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Abstract

Understanding the sea ice variability and the mechanisms involved during warm periods of
the Earth is essential for a better understanding of the sea ice changes at the present and in the
future. Based on simulations with the model LOVECLIM, this study investigates the sea ice
variations during the last nine interglacials and focuses on the inter-comparison between
interglacials as well as their differences from the present and future. Our results show that the
annual mean Arctic sea ice variation is primarily controlled by local summer insolation, while
the annual mean Southern Ocean sea ice variation is more influenced by the CO:
concentration but the effect of local summer insolation can’t be ignored. The lowest Arctic
sea ice area results from the highest summer insolation at MIS-15, and the lowest Southern
Ocean sea ice area at MIS-9 is explained by the highest CO2 concentration and moderate local
summer insolation. As compared to the present, the last nine interglacials all have much less
sea ice in the Arctic annually and seasonally due to high summer insolation. They also have
much less Arctic sea ice in summer than the double CO> experiment, which makes to some
degree the interglacials possible analogues for the future. However, compared to the double
CO- experiment, the interglacials all have much more sea ice in the Southern Ocean due to
their much lower COz concentration, which excludes the possibility of the interglacials as
analogues for the future in the Southern Ocean. Our results suggest that in the search for
potential analogues of the present and future climate, the seasonal and regional climate

variations should be considered.

Keywords: Sea ice, Interglacials, Insolation, Arctic, Southern Ocean, CO_, Paleoclimate

modeling
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1. Introduction

Sea ice is an important component of the polar and global climate system, in part, due to its
high albedo and low thermal conductivity, which are associated with the temperature-albedo
feedback and the thermal insulation effect. It normally amplifies the climate variability at high
latitudes, often known as polar amplification (e.g. Serreze and Barry 2011). In addition, the
melting and formation of sea ice can change the oceanic salinity structure. When sea ice
forms, brine is rejected towards the ocean, suppling dense and well ventilated water to the
global intermediate/deep water circulation, while it causes stratification between near-surface
and deeper water during sea ice melts (Goosse et al. 2013). Sea ice also impacts the
thermosteric sea level (e.g. sea level rise due to thermal expansion of the ocean) and the
barystatic sea level (e.g. sea level rise due to fresh water input into the ocean) (Hobbs et al.
2016). Changes in sea ice extent not only affect the surface mass balance of the ice sheets
(Krinner et al. 2007), but also shift the latitude of the mid-latitude storm tract belt (Kidston et
al. 2011). Moreover, sea ice may influence the structure and function of high-latitude
ecosystems and biogeochemical cycles (Delille et al. 2014), such as control the light and the

distribution of phototrophic organisms, polar bear and penguin species (Ducklow et al. 2013).

Rapid sea ice changes in the Arctic and Southern Ocean are observed not only during the
recent decades (e.g. Serreze et al. 2016; Turner et al. 2013), but also during past interglacial
periods based on proxy reconstructions (e.g. Cronin et al. 2013; Wolff et al. 2006). Based on
paleo sea ice proxies, Bennike (2004) found that there was more sea ice in Greenland than at
present during the early-mid Holocene and less sea ice during late Holocene. Stein et al. (2017)
suggested lower sea ice cover in the Arctic Ocean during the last interglacial relative to today.
Due to the lack of suitable, high-resolution proxies and limitation in dating technique, most
sea ice reconstructions focus on the very recent interglacials, such as Holocene (e.g. Vare et al.

