional Overturning Circulation. Numerical simulations were performed with
a coupled model MIROC4m to assess the impact of the glacial ice sheets on the rapid changes in climate which occurred frequently during
the glacial period. Results showed that the glacial ice sheets contribute to these frequent changes by shortening the duration of the cold
climate. A transient simulation from the Last Glacial Maximum to the present interglacial was conducted using MIROC4m. It is shown
that an abrupt climate change that is inferred from reconstructions could occur under a continuous glacial meltwater that is consistent
with ice sheet reconstructions. The MIROC4m AOGCM is run for RCP4.5 and RCPS8.5 global warming scenarios with an additional
GrlS meltwater forcing, as prescribed in AMOCMIP. Although the impact of the GrIS freshwater runoff is small, relative to the effects of

increasing atmospheric CO,, it is not negligible and contributes to the weakening of the Atlantic meridional overturning circulation.

Keywords: AOGCM, paleoclimate modeling, glacial-interglacial cycle, warm climate

1. Climatic instability during glacial periods
Recent studies using ice cores from Antarctica suggest
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millennial-scale climatic variability to be at its greatest LEHOREKELL

in intermediate climate during glacial periods, but their

mechanisms remain unclear. We examined the dependence of

climatic variability upon the background climatic state using

MIROC4m. We conducted freshwater hosing experiments under
interglacial, midglacial, and full-glacial conditions in which
freshwater flux (0.05sverdrup) was added to the North Atlantic

to examine climate stability. Our results show that climate

becomes most unstable in intermediate glacial conditions

associated with large changes in sea ice and the Atlantic

Meridional Overturning Circulation, which is consistent with

ice-core data (Fig. l1a-c). Model sensitivity experiments suggest
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is associated with reduced atmospheric CO, concentration via I T -
Fig. I Results of freshwater hosing simulations for temperature. Map of

that the prerequisite for the most frequent climate instability

global cooling and sea ice formation in the North Atlantic, in
. . . . atmospheric temperature difference between hosing and control
addition to extended Northern Hemisphere ice sheets (Fig. 1d, ¢). . . - . L
experiments for (A) interglacial climate, (B) midglacial climate

These results have been published in Science Advances [1]. and (C) full-glacial climate. Sensitivity experiments of (D)
midglacial climate without ice sheet and (E) interglacial climate

with ice sheet.
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2. The impact of the glacial ice sheets over the
Northern Hemisphere on the ocean circulation
During the glacial period, climate shifted frequently between

warm interstadials and cold stadials. Previous studies have

pointed out the role of the CO, in causing the frequent climate
shifts [1]. The existence of the glacial ice sheets over the

Northern Hemisphere affects the climate through the changes

in ocean circulation [2]. Therefore, glacial ice sheets have also

been suggested to play a role, though the impact of the glacial
ice sheets on the frequent climate changes remained elusive. In
this study, we explored the impact of the glacial ice sheets on the
duration of the stadials. For this purpose, we performed a hosing
experiment under small and large ice sheet configurations [3]
with a coupled model MIROC4m. As a result, we found that the
expansion of the glacial ice sheets shortened the duration of the
stadials (Fig. 2). Sensitivity experiments showed that differences
in surface winds played a crucial role in modifying the duration
of the stadials by enhancing the wind-driven ocean circulation.

On the other hand, stronger surface cooling under the large ice

sheets had the effect of increasing the duration of the stadials by

increasing the amount of sea ice, though this effect was minor
compared to the effect of the winds. These results show that the
glacial ice sheets also contributed to the frequent climate shift

during the glacial period.
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circulation, AMOC) to the freshwater hosing. Freshwater hosing
was applied during model years 3000~3500. The red line and
black line show results of small ice and large ice experiments,
respectively. The experiment with the large ice sheet recovers
quickly compared to that with the small ice sheet.

