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To improve Arctic sea ice simulations by the First Institute of Oceanography-Earth System Model (FIO-ESM), the
model version has been updated from FIO-ESM v2.0 to FIO-ESM v2.1 by upgrading its sea ice component from
Los Alamos Sea-Ice Model (CICE) version 4.0 (CICE4.0) to CICE6.0, and improving the ice-ocean heat exchange
process from a two—-equation boundary condition parameterization to a more realistic three—equation boundary
condition parameterization. Numerical experiments show that the underestimation of Arctic summer sea ice
extent (SIE) in FIO-ESM v2.0 is significantly improved by the model enhancements. The root mean square error
of the simulated Arctic September SIE during 1979-2014 is reduced from 2.9 million to 0.7 million km?
Nevertheless, the biases of Antarctic SIE increase following the model version update. FIO-ESM v2.1 performs
well for the simulations of surface air temperature, sea surface temperature, Atlantic Meridional Overturning
Circulation, and Arctic SIE; however, it overestimates summer SIE in the Antarctic. Furthermore, future pro-
jections based on FIO-ESM v2.1 indicate that the first ice—free Arctic summer will occur in the 2050s and the

2040s under SSP2-4.5 and SSP5-8.5, respectively.

1. Introduction

Climate models are the primary tools available for investigating
Earth climate system response to various forcings, making climate pre-
dictions on seasonal to decadal timescales, in addition to making pro-
jections over the coming century and beyond (IPCC, 2014). Climate
models have been developed from relatively simple atmosphere-ocean
coupled models to highly sophisticated Earth system models. However,
even state-of-the-art climate models suffer from systematic biases,
substantial inter-model spreads, and large levels of uncertainty (IPCC,
2014). Accordingly, improving the model physical processes based on
new understandings of climate represents one effective way of
addressing these issues.

The First Institute of Oceanography-Earth System Model version 1.0
(FIO-ESM v1.0) is the first climate model to incorporate an ocean sur-
face wave model by considering the processes of non-breaking surface
wave-induced ocean vertical mixing (Qiao et al., 2013, 2004). FIO-ESM
v2.0 is the updated version of FIO-ESM v1.0 by upgrading atmospheric
and land component models, improving model resolution, and including
some novel physical processes, such as the effects of surface wave Stokes

drifts on air-sea momentum and heat fluxes, wave-induced sea spray on
air-sea sensible and latent heat fluxes, as well as that of sea surface
temperature (SST) diurnal cycles on air—sea sensible heat flux (Bao et al.,
2020). FIO-ESM v2.0 participated in the Climate Model Intercompar-
ison Project phase 6 (CMIP6), and reproduces the surface air tempera-
ture (SAT), precipitation, SST, Atlantic Meridional Overturning
Circulation (AMOC), El Nino-Southern Oscillation (ENSO), significant
wave height, and other climatological indices of interest well (Bao et al.,
2020; Lee et al., 2021; Song et al., 2020, 2022; Zhang et al., 2022).
However, FIO-ESM v2.0 underestimates the Arctic summer sea ice
extent (SIE; Shu et al., 2022, 2020).

Arctic sea ice is a particularly important component of Earth’s
climate system, while Arctic sea ice concentration and extent have
declined markedly across all regions and seasons throughout the satel-
lite era (Onarheim et al., 2018; Stroeve and Notz, 2018). These changes
have potential dramatic effects on the Arctic marine ecosystem, North-
ern Hemisphere weather, mid- and high-latitude climates, as well as the
navigability of trans-Arctic shipping (Lannuzel et al., 2020; Min et al.,
2022; Mori et al., 2014; Sévellec et al., 2017). Therefore, the primary
aim of the present study is to improve Arctic sea ice simulations by
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FIO-ESM.

To this end, FIO-ESM v2.0 is updated here to FIO-ESM v2.1 by
upgrading the sea ice component model from Los Alamos Sea-Ice Model
(CICE) version 4.0 (CICE4.0; Hunke and Lipscomb, 2010) to CICE6.0
(Duvivier, 2018), and improving the physical process of ice-ocean heat
exchange from a two-equation boundary condition (2EQ) parameteri-
zation to a more realistic three-equation boundary condition (3EQ)
parameterization (Shi et al., 2021; Yu et al., 2022), respectively. In this
study, the influences of the sea ice component model upgrade and 3EQ
parameterization on sea ice simulations by FIO-ESM v2.1 are investi-
gated, the performances of FIO-ESM v2.1 are evaluated, the improve-
ments over FIO-ESM v2.0 are studied, and future sea ice projections by
FIO-ESM v2.1 are demonstrated. The remainder of the paper is orga-
nized as follows: FIO-ESM v2.1 is introduced and the numerical
experimental design is described in Section 2. Section 3 presents the
results of the numerical experiments, while the conclusions and dis-
cussion are presented in Section 4.