2009; de Vernal et al. 2020) and the last interglacial (e.g. Stein et al. 2017). A few long sea
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ice reconstructions covering several glacial-interglacial cycles have been established using
paleoclimate records in the Arctic (Polyak et al. 2010; Cronin et al. 2010, 2013, 2017) and in
the Southern Ocean (Wolff et al. 2006). These studies show that a major shift towards
perennial sea ice in western Arctic Ocean occurred after MIS-11 (Cronin et al. 2017), and
most of the Arctic Ocean might have been free of summer ice cover during the last
interglacial which were mainly attributed to high insolation intensity (Polyak et al. 2010;
Cronin et al. 2013). Spectral analyses indicate that the Arctic sea ice variations contain strong
precession and obliquity cycles, and with precession signals dominating (Cronin et al. 2013;
Lo et al. 2018). In the Southern Ocean, proxy record indicates that the maximum sea ice
extent at MIS-13 and the minimum sea ice extent during the last interglacial, and the sea ice
variations show very strong 100 ka cycles (Wolff et al. 2006). Climate modeling has also been
used to understand the sea ice variations during past interglacials, for instance, during the
Holocene (Goosse et al. 2013; Otto-Bliesner et al. 2020), the last interglacial (Guarino et al.
2020; Otto-Bliesner et al. 2020, 2021; Kageyama et al. 2021), the MIS-13 (Wu et al. 2020)
and the last nine interglacials (Yin and Berger 2012). These studies reveal that the Arctic and
Southern Ocean sea ice variations show different characteristics under different interglacial

conditions, and the dominating forcing mechanisms might be different.

Past interglacials, as the most recent warm periods in the Earth’s history, play an important
role in paleoclimate researches because they provide a basis for better understanding our
present-day warm climate and its future evolution (Tzedakis et al. 2009; Past Interglacials
Working Group of PAGES 2016). They are useful to better understand climate internal
processes and related feedbacks during warm intervals, and to discuss the effect of different
external drivers, such as insolation and atmospheric CO. concentration (Yin and Berger 2012,
2015). In addition, past interglacials might provide analogues of the future climate under

natural warm climate variability, and help to improve our estimate of the sensitivity of the
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climate system to different forcings, such as the increased atmospheric CO2 concentration
affected by anthropogenic processes. As far as the sea ice variations are concerned, questions
can be raised on (1) what are the differences between interglacials and between Arctic and
Southern Ocean sea ice variations during these warm periods, (2) what are the controlling
forcing and mechanisms, and (3) how are the past interglacials different from the present and

the future?

A preliminary investigation of the individual and combined effect of insolation and CO; on
the climate of the last nine interglacials has been performed by Yin and Berger (2012) using
model simulations and factor separation analysis. Based on the simulations performed in their
study, here we make an in-depth analysis of the internal processes that control the interglacial
sea ice variability, and focus on the inter-comparison between individual interglacials as well

as their differences from the present and future.

2 Model and experiments design

The model used in this study is LOVECLIM, a three-dimension Earth system Model of
Intermediate Complexity (Goosse et al. 2010). In our study, the atmosphere (ECBIlt), the
ocean and sea ice (CLIO) and the terrestrial biosphere (VECODE) are interactively coupled,
and the ice sheets are fixed to the present situation. Detailed description of the model can be
found in Goosse et al. (2010). In this study, we focus on the sea ice variations, thus we mainly
address the CLIO component, which is made up of an ocean general circulation model
coupled to a comprehensive thermodynamic-dynamic sea-ice model (Goosse and Fichefet
1999). Its horizontal resolution is 3° in longitude and latitude, and there are 20 levels in the
ocean. LOVECLIM has been shown to have the ability to reproduce the major characteristics

of climate changes for both present-day and some important past periods (see references in
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Goosse et al. 2010). In addition, LOVECLIM has been demonstrated to simulate reasonably
well the sea ice variations during the last millennium, the Holocene, the last Glacial
Maximum, over the last 9000 years, over the past 130 ka, over the past 408ka, and during
MIS-13, as compared with the proxy records and other many sophisticated general circulation
models (Renssen et al. 2005a, 2005b; Goosse et al. 2013; Timmermann et al. 2014; Lo et al.

2018; Wu et al. 2020; Kageyama et al. 2021).

