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The MIROC4m AOGCM is used for several paleoclimate experiments and sensitivity experiments. (1) Processes responsible
for Arctic warming in the mid-Holocene simulations are analyzed. It is found that anomalous heat uptake by the Arctic Ocean
in summer contributes to the warming in autumn-winter, and it is pointed out that this process is relevant to future Arctic
warming. (2) A transient deglaciation GCM experiment is run with COz and orbital parameters from the glacial to interglacial.
Observed warming in Antarctica is reproduced with weak deep ocean circulation in the Atlantic Ocean due to freshwater
runoff. (3) GCM cloud process is improved based on satellite data. SST in the Southern Ocean is reproduced more
realistically with this improvement. (4) Hydrological changes more extreme in the mid-Cretaceous than in the early and
late Cretaceous are reproduced in a high-CO2 Cretaceous experiment compared to a low-COz case. This response,
opposite to that of future prediction, is caused by the absence of the Tibetan Plateau.
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1. Relevance of mid-Holocene Arctic warming to the ) ocpegent

PUERE |
future 7 \ - s
It is expected that insight from paleo-Arctic warming is :: :: : - .
useful for the future projection of Arctic warming beyond the . o 1K
level of instrumentally observed Arctic warming. In this study, ars & s 4 Hie
we investigated physical processes that contribute to Arctic &rs RS i

warming in the mid-Holocene and future-scenario simulations, N A A A A R A A A A A

Month Month

and identified sources of model spread. Figures 1a and 1b show

{a] AMH SAT (d) ARCP4.5 SAT

the effective radiative forcing for both periods, where largely

2
1.5 60°N
12
surface air temperature responses, on the other hand, exhibit a o H
o o
common warming pattern in late autumn to early winter in the e o b
3 08 zrs
-2

different latitudinal and seasonal patterns are seen. Simulated

& bbb emeo oo

Arctic (Figures. 1c and 1d). This result is caused by the

608 8 grs
2 hd

common mechanism of excessive absorption of shortwave - e s

JF M A MO I AR OND 4 F M AMI LA S OND

radiation by the ocean in summer and release of heat from the . . L . . .
. . Figure 1: (a) Effective radiative forcing of mid-Holocene with
ocean to the atmosphere in the subsequent seasons. In addition,

an increase in the cloud greenhouse effect during the season of respect to the pre-industrial period, (b) effective radiative

weak polar insolation amplifies the warming, It was found that forcing of the late 21% century (RCP4.5 scenario) with respect

processes involved in this anomalous seasonal evolution are to the late 20% century, (¢) surface air temperature response

also responsible for the model spread. . . . . . .
in the mid-Holocene with respect to the pre-industrial period,

2. Transient simulation of the last two deglaciations  2nd (d) surface air temperature response in the late 21s
and implications for Antarctic warmth during the last  century (RCP4.5 scenario) with respect to the late 20t
interglacial

century. (a) and (b) are computed using the Earth Simulator,

Reconstructions indicate that the Antarctic climate of the last 4(0) and @ £10 climat dels. Reproduced
interglacial (about 130,000 years ago) was warmer than the andioran are averages of 10 climate mode’s. feprocuce

present-day (Capron et al. 2017), but equilibrium experiments from Fig. 2 of Yoshimori and Suzuki (2019).
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Figure 2: Simulated sea surface and air temperature anomaly
of the early Last Interglacial (130,000 years ago) relative to the
present interglacial is compared to reconstructions (Capron et
al. 2017)

using climate forcing of the Last Interglacial cannot reproduce
those warm climates. Here we use an atmosphere-ocean coupled
model, MIROC4m, and conduct transient simulations from the
glacial to interglacial (deglaciation) using reconstructed orbital
parameters and atmospheric greenhouse gas concentrations
(Obase and Abe-Ouchi 2019). We conduct several experiments
applying different freshwater fluxes in the North Atlantic as the
northern continental ice sheet was melting during those times.
The results show that greater amounts of North Atlantic
freshwater tend to weaken the Atlantic meridional overturning
circulation (AMOC). The time series of temperature changes
over the polar regions roughly reproduce the reconstructed
temperature trends, and the magnitude of warming over the
Antarctic region is about 2 degrees (Figure 2). The results suggest
that the warm Antarctic climate of the early Last Interglacial was
driven by the continuously weak AMOC during the deglaciation
before the Last Interglacial, which tends to warm Antarctica.

3. Improvements in modern biases over the Southern
Ocean and its impact on past climate simulation with
MIROC4m AOGCM

In order to test the ability of comprehensive climate models
used for future climate projection, simulations of the Last Glacial
Maximum (LGM) have been conducted. However, most models
have simulated a deeper AMOC in the LGM, which contradicts
paleodata showing a shallower AMOC. Here, we show that this
paleodata-model discrepancy is caused by model biases in the
modern Southern Ocean, which is also an issue for future climate
projection. In particular, improvements in cloud and surface
temperatures over the modern Southern Ocean based on satellite
observations lead to the reproduction of a colder LGM climate
and increased bottom water formation over the Southern Ocean,
which causes a drastic shoaling of the AMOC (Figure 3). Similar
results were also obtained when we corrected a mixing parameter
in the ocean, which has a large impact on the Southern Ocean sea
surface temperature (Sherriff-Tadano and Abe-Ouchi 2020).
Results show the importance of the Southern Ocean in
understanding future and past climates.

- Earth Simulator Proposed Research Project -

Figure 3: Annual mean sea surface temperature bias in
MIROC4m (color, K). (Left) Original model version. (Right)

Improved model version.

4. Numerical simulation of the water cycle response in
Asia to global warming in the Cretaceous.

Future global warming predictions suggest that, in Asia, the
annual and summer mean precipitation increase due to increasing
atmospheric COz, leading to more humid conditions (stocker et
al.2013).  On the other hand, Cretaceous proxy data show that
aridification in the low latitudes of Asia proceeded the mid-
Cretaceous which was the warmest time during the Cretaceous
Period, with an especially high CO2 concentration, compared to
the relatively cold Early and Late Cretaceous (Hasegawa et al.
2012). We simulate the Late Cretaceous climate with different
COz levels using the atmosphere-ocean general circulation
model MIROC 4m, which was used also for future climate
change as well as past period such as Pliocene (Chan and Abe-
Ouchi 2020) , and successfully reproduce the aridification in Asia
in response to global warming, consistent with geological
evidence (figure 4). This change in the water cycle is different
from that of a present-day warming experiment using the same
model. Therefore, we investigate why the responses of the water
cycle in Asia to increased COz differ during present day and the
Cretaceous, and demonstrate that the difference in the water cycle
changes is attributed to the different summer atmospheric
in Asia. Additionally, ‘No-Tibet’
experiments, eliminating the Tibetan plateau, indicate that this is

circulation responses
related to the difference in the basic climate fields due to the
presence or absence of the Tibetan plateau and an increase in
latent heat over the Tibetan plateau.
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Figure 4: Precipitation change (%) in warming experiment with
present-day topography (upper) and Cretaceous (lower). Red
(lue) circles show the location where aridification
(humidification) proceeded the mid-Cretaceous which was the
warmest time during the Cretaceous Period, compared to the

relatively cold Early and Late Cretaceous.
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