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The project intended to understand the Arctic climate change and its role on global climate by investigating the interactions
among atmosphere, ocean, and land through a variety of climate model experiments. MIROC6 experiments provides future
changes in Arctic sea ice reduction which differs between SSP126 and SSP585 scenarios. The atmospheric general circulation
model experiments suggest that the cooling observed in mid-latitude Eurasia in December 2020 may be induced by sea ice loss
in the Arctic Sea, while the cooling in high-latitude Eurasia in January 2021 may not be induced by neither of sea surface
temperature nor sea ice anomalies. The effect of vegetation feedbacks during the last interglacial is found to amplify the
warming over high latitude regions in the northern hemisphere. Another experiment suggests that the stratospheric quasi-

biennial oscillation modulates Antarctic sea ice concentration in austral winter.
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1. Introduction

This project attempted to understand the climate variability
and its mechanisms in the Arctic region where warming has been
remarkable in recent years. We conducted simulations using a
variety of global climate models to highlight crucial factors in
climate system, such as emission scenarios, sea surface
temperature and sea ice, terrestrial ecosystem, and stratospheric
obtained from these
experiments are reported in the following sections

dynamical processes. The results

2. Reduction of sea ice and cloud cover changes in the
Arctic Ocean according two scenarios of future global
warming

Since the Arctic region is more strongly affected by global
warming at an early stage, it is necessary to improve our
understanding of the warming process and assess its impact as
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Figure 1: September mean Arctic sea ice coverage averaged for all
ensemble members during the two periods. (a, ¢) 20462050 and
(b, d) 2071-2076.

soon as possible. In addition, since the rate of warming and its
effects vary greatly depending on how the emissions of carbon
dioxide (CO2) are reduced, it is important to quantitatively
estimate the effects of different ways to reduce CO2 emissions,
and to measure the magnitude of the impact and the likely timing
of their occurrence as accurately as possible. In our group, using
the ES, we conducted 50-member ensemble experiments with
different initial values for climate change projections in two
future scenarios following the experimental protocol of the
CMIP6 scenario MIP [1], to reduce the uncertainty of the
projections due to internal variability.

The coupled global atmosphere-ocean model MIROC6 [2]
was used in this study. The two future scenarios used in the
experiment are SSP126 and SSP585. SSP126 assumes the
implementation of mitigation measures to keep the global
average temperature increase below 1.5 degrees Celsius from
pre-industrial times to the end of this century, as determined by
the Paris Agreement. On the other hand, SSP585 is a scenario that
emphasizes economic development and assumes no mitigation
measures in the future. The period of the future scenario
experiment is from 2015 to 2100.

Comparing the time series of annual mean surface air
temperature (SAT) averaged over the Arctic region (averaged
over all members) among the scenarios, SSP126 shows a
suppressed increase in SAT in the second half of the 21st century,
with a temperature of about -7°C in 2100. In contrast, the SAT of
SSP585 rises rapidly by 2100, to about 1°C, a difference of about
8°C compared to SSP126. Since 2015, the September Arctic sea
ice extent continues to decrease in both scenarios. For SSP585,



the rate of decrease increases after 2035, and the September sea

ice is projected to disappear in most of the 50 members after 2070.

On the other hand, decrease rate in the sea ice extent of SSP126
became smaller after 2035 and remains almost constant on
average for all the ensemble members after 2060 until 2100.
Figure 1 shows the sea ice cover distribution in the Arctic Ocean
averaged over the periods, 20462050 and 2071-2075 (all-
member mean). For the 20462050 average, there is no sea ice in
the Arctic Ocean along Eurasia continent and Alaska in both
scenarios. The sea ice distribution of SSP585 for 20462050 is
similar to that of SSP126, but the sea ice coverage is smaller than
that of SSP126, indicating that sea ice loss is more advanced. For
the 20712075 average, the sea ice distributions of SSP126 and
SSP585 are quite different. The sea ices remain in SSP126, but
no sea ice is seen for SSP585.

Cloud cover changes over the Arctic Ocean were also
examined. Our future subject is to clarify which factor, sea ice
loss or air temperature rise, is more effective in cloud changes

over the Arctic Ocean.