First, to investigate the combined effect of insolation and CO2 on the sea ice of the last nine
interglacials, the nine control experiments (f11) performed in Yin and Berger (2012) are used.
In these control experiments, both insolation and CO; are taken at their interglacial levels, and
details of experiments setup have been given in Yin and Berger (2012). Then, three new
experiments were performed in our study to represent the present and future climate, in order
to compare them with the interglacials. Two experiments are used to represent the present
climate: one is the pre-industrial experiment (hereafter abbreviated as Pl experiment) which
could be considered as the present-day climate under the natural climate variability, its
astronomical parameters are taken the values at 0 ka (Berger 1978), CO, = 280 ppmv, CH4 =
760 ppbv, and N2O = 270 ppbv; the other is a transient simulation from 1500 AD to 2000 AD
in which the effect of the anthropogenic forcing is also included, and the last 30-year average
climatology is analyzed (hereafter abbreviated as PD experiment). The CO concentration is
increased with time in the PD experiment, and the last 30-year average CO concentration is

66 ppmv higher than the P1 one (346 vs. 280 ppmv).

As the CO> concentration projected at the end of the 21th century is most likely much higher
with the largest probability between 421 and 936 ppmv (IPCC 2014) and as a nearly ice-free
Arctic Ocean in the summer sea ice minimum is projected for RCP8.5 (IPCC 2014), it would
be interesting to see if sea ice conditions similar to projected for the future happened during

the interglacials. In addition, the double CO> experiment (CO2 doubled as compared to the PI)
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has become a standard experiment in climate science (Myhre et al. 2017), this CO;
concentration being very close to the RCP4.5. In this study, we also performed a double CO>

experiment to represent the future (hereafter abbreviated as PI_double experiment).

The equilibrium climate sensitivity is a key point in projecting future climate change (Cox et
al. 2018; Nijsse et al. 2020), and it is defined as the global mean surface air temperature
increase once radiative equilibrium is reached in response to the atmospheric CO:
concentration twice the pre-industrial level (Hansen et al. 1984; Rugenstein et al. 2020).
Before investigating the difference of sea ice between interglacials under the combined effect
of insolation and CO2 as well as their differences from the present and future, we have first
analyzed the sensitivity of sea ice to CO2 in our model, by calculating the decrease of sea ice
area at equilibrium following a double CO> concentration, and compared our results with
other models. Fig. 1 shows that the sensitivity of the global sea ice area in response to the
double CO- concentration in LOVECLIM is at the medium level (5th) among the nine models
(Fig. 1a). For the sensitivity of the Arctic sea ice area, LOVECLIM is at relative low level
(Fig. 1b), but LOVECLIM is at high level for the sensitivity of the Southern Ocean sea ice
area (Fig. 1c). Considering the three cases, CESM2 is the most similar with LOVECLIM

among the nine models.

3. Results and discussion

3.1 Difference of sea ice area between interglacials and the impact of insolation and CO-

Fig. 2a shows the simulated annual and seasonal Arctic sea ice area over the last nine
interglacials in response to the combined effect of insolation and CO,. MIS-15, MIS-9 and
MIS-5 have the smallest annual mean sea ice area, MIS-13 has the largest one. The simulated

winter Arctic sea ice area shows very small variation between the interglacials, and the
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variation in the annual mean is mainly explained by the variation in summer, which is similar
to the recent observation (Titchner and Rayner 2014). MIS-15, MIS-9 and MIS-5 have the
smallest summer Arctic sea ice area, MIS-13 has the largest one, which is the same as the
annual mean results. Previous study showed that the variation of the Arctic sea ice in summer
is dominated by local summer insolation (Yin and Berger 2012). MIS-15, MIS-9 and MIS-5
have the highest summer insolation (Fig. 3a), explaining their smallest sea ice area. On the
contrary, MIS-13, MIS-7 and MIS-11 have the lowest summer insolation (Fig. 3a), explaining
their largest sea ice area, while the large annual mean Arctic sea ice area at MIS-17 could
probably be related to its lowest CO> concentration and moderate local summer insolation

(Fig. 3b).

