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1. Abrupt climate change during the glacial period
simulated in MIROC4m

Geological records indicate that climatic changes including
abrupt warming in the Northern Hemisphere occurred more
than 25 times at intervals of several thousand years during the
last glacial period of the past 120,000 years. It has been
suggested that these climate changes are closely related to
changes in the Atlantic meridional overturning circulation. The
supply of freshwater to the ocean due to ice sheet melting was
initially thought to be important for changes in the ocean
circulation.

However, recent studies have alluded to the importance of
various internal atmospheric-oceanic processes without
freshwater forcing, such as changes in North Atlantic sea
surface salinity and thermal processes related to sea ice and
convection. Research focusing on these processes has become
one of the major themes in climate research. Therefore, in this
study using the coupled atmosphere-ocean model MIROC4m,
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Figure 1: Time series of NGRIP data (left panel) and MIROC4m
output (right panel). (a-b) Records of (a) §20 and (b) Ca2* from
NGRIP (Rasmussen et al., 2014). The timings are relative to the
DO 7 warming event (35.43 ka before present). Each line shows
the 20-year average value. (c-¢) Model output of (c) surface air
temperature at the NGRIP drilling site, (d) sea ice concentration
over the North Atlantic (40°W-10°W, 50°N-60°N) in March, and
(e) maximum AMOC strength. The thin and thick lines show 1-
year and 20-year average values, respectively.
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numerical experiments were conducted under glacial ice sheet
conditions to investigate the processes involved in glacial
climate change. The experiment reproduced the self-sustained
oscillations of the atmosphere-sea ice-ocean system with a
period of about 1,500 years, and captured the characteristics of
abrupt warming events in the Northern Hemisphere as seen in
the geological record (Figure 1 a-c). Analysis of the oscillations
shows that thermal processes coupled with the sea-ice
distribution, subsurface ocean temperature and vertical
convection in the North Atlantic play important roles in driving
the oscillations (Figure 1 c-¢). These results contribute to the
understanding of abrupt climate change during glacial periods
and lead to a deeper understanding of the atmosphere-sea ice-
ocean interaction in the global climate system.

2. Role of geographical conditions in differences seen
in the hydrological cycle and atmospheric circulation
between the present day and past warm periods
Geological evidence suggests that the global and regional
hydrological cycles were both significantly different during the
present day and past warm periods with high atmospheric CO2
concentration, such as the Cretaceous. However, besides
atmospheric COz concentration, geographical conditions such as
continental distribution and topography also differed between the
past warm period and the present day, and this difference has a
great impact on the climate. Therefore, for this research, we
conducted numerical climate simulations using the coupled
atmosphere-ocean circulation model MIROC4m to clarify the
role of geographical conditions in hydrological changes between
the present day and Cretaceous. As a result, it was found that the
difference in geographical conditions between the present day
and Cretaceous periods, especially in the Asian region, is
important for explaining the difference in the hydrological cycle
between the two periods (Higuchi et al., 2021). The present-day
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experiment shows that the hydrological cycle is active within the
East Asian continent due to the presence of strong water vapor
transport and updrafts in summer (Fig. 2a). On the other hand, in
the Cretaceous experiment, the Asian summer monsoon did not
develop much, and rainfall in the continental interior was low
(Fig. 2b). This feature is consistent with the difference between
the modern and Cretaceous hydrological cycles suggested by
Cretaceous proxies. Furthermore, by conducting experiments
with ideally changed geography, it was clarified that the presence
or absence of the Tibetan Plateau and the differences in
continental distribution are important in explaining the
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Figure 2: Simulated summer hydrological cycle and
atmospheric circulation in the Asian region using (a) present-
day and (b) Cretaceous geographical conditions (modified from
Figure S6 in Higuchi et al., 2021). Both experiments use
atmospheric COz concentration set to the pre-industrial value
(285 ppm). The shading, vectors, and contours in the figure
indicate, precipitation (mm/day), water vapor transport
(kg/m/s), and vertical wind at 500hPa (-103 hPa/s, positive
values indicate updraft), respectively.

differences in the hydrological cycle and atmospheric circulation.