3. Arctic sea ice loss and Eurasian cooling in winter
2020-21

Midlatitude Eurasia experienced a cold winter in December
2020 while high-latitude Eurasia was colder than normal in
January 2021. Along with the warm anomaly over the Arctic, the
former was accompanied by the so-cold ‘Warm Arctic and Cold
Eurasia’ (WACE) pattern [3], while the latter by the negative
phase of the Arctic Oscillation (AO) [4]. A set of ensemble
experiments with an atmospheric general circulation model,
called AFES, prescribed with various boundary conditions,
suggests a contribution of the Arctic sea ice loss to the midlatitude
cooling and WACE pattern in December 2020. The midlatitude
sea surface temperature anomaly may also have forced a
tropospheric ridge around the Ural Mountains, which projects
onto the circulation anomalies associated with the WACE pattern.
Meanwhile, the midlatitude sea surface temperature anomalies
forced the warming of midlatitude Eurasia. In January 2021,
neither the sea ice anomaly nor sea surface temperature anomaly
can explain either of the high-latitude Eurasian cooling or the
negative AO. Our results suggest that the WACE pattern was, at
least partly, contributed to by the sea ice loss in December 2020,
while the negative AO in January 2021 was likely due to

unforced atmospheric variability.

4. Role of dynamic vegetation on warm climate in the
last interglacial

The Last Interglacial (LIG, 130ka—116ka) was the warmest
period in the most recent glacial-interglacial cycle. The strong
summer solar irradiance in the northern hemisphere due to the
difference in the Earth’s orbit during that period and that of the
present day induces strong warming in the northern high latitudes
such that there is a reduction in the mass and extension of
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Greenland ice sheet. The LIG is also a noteworthy period for
future climate warming projection and is deemed as one of the
most important past periods in the Paleoclimate Modelling
Intercomparison Project (PMIP), part of the Coupled Model
Intercomparison Project (CMIP).

In the present study we carried out an LIG experiment [5]
using the same version of the GCM (MIROC-ES2L [6]) whose
results contributed to CMIP6 and were submitted to PMIP4. We
also examined LIG experiments using other versions of the
MIROC family (MIROC4m [7], MIROC4m-LPJ [8]) which
differ from MIROC-ES2L in the treatment of vegetation. All
models show summer warming over northern high latitude land,
reflecting the differences between the distributions of the LIG
and present-day solar irradiance. Only MIROC4m-LPJ, which
includes dynamical vegetation feedback from the change in
vegetation distribution, shows annual mean warming signals at
northern high latitudes, as indicated by proxy data (Fig. 2). To
investigate the reason for this annual warming, we applied the
feedback analysis method [9] modified from the earlier study
[10] and obtained the monthly decomposed contribution of
energy flux terms to the surface temperature change between
127k and PI in northern high latitude land and ocean. The result
indicates that increased summer solar irradiance is absorbed as
heat in the Arctic Ocean during summer and released to the
atmosphere in autumn and winter which causes a larger warming
during those last two seasons. This mechanism is amplified by
vegetation change through snow albedo feedback in spring.
These results indicate that vegetation feedback, including
changes in vegetation distribution, is necessary to predict past
warm climate and such results have implications for future

climate simulations.
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Figure 2: Annual surface air temperature change (K) between
127k and PI is compared with reconstruction by [11] and [12].

5. A tropospheric pathway of the stratospheric QBO in
the Southern Hemisphere

We found a statistically significant relationship between the
stratospheric quasi-biennial oscillation (QBO) [13] and Antarctic
sea ice concentration (SIC) in austral winter. SIC differences
between the easterly phase of the QBO (EQBO) and westerly
phase of the QBO (WQBO) show positive anomalies of SIC in
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the following regions: over the Ross Sea, Weddell Sea, and
around 90°E (Fig. 3). This wave-3 pattern is clearly seen in June
and July, and decays in August. The increased SIC regions
correspond to anomalous offshore wind regions, and the reduced
SIC regions correspond to onshore wind regions, indicating the
atmospheric circulation anomaly produced the SIC anomaly. The
atmospheric circulation anomaly is barotropic and closely related
with the upper atmospheric flow. The upper circulation anomaly
shows a stationary Rossby wave train propagating from Indian
Ocean. We show the enhanced convection in the tropical Indian
Ocean in EQBO can excite the Rossby wave train.

A linear baroclinic model (LBM [14]) and atmospheric
general circulation model (AGCM for Earth Simulator version
4.2) are also used. They successfully simulated the observed
circulation pattern as a response to QBO-related tropical
convection. Hence, we summarize that the stratospheric QBO
affects the tropical convection, and then generating the Rossby
wave train which propagates into southern high latitude, and
finally affecting Antarctic sea ice [15]. There exists a possibility
to predict winter sea ice in one-year advance, because the QBO
is a quasi-regular oscillation.
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Figure 3: Geopotential height difference at (a) 250hPa and (b)
925hPa in June between EQBO years and WQBO years. Unit
is gpm. Green (Blue-green) solid (dashed) line shows the area
statistically significant at 95% confident level. (c) Sea ice
concentration and wind at 925hPa differences in June between
EQBO years and WQBO years.
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