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1. Astronomical forcing shaped the timing of early
Pleistocene glacial cycles

The glacial-interglacial cycle approximately 1.6 to 1.2 million
years ago was a 40,000-year cycle, which was significantly
different from the current 100,000-year cycle. However, the
relationship between external astronomical forcing and the
40,000-year glacial-interglacial cycle of the early Pleistocene
period had not been quantitatively clarified.

In this study, we used the climate and ice sheet model “IcIES-
MIROC” to calculate glacial/interglacial cycle of 1.6 to 1.2
million years ago. We successfully reproduce the 40,000-year
glacial/interglacial cycle, as the North American ice sheet extends
to most of Canada in just 10,000 years. The timing of the start of
the glacial period is determined by the relationship between the
axial tilt of the Earth and the summer solstice, while the timing
of the end of the glacial period is determined by the summer
solstice. Our results suggest that the prominent period of the
glacial/interglacial cycle (40,000 or 100,000 years) is due to
slight differences in astronomical forcing.

(b) Large glacial maximum
in 41-kyr world (MIS 48)

(a) Typical glacial maximum
in 41-kyr world (MIS 42)

(c) LGM (MIS 2)
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Figure 1: Ice sheet distribution simulated by IcIES-
MIROC. (a, b) Small and large ice sheets during glacials of
the 40,000-year period, (c) and of the 100,000-year period.

2. Southern Ocean bias and deep and strong AMOC
during the last glacial maximum

Paleoenvironmental reconstructions suggest that the Atlantic

Meridional Overturning Circulation (AMOC) was shallower and
weaker during the Last Glacial Maximum (LGM). The
Paleoclimate Model Comparison Project (PMIP) has been
attempting to reproduce the AMOC in the LGM using coupled
atmosphere-ocean models. However, most coupled atmosphere-
ocean models simulate a stronger and deeper AMOC than the
modern one, and thus a mismatch between reconstructions and
models exists.

We investigated the influence of cloud representation in the
Southern Ocean on the AMOC through PMIP multi-model
analysis. A multi-model analysis revealed that the bias in the sea
surface temperature of Southern Ocean has a significant
influence on the LGM AMOC: A warmer modern sea surface
temperature leads to a stronger and deeper LGM AMOC. Next,
we conducted experiments using an atmosphere-ocean coupled
climate model MIROC4m with improvements in the
representation of the clouds based on satellite observations. We
found an improvement in the modern Southern Ocean climate
simulation, reproducing the strong cooling of the Southern Ocean
in the LGM as in reconstructions. As a result, the climate model
reproduced a weaker and shallower AMOC in the LGM than in
modern times. This result suggests that improving the
representation of clouds in the Southern Ocean in modern

| streamfunction [Sv]
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climates improves paleoclimate simulations.

Fig. 2: Atlantic meridional overturning -circulations
simulated with MIROC4m. (Left) Modern climate
(piControl), (Right) Last Glacial Maximum (LGM). The top
and bottom panels show the model results for a version
without and with improvements, respectively, in clouds over
the Southern Ocean.

3. Ice sheet modeling for the past 2 million years

The “oldest ice” (~1.5 million years ago) that preserves past
climate conditions exists near the bottom of high-altitude regions
in the interior of Antarctica. In this study, we investigated the
conditions under which the oldest ice exists through numerical
experiments using an ice sheet model, around Dome Fuji,
Antarctica, which is a Japanese Antarctic research project area.

We used IcIES and calculated the temporal evolution of the
temperature and age profile over the past 2 million years. The ice
thickness can evolve in time due to changes in temperature and
snowfall during the glacial cycle, so we first calculated the
history of'ice thickness changes from simulations over the past 2
million years using the IcIES Antarctic 3-D configuration. The
temperature on the Antarctic ice sheet varies by 8 degrees, the
precipitation changes by about 50%. As a result, the ice thickness
decreases by about 200 m during the ice age. Next, we calculated
the vertical distribution of ice age and temperature using a one-
dimensional model using these boundary conditions, and
reproduced the observed ice age and temperature distribution. We
find that the history of the ice thickness affects the basal ice
melting and the age of the ice through the pressure melting point
of the ice near the bottom.
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Fig. 3: Simulated time series of ice thickness (relative to
present-day) at Dome Fuji, Antarctica

4. Antarctic ice sheet simulations in the long-term
future

Changes in climate and ice sheets have a major impact on
society through sea levels, and so reducing uncertainty in future
predictions is an important issue. The CMIP6 Ice Sheet Model
Intercomparison Project (ISMIP6) estimated ice sheet changes
with multi-models forced by global warming from six climate
models, but the projection lasted only to 2100 AD.

We used long-term climate experiments conducted by the
coupled atmosphere-ocean model MIROC4m to predict ice

sheets up to 2300 AD. First, we calculated the climate change
under RCP4.5 and RCP8.5 greenhouse gas emission scenarios,
initialized with a MIROC4m historical experiment at 2005 AD.
Figure 4 shows changes in the atmosphere and ocean in the
Antarctic region. According to RCP2.6, after 2100 AD, the
atmospheric temperature decreases due to a decline in
greenhouse gas concentrations, but the ocean continues to warm
up due to the large thermal inertia of the ocean. Under RCPS.5,
greenhouse gases continue to increase after 2100 AD, and so the
climate change at the end of the 23rd century will be about three
times that at the end of the 21st century.

Next, this climate scenario was used as the boundary
conditions for the ice sheet model SICOPOLIS. In the case of
RCP8.5, a sea level change of about 1.5 m occurred on average
for 14 experiments with a maximum of 3.3 m. This is about twice
as large as that from previous research that assumed that the
climate of the end of the 21st century would persist beyond 2100
AD, indicating that long-term predictions of ice sheets require
accurate climate projections in the atmosphere and ocean.
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Fig. 4: Climate changes up to 2300 AD from climate model
MIROC4m (RCP8.5 and RCP2.6). Note that the values are
normalized as 0 and 1 around 2000 and 2100 AD. From top
to bottom: annual mean temperature, summer (December to
February) temperature, annual precipitation, annual
evaporation, snowmelt, and seawater temperature. Right:
surface temperature changes at the end of the 23rd century.
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