In the Southern Ocean, MIS-5, MIS-9 and MIS-11 have the smallest annual mean sea ice area,
and MIS-13 and MIS-17 have the largest one (Fig. 2b). Both the simulated local summer and
local winter sea ice area in the Southern Ocean show significant variations between the
interglacials with the amplitude being larger in summer (Fig. 2b). Previous study showed that,
in the Southern Ocean, CO> plays a dominant role in the sea ice variation in local winter,
whereas both insolation and CO- play an important role on the sea ice in local summer (Yin
and Berger 2012). This leads to a dominant role of CO: in the variation of the annual mean
sea ice area in the Southern Ocean, but with a non-negligible role of insolation. The smallest
annual mean Southern Ocean sea ice at MIS-5, MIS-9 and MIS-11 are explained by the
highest CO. concentration (Fig. 3b) during these interglacials and a not very low local
summer insolation (Fig. 3a). The largest annual mean Southern Ocean sea ice area at MIS-13
and MIS-17 are explained by the lowest CO> concentration (Fig. 3b) combined with the low
local summer insolation (Fig. 3a). Our results show that both the annual mean Arctic and
Southern Ocean sea ice area at MIS-19 is the closest to that at MIS-1 and is followed by MIS-

11 (Fig. 2), which is in line with the proposition that MIS-19 is a better analogue for MIS-1
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than MIS-11 (Tzekadis et al. 2012; Yin and Berger 2012, 2015). In addition, our results show
that the Mid-Brunhes Event (MBE) (Yin and Berger 2010) appears to be significant in the
Southern Ocean sea ice, which is characterized by less sea ice in MIS-1, -5, -7, -9 and -11
than in MIS-13, -15, -17 and -19, but it is not obvious in the Arctic sea ice. This can be
explained by the fact that the Southern Ocean sea ice is mainly dominated by CO> which itself
shows a clear MBE while the Arctic sea ice is mainly dominated by local summer insolation
which does not have clear MBE (Yin and Berger 2012). The sea ice reconstruction in the
Southern Ocean of Wolff et al. (2006) is one of the very few long sea ice reconstructions
covering several glacial-interglacial cycles. Their results have a great consistency with our
simulated results. Both the reconstructions and simulations show that MIS-13 and MIS-17
have the largest annual mean Southern Ocean sea ice and MIS-5 and MIS-9 have the smallest
one (Fig. 4). A notable difference is in MIS-15 which has the second least sea ice in the
reconstructions while it has a relative large sea ice area in the simulations. This difference
could originate from the uncertainty in both our model and the reconstructions, and
simulations with more climate models and other reconstructions would be helpful to

understand better this model-data discrepancy.

The sea ice variation during the interglacials is strongly coupled with the sea surface
temperature and the surface energy budget over the polar oceans (Fig. 5). High surface energy
budget leads to warmer sea surface temperature and less sea ice, and vice versa. In both the
Arctic and Southern Ocean, the highest surface energy budget at MIS-9 and MIS-5 are
explained by their relatively high local summer insolation (Fig. 3a) and high CO:
concentration (Fig. 3b), which lead to low sea ice area; while the lowest surface energy
budget at MIS-13 can be explained by low local summer insolation (Fig. 3a) and low CO>
concentration (Fig. 3b), which leads to high sea ice area. In addition, the Arctic and Southern

Ocean sea ice conditions are also influenced by the variation in the poleward global oceanic
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meridional heat transport across 60°N and 60°S respectively, although the northward global
oceanic meridional heat transport across 60°N is pretty small (Goosse and Renssen 2001; Yin
and Berger 2012). The largest southward global oceanic meridional heat transport across
60°S at MIS-5 and MIS-9 (Yin and Berger 2012) could also have contributed to the lowest

Southern Ocean sea ice area during the two interglacials (Fig. 2b).