3. The role of air-sea interaction through surface wind
stress in abrupt tropical precipitation changes during
the glacial period

It is well known that asymmetric temperature changes between
the northern and southern hemisphere polar regions and a
meridional shift of precipitation distribution in the tropics
occurred in association with variations in the Atlantic Meridional
Overturning Circulation (AMOC) during the last glacial period.
In this study, we focused on changes in the tropical precipitation.
The southward displacement of tropical precipitation caused by
the AMOC weaking can be understood in terms of energy
transport: the Hadley circulation and tropical precipitation
distribution are altered so that the reduced northward energy
transport in the Atlantic is compensated by the increase in the
northward atmospheric energy transport. As the anomalous
Hadley circulation itself enhances the northward oceanic energy

- Earth Simulator Proposed Research Project -

transport via sea surface wind stress feedback (WSF), it is
hypothesized that the resulting change in oceanic energy
transport may weaken the Hadley circulation response. In other
words, the change in meridional energy transport by the Hadley
circulation in response to the AMOC weakening is smaller with
WSF compared to the case without WSF. To examine this
hypothesis, freshwater forcing was added to the northern North
Atlantic and the effect of WSF is studied by running MIROC4m
numerical experiments. Consistent with the moisture transport
implied by the anomalous Hadley cells, zonal bands with
increased and decreased precipitation appear in each hemisphere
separately although this result is different from the initial
hypothesis (Figure 3). In addition, three regions with relatively
large precipitation response in the Pacific Ocean and the Arabian
Sea were analyzed. It is shown that the relative contribution of
the WSF to the total precipitation response to the AMOC
weakening is dominant in the Arabian Sea. Therefore, it is
important to consider the WSF to understand the physical
mechanism behind what is recorded in precipitation proxies in

this region.
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Figure 3: Changes in annual mean precipitation (mm/day): (a)
the effect of freshwater forcing in the northern North Atlantic;
(b) the effect of wind stress feedback induced by the freshwater
forcing experiment. Freshwater of 0.05 Sv was applied to the
mid-glacial conditions for 500 years, and the last 100 years
were analyzed.

4. Effect of mid-glacial ice sheets on the millennial scale
climate variability

Glacial periods undergo frequent climate shifts between
warm interstadials and cold stadials on a millennial timescale.
Recent studies show that the duration of these climate modes
varies with the background climate; a colder background climate
and lower COz generally result in a shorter interstadial and a
longer stadial through its impact onthe Atlantic Meridional
Overturning Circulation (AMOC). However, the duration of
stadials is shorter during Marine Isotope Stage 3 (MIS3) than
during MISS, despite the colder climate in MIS3, suggesting
other climate factors as a potential control on the duration of
stadials. In this study, we investigate the role of glacial ice sheets.
For this purpose, freshwater hosing experiments are conducted

with an atmosphere—ocean general circulation model under
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Figure 4: Time series of the strenght of the AMOC under
freshwater hosing with MIROCAm. Freshwater of 0.1 Sv was
released to 50-70°N in the North Atlantic for 500 years from
year 1 (gray-shaded period).

MiS5aand MIS3 boundary conditions, as well as MIS3
boundary conditions with MIS5a ice sheets. The impact of ice
sheet difference on the duration of the stadials is evaluated
by comparing recovery times of the AMOC after the
freshwater forcing is stopped. These experiments show a slightly
shorter recovery time of the AMOC during MIS3 compared with
MIS5a, which is consistent with ice core data. We find that larger
glacial ice sheets in MIS3 shorten the recovery time. Sensitivity
experiments show that stronger surface winds over the North
Atlantic shorten the recovery time by increasing the surface
salinity and decreasing the sea ice amount in the deepwater
formation region, which sets favorable conditions for oceanic
convection. In contrast, we also find that surface cooling by
larger ice sheets tends to increase the recovery time of the AMOC
by increasing the sea ice thickness over the deepwater formation
region. Thus, this study suggests that the larger ice sheet during
MIS3 compared with MIS5a could have contributed to the
shortening of stadials in MIS3, despite the climate being colder
than that of MIS5a, because surface wind plays a larger role.
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