3. Response of Antarctic ice sheet to climate change

Climate reconstructions indicate that there was an abrupt
climate change characterized by abrupt Greenland warming
and subsequent Antarctic cooling at around 15,000 years ago,
during the climate transition from the Last Glacial Maximum
and the present interglacial. A previous climate modeling study
reproduced these climate signals by an abrupt deep ocean
circulation change. However, glacial meltwater flux has to
be reduced prior to the abrupt climate change, contradicting

ice sheet reconstructions [4]. In the present study, using an

atmosphere-ocean coupled climate model MIROC4m, a
transient simulation from the Last Glacial Maximum to the
present interglacial was conducted by changing insolation,
greenhouse gases and glacial meltwater flux based on ice
sheet reconstructions. It is shown that the abrupt deep ocean
circulation change, abrupt Greenland warming and subsequent
Antarctic cooling could occur under a continuous glacial
meltwater (Fig. 3). This abrupt deep ocean circulation change
comes from the fact that the stability of deep ocean circulation
depends on background climate: strong and weak deep ocean
circulation are stable during the interglacial and the glacial
respectively. The threshold for deep ocean circulation recovery
is exceeded some time during the last deglaciation through
changes in the insolation and greenhouse gases.

Research up to last year shows that warming of both
atmosphere and ocean has a great influence on the melting
rate of the ice shelves which, in turn, reduces the ice sheet
[5]. Therefore, the rapid climate change may contribute to the
shrinkage of the ice sheet during the transition from the glacial

period to the interglacial period.

c
5 S
2 k|
E o
£ 3
s £
8 =
2 5 3
o ° 4
=R ig
£ ° 5
8 5
> =
(SO S
2 5 @
3 £
o g
£
s
o
s
o
£
IS o
[e] I
E o
= <
< -% 5
5 ©
2 = %
= Q
g o 5§
® 5 [
o = [
- 2 =
o T s 2
g 8 5 g
z 5 ¢ £
° %
o
o e &
1%} °
< (2]
<
= ES
Age BP [ka]
Fig. 3 (top) Time series of boundary conditions applied to the climate

model. The black line denotes an ice sheet reconstruction (Ice-6g)
and the red line denotes the model forcing for glacial meltwater
flux. (bottom panels) Time series of reconstructed (black lines)
and simulated (red lines) volume flux of the Atlantic meridional
overturning circulation, Greenland and Antarctic temperature.

4. The impact of Greenland melting on the AMOC
General circulation models (GCMs) have predicted a
weakening in the AMOC during the 21st century [6]. However,
these have largely ignored the freshwater runoff resulting from
the melting of the Greenland ice sheet (GrIS). While coupling

to a dynamic ice sheet model would allow the inclusion of
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the effects of GrIS meltwater discharge, a simpler approach
would be to prescribe a freshwater flux. In AMOCMIP, GrIS
meltwater forcing which varies both spatially and temporally
are constructed for RCP4.5 and RCP8.5 warming scenarios [7].
These forcings are applied to GCMs including MIROC4m, with
which we ran experiments for years 2006-2300.

The global mean air surface temperature shows little
difference between the cases with and without GrIS meltwater
forcing. The RCP4.5 forcing gives rise to more extreme
differences in temperature spatially — there is warming over
the GIN Seas, cooling over the northern North Atlantic and a
weaker AMOC (compare the dark blue line with the light blue
line in Fig. 4. The AMOC is weaker with the forcing because,
unlike the conventional RCP4.5 run (dark blue line), there is
no partial recovery of about 2Sv after year 2150. Although the
impact of the GrIS freshwater runoff is small, relative to the
effects of increasing atmospheric CO,, it is not negligible and
contributes to a weaker AMOC. However, if future CO, levels
are kept far below those projected by the RCP8.5 scenario, then
results suggest that melting from the GrlIS is not likely to result
in a total collapse of the AMOC.
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Fig. 4 Time series of the maximum value of the AMOC for all
experiments, including those without GrIS meltwater flux
(Historical, RCP4.5 and RCP8.5). An 11-year running mean is

applied to the annual mean values.
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