3.2 Comparison of sea ice between the past interglacials and the present

Fig. 6a and Fig. 6b show the annual and seasonal sea ice area anomaly of the last nine
interglacials as compared to the PI. In the Arctic, the interglacials all have less annual mean
sea ice than the PI, with the maximum sea ice decrease of about 22% at MIS-15 and the
minimum decrease of about 11% at MIS-13 (Fig. 6a). For each interglacial, the four seasons
all have less sea ice, and the sea ice decrease in summer is much larger than in other seasons.
As has been discussed in Sect. 3.1, most variation of the summer Arctic sea ice can be
explained by insolation. Moreover, the CO2¢q difference between the interglacials and the PI
is relatively small, ranging from 4 to 46 ppmv (Fig. 3b). The much less summer sea ice during
the interglacials is therefore mainly due to the much higher summer insolation during the past
interglacials as compared to the PI (Fig. 3a). Fig. 7 shows the detailed spatial comparison of
the summer Arctic sea ice concentration between MIS-15, MIS-13 and the PI. As compared to
the PI, the sea ice in the Barents sea, North Greenland sea, Labrador sea and Beaufort sea
totally melts, and the sea ice concentration in the central Arctic largely decreases in MIS-15.
The sea ice extent at MIS-13 is larger than that at MIS-15, but it still retreats in the Barents
sea and North Greenland sea when compared to the PI. In the PMIP simulations of the middle
Holocene and the last interglacial, most models have also simulated less Arctic sea ice as
compared to the PI due to the intensified summer insolation in the Arctic, and the sea ice
anomaly simulated by LOVECLIM is at the middle value among the PMIP simulations

(Kageyama et al. 2020; Otto-Bliesner et al. 2021).
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In the Southern Ocean, most interglacials have less sea ice than the PI (Fig. 6b), except MIS-
13 and MIS-17 which have about 25%-30% more sea ice during local summer and autumn,
leading to more annual sea ice. As has been discussed in Sect. 3.1, both insolation and CO>
play an important role in the summer Southern Ocean sea ice. The much more summer sea ice
at MIS-13 and MIS-17 is due to their relatively low CO- concentration (Fig. 3b) and low local
summer insolation (Fig. 3a). On the contrary, due to high CO. concentration (Fig. 3b) and
high local summer insolation (Fig. 3a), the sea ice area at MIS-9 is about 25%-30% less than

the Pl (Fig. 6b). As compared to the PI, the summer Southern Ocean sea ice at MIS-13

noticeably advanced, especially in the west Southern Ocean that it extended to the 60°S; but it

significantly retreated at MIS-9, and the retreat is also obvious in the west Southern Ocean
(Fig. 7).

As compared to the PI which has a similar CO> concentration to many interglacials, the CO>
concentration of the PD is much larger with an increase of 66 ppmv above the PI level.
However, in terms of the comparison with the past interglacials, this larger amount of CO>
does not make significant difference between the PD (3.71*10°% km?) and the PI (3.79*10°
km?) in the Arctic sea ice. This is because the variation of the Arctic sea ice area is mainly
controlled by summer insolation as explained in Sect. 3.1, which is the assumed to be the
same between the PI and the PD. In the Southern Ocean, the sea ice area in the PD (3.12*10°
km?) is about 10% less than in the PI (3.42*10° km?) due to the increase of CO. As a
consequence, the sea ice area at MI1S-17 and MIS-13, which is already well above the Pl level,
is even larger when compared to the PD, with an increase of about 50% in local summer and
autumn (Fig. 7d). The positive sea ice anomaly at MIS-7 and MIS-15 is also more pronounced
when compared to the PD. Compared to the PD, the warm interglacials MIS-5 and MIS-9 still
have much less sea ice in the Southern Ocean, with a reduction of about 15% and 20% in the

annual mean.

