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1. Role of hydrological changes in millennial-scale
climate variability

During the glacial period, the Atlantic meridional overturning
circulation (AMOC) is thought to have fluctuated on a millennial
time scale, resulting in global-scale climate change. Recent
studies using coupled atmosphere-ocean models including our
MIROC4m AOGCM have recently shown millennial-scale self-
sustained oscillations with no change in radiative forcings or
freshwater from ice sheets [1]. Hydrological changes are
proposed as one of the drivers of the oscillations, though this is
based solely on analysis of the self-sustained oscillations in
coupled model simulations and has not yet been further
investigated. In this study, the coupled atmosphere-ocean model
MIROC4m was partially modified, and sensitivity experiments
were conducted to evaluate the impact of hydrological changes
on the AMOC oscillations. We modified the coupler in
MIROC4m so that the water flux (precipitation - evaporation +
river runoff) passed from the atmospheric model to the ocean
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Figure 1: (a) Precipitation anomaly for four stages within one cycle
of the AMOC oscillation in the fully coupled experiment. The
anomaly is calculated with respect to the average in the cycle A-D.
(b) Time series of the AMOC strength in the fully coupled
experiment (black) and in the water flux-fixed experiments. Flux-
fixed region is 45°-63°N in the North Atlantic (blue) and 0°-30°N in
the North Atlantic (green).

model is replaced with a specified climatology. Using the model,
we performed a partially coupled experiment in which the water
flux over the North Atlantic was fixed to monthly climatology
with glacial boundary conditions and compared the results with
those of a fully coupled experiment. As a result, even with the
water flux fixed, the millennial oscillations of the AMOC were
simulated as in the fully coupled experiment (Figure 1b). The
timing of the transition of AMOC modes, however, differs from
that of the fully coupled experiment. The result shows that the
hydrological change is not the primary factor driving the
oscillations of the AMOC, but rather a secondary factor that
modulates the periodicity of the AMOC oscillation.

2. Ocean carbon cycle dynamics during the last glacial
period: comparative analysis of the MIROC4m model
and proxies

It is known that the atmospheric carbon dioxide concentration
increased by about 80 ppm from the last glacial maximum to the
early Holocene. To understand the impact of ocean circulation
and geochemical properties during the last deglaciation on
atmospheric carbon dioxide, we calculated the ocean carbon
cycle over 10,000 years from the last glacial period to the early
Holocene (21,000 to 11,000 years ago) using the 3D ocean field
of the atmosphere-ocean coupled climate model MIROC4m. The
calculated fluctuations in atmospheric carbon dioxide
concentration successfully reproduced both the patterns of
periods of increase and decrease in carbon dioxide concentration
during the last deglaciation. It was found that the occurrence of
such periods of increase and decrease in carbon dioxide
concentration corresponds to changes in ocean temperature,
salinity, dissolved inorganic carbon, and alkalinity in each ocean
basin caused by abrupt changes in the deep ocean circulation
(Figure 1). However, the model underestimates the range of
fluctuations in atmospheric carbon dioxide concentration. In
particular, the model tends to underestimate the response of

ocean changes in the Southern Ocean. It is necessary to improve
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(a) Surface ocean ApCO, (Heinrich Stadial 1) (b) 4pCO, (Heinrich Stadial 1; 15ka - 18ka)
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Figure 2: Ocean CO, concentration predicted by models (left)
and contribution from temperature, salinity, inorganic
carbon and alkalinity (right)[2].
the model representation of biogeochemical processes in the
Antarctic Ocean.

3. Impact of mid-Pliocene boundary conditions and
forcings on the Atlantic Meridional Overturning
Circulation

The Atlantic Meridional Overturning Circulation (AMOC)
during the mid-Pliocene (approximately 3 million years ago) was
thought to have been stronger than at present day, as suggested
by proxy data. This is supported by climate model results from
the Pliocene Model Intercomparison Project Phase 2 (PlioMIP2).
The MIROC4m AOGCM is used to perform numerical
experiments in order to quantify the individual contributions of
CO2, orography (combined with vegetation) to the change in the
AMOC strength during the mid-Pliocene Warm Period (mPWP)
[3]. Combining all the forcings used for the mPWP experiment,
MIROC4m shows an increase in AMOC strength of, 0.8Sv,
small compared to the PlioMIP2 multi-model mean of 3.1Sv.
Sensitivity experiments show that both CO2 and ice sheets result
400 EZ&O
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Figure3: Contribution to the change in mixed layer depth during
December-January-February from (a) all Pliocene forcings, (b)
COy, (¢) ice sheets, (d) orography and vegetation, with closed Arctic
gateways, (e) closed Arctic gateways and (f) orography and
vegetation, without closed Arctic gateways. Stippling indicates that
anomalies are not significant according to a student’s t-test (p >
0.05).

in a decrease in AMOC strength. It is the combined orography
and vegetation which is responsible for the stronger AMOC and
a more saline North Atlantic sea surface in the mPWP, and a
deepening of the winter mixed depth layer (MLD) in much of the
North Atlantic (figure 3d). Breaking down this factor further, it is
found that the closure of Arctic gateways accounts for 77% of the
strengthening of the AMOC due to Pliocene orography and
vegetation and much of the deepening of the winter MLD (figure
3e). The closure of Arctic gateways accompanies a deepening of
the AMOC cell, in contrast to the other Pliocene forcing factors.

4. A study on the factors contributing to the differences
in mid-Cretaceous, early Eocene, and modern climates

Geological studies have suggested that the Earth in the past
experienced warmer periods, such as the mid-Cretaceous
(~90Ma) and early Eocene (~56Ma), with atmospheric CO2
concentrations higher than or comparable with future CO2
emission scenarios. The surface temperature, hydrological cycle,
and atmospheric/oceanic circulation of these periods were
different from those of the present day. On the other hand, the
continental distribution and topography during the mid-
Cretaceous and early Eocene were also known to have differed
significantly from those of the present day. Therefore, it is
necessary to investigate the impacts of these geographical
conditions on the climate and their mechanism in order to
understand the climates of those periods. In this study, an
atmosphere-ocean-vegetation model MIROC4m-LPJ was used
to simulate the climates under the geographical conditions of the
mid-Cretaceous, early Eocene, and present day. Mid-Cretaceous
and early Eocene simulations using the atmospheric CO2
concentration and geographical conditions of those periods
successfully reproduced the warm surface environment as
indicated by geological evidence (Figures la and 1b).
Furthermore, the experiments conducted with the same CO2
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Figure 4: Comparison of simulated zonal mean surface air
temperatures from (a) mid-Cretaceous and (b) early Eocene
experiments using MIROC4-LPJ (atmospheric CO; level used is
1142 ppm) with reconstructions based on geological evidence. The
solid, dotted, and dashed lines in Figures (a) and (b) represent the
annual, June-August, and December-February mean values,
respectively. (c) Comparison of global mean surface air
temperatures for each geographic condition, simulated with
various atmospheric CO; concentrations.
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concentration but with ice sheets and large mountains removed
from present day revealed that, in addition to high atmospheric
CO: concentrations, differences in continental distribution led to
climates more akin to the warmer mid-Cretaceous and early
Eocene than to present day (Figure 1c). Additionally, this study
also reveals that differences between the continental distributions
of the mid-Cretaceous and early Eocene have a significant impact

on atmospheric and oceanic circulation.
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