11
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3.3 Comparison of sea ice between interglacials and the future

As compared to the PI, the annual mean Arctic sea ice decreases by about 1.8 106 km?in the
P1_double experiment, a value which is at the low level among the PMIP simulations (Fig. 1),
and the south boundary of the sea ice in the North Atlantic largely shifts northward and the
sea ice concentration in the central Arctic largely decreases (Fig. 7). In the Southern Ocean,
the annual mean sea ice in the PI_double experiment decreases by about 5.6 10°® km? as
compared to the Pl which is at the high level among the PMIP simulations (Fig. 1). In
addition, the sea ice is mainly constrained around the Weddell sea and Ross sea in the

Pl_double experiment due to the significant decrease (Fig. 7).

It is shown in Sect. 3.2 that as compared to the present-day, all the last nine interglacials have
much less sea ice in the Arctic and many also have less sea ice in the Southern Ocean. Fig. 8a
shows that, as compared to the PI_double experiment, in the Arctic, all the interglacials still
have significantly less sea ice in summer due to much higher summer insolation, with the
maximum decrease at MIS-15 and minimum decrease at MIS-13. At MIS-15, the sea ice
south boundary in the North Atlantic retreats to the north of 75°N, and sea ice in the Beaufort
Sea totally melts when compared to the Pl_double (Fig. 7). The sea ice extent at MIS-13 is
generally similar to the Pl _double, but the sea ice concentration in the central Arctic is
significantly less (Fig. 7). On the other hand, there is more sea ice in other seasons for most
interglacials due to their much lower CO> concentration. In the annual mean, the sea ice area
in MIS-5, MIS-9 and MIS-15, which have the highest summer insolation in the northern high
latitudes, is still smaller than the future by about 7%, whereas MIS-7, MIS-11, MIS-13 and
MIS-17 have more annual sea ice than the future. The annual sea ice area of MIS-1 and MIS-
19 is very close to that of the future, which means that in terms of annual sea ice area in the
Acrctic, the effect of a CO> increase of about 295 ppmv is balanced by the effect of an increase

of summer insolation at 65°N by 50 W/m?.
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In the Southern Ocean, the interglacials all have much more annual mean sea ice than the
future (Fig. 8b), with the MIS-13 maximum annual mean sea ice being about 134% larger and
the MIS-9 minimum about 62%. For each interglacial, the four seasons all have more sea ice,
and the sea ice increase in summer is the largest (Fig. 8b). This is due to the dominant role of
CO2 on the Southern Ocean sea ice, and the much lower CO2 concentration during the

interglacials than the future.

4. Conclusions

In this study, the sea ice variability of the last nine interglacials, as well as their differences
from the present and future are investigated through simulations with the LOVECLIM model.
Our results show that the last nine interglacials have different sea ice variations in the Arctic
and in the Southern Ocean. In the Arctic, MIS-15, MIS-9 and MIS-5 have the smallest annual
mean sea ice area, and MIS-13 has the largest one. The annual mean Arctic sea ice area
variation is dominated by the variation in summer, which is mainly controlled by the summer
insolation. Thus, the annual mean Arctic sea ice variation during the interglacials is mainly
explained by the summer insolation. The annual mean Southern Ocean sea ice variation
during the interglacials is mainly explained by the CO: concentration, but the effect of
insolation can’t be ignored. MIS-13 and MIS-17 have the largest annual mean Southern
Ocean sea ice area, which is mainly explained by their lowest CO, concentration combined
with the low local summer insolation. The simulated variations of the Southern Ocean sea ice
area of the interglacials are in good consistency with the sea ice reconstructions based on

proxy records from the Antarctica ice core.

As compared to the present (both the Pl and PD experiments), the interglacials all have less

annual mean Arctic sea ice, which is explained by the much higher summer insolation in the
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Arctic during the interglacials. As compared to the future, in the Arctic, all the interglacials
still have significantly less sea ice in summer due to much higher summer insolation, with the
maximum sea ice decrease of about 50% at MIS-15, but there is more sea ice in other seasons
for most interglacials due to their much lower CO> concentration. In the Southern Ocean, the
interglacials all have more both annual mean and seasonal sea ice, which can be explained by
the much lower CO> concentration, with the maximum annual mean sea ice increase of about

134% at MIS-13.

As far as the potential analogue of our present interglacial is concerned, our results show that
MIS-19 is the closest to MIS-1 in terms of the Arctic and Southern Ocean sea ice. However,
when compared with the present condition (the P1 or PD), the last nine interglacials all show
significant differences in the Arctic and Southern Ocean sea ice and in particular show greater
seasonal differences. These differences are mainly due to the different seasonal insolation
distribution between the intergalcials and the present. Therefore, in the search of potential
analogue of the present or future climate, the seasonal climate variations deserve to be
considered. Our results show that due to their much higher summer insolation in the Arctic,
the last nine interglacials all have much reduced sea ice in the Arctic and therefore could
possibly be considered to some degree as analogue for the future in terms of changes in Arctic
sea ice. However, it is hard to consider the nine interglacials as analogue for the future in
terms of the Southern Ocean sea ice, because they all have much more sea ice than the double

CO; experiment in the Southern Ocean due to their much lower CO2 concentration.
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Fig. 1 The sea ice area anomaly of the PI_double experiment relative to the Pl experiment
simulated by different models for (a) global, (b) Arctic and (c) Southern Ocean. The data of

LOVECLIM is from this study and those of other models are from: https://esgf-

data.dkrz.de/search/cmip6-dkrz/.
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Fig. 2 Simulated annual and seasonal sea ice area during the nine interglacials in the (a)
Arctic and (b) Southern Ocean. The seasons refer to the local seasons. Color is usually red for
local summer and pink for local winter.
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Fig. 3 Local summer insolation at 65°N and 65°S (Berger, 1978) (a) and the COgzeyq

concentrations (b) during the nine interglacials and the PI.
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Fig. 4 Simulated annual mean Southern Ocean sea ice area (blue bars) in comparison to the
EPICA Dome C sea salt flux (Wolff et al., 2006) (green bars), the minimum values of the

EPICA Dome C sea salt flux for each interglacial are used.
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Fig. 5 Annual mean sea ice area, sea surface temperature and surface energy budget over the
Arctic (40°N-90°N) and Southern Ocean (40°S-90°S).

(a) Arctic (b) Southern Ocean

§ 07 § b annual
~ 4 ~ I spring
%‘ t_>U‘ 201 = su:nmar
g -207 £ | mmuinter
c 4 c
® S QO
® -40+ 8 ]
© ] annual ©
8 — s 8201
8 -60 [ autumn g b
] . winter @

Mis-1 5 7 9 11 13 15 17 19 MIS-1 5 7 9 11 13 15 17 19

(c) Arctic (d) Southern Ocean

= 07 —~ 60
o~ S~ annual
; . ; 7] = spring
= = 4 summer
g -20 1 E 40 I autumn
S o - W winter
& & 201
$ -40 S ]
© annual o 0
® T N spring (0]
Q I summer o b
© -60 1 N autumn T _20
C% N winter %

Ms-1 5 7 9 11 13 15 17 19 Ms-1 5 7 9 11 13 15 17 19

22



595
596

597

598

599
600
601

602

603

604
605

606

607

Fig. 6 Annual and local seasonal sea ice area anomaly during the last nine interglacials in the
Arctic and Southern Ocean, relative to the Pl experiment (a, b) and PD experiment (c, d).
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Fig. 7 Simulated summer Arctic sea ice concentration at (a) MIS-15, (b) MIS-13, (c) PI, (d)
Pl_double and summer Southern Ocean sea ice concentration at (e) MIS-13, (f) MIS-9, (g) PI,
(h) P1_double.
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Fig. 8 As compared to the PI_double experiment, annual and local seasonal sea ice area
anomaly during the last nine interglacials in the (a) Arctic and (b) Southern Ocean.
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