2. Model description and numerical experimental design
2.1. Description of FIO-ESM v2.1

Fig. 1 presents the framework of FIO-ESM v2.1. The five component
models, including the atmospheric general circulation model (AGCM),
land surface model, ocean general circulation model (OGCM), ocean
surface wave model, and sea ice model, represent the physical compo-
nent models of FIO-ESM v2.1. These models refer to the Community
Atmosphere Model version 5 (CAMS5; Neale et al., 2012), Community
Land Model version 4.0 (CLM4; Lawrence et al., 2011), Parallel Ocean
Program (POP2; Smith et al., 2010), MASNUM surface wave model
(Qiao et al., 2016), and CICE6.0 (Duvivier, 2018), respectively. All
component models are coupled by a coupler (CPL7) in FIO-ESM v2.1.
The horizontal resolutions of CAMS5 and CLM4 are 1.25° longitude x
0.9° latitude, whereas those of POP2, MANSUM surface wave model,
and CICE6.0 have resolutions of approximately 1.1° longitude x
0.27-0.54° latitude. The number of vertical layers in CAM5 and POP2
are 30 and 61, respectively. CAM5, CLM4, and CICE6.0 exchange data
with the coupler every 30 min, while the POP2 and MANSUM surface
wave models exchange data with the coupler at 3-h intervals.

The primary difference between FIO-ESM v2.0 and v2.1 is the
upgraded sea ice component model from CICE4.0 to CICE6.0. CICE is a
thermodynamic-dynamic sea-ice model developed by the Los Alamos
National Laboratory. The default Bitz and Lipscomb thermodynamic
model (Bitz and Lipscomb, 1999) in CICE4.0 is replaced by a new
mushy-layer thermodynamics model (Turner and Hunke, 2015) in

Atmosphere
(CAMS5)

Sea Ice
(CICE6)

Land Surface
(CLM4)

Fig. 1. FIO-ESM v2.1 framework: The sea ice component model is upgraded
from CICE4.0 (FIO-ESM v2.0) to CICE6.0, and the ice-ocean heat exchange
parameterization is improved from a two-equation parameterization to a more
realistic three-equation boundary condition parameterization.
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CICE6.0. Additionally, several parameterizations, such as melt pond,
form drag, and snow ice formation are also improved in CICE6.0.

Furthermore, the physical process of ice-ocean heat exchange is
improved in FIO-ESM v2.1 from the default 2EQ parameterization in
CICE6.0 to a more realistic 3EQ parameterization. Both the 2EQ and
3EQ parameterizations treat the oceanic heat flux at the ice-ocean
interface as turbulent, with their values dependent upon the tempera-
ture differences between the underlying ocean and the ice-ocean
interface. The difference between these two parameterizations centers
around their calculation of the ice-ocean interface temperature (Shi
etal., 2021; Yu et al., 2022): In the 2EQ parameterization, the ice-ocean
interface temperature is maintained at the freezing temperature of
seawater (as calculated based on the mixed layer salinity); whereas in
the 3EQ parametrization, the ice-ocean interface temperature is calcu-
lated based on the local salinity (interfacial salinity) set by the ice
ablation rate. Although the 2EQ parameterization is relatively simple
and has been widely used in sea ice models, it results in too fast salt flux
exchanges between the ice-ocean interface and mixed layer. Accord-
ingly, appropriate consideration of the slower salt transfer rate than that
of heat mandates that the mixed-layer salinity should be replaced with
the actual interfacial salinity to better represent the ice~ocean heat flux.
Therefore, compared to the 2EQ parameterization, the 3EQ parameter-
ization includes an additional salinity balance equation to explicitly
calculate the interface salinity (Shi et al., 2021; Yu et al., 2022). This
more realistic 3EQ boundary condition induces a fresher ice-ocean
interface in the melting season, causing less oceanic heat to melt sea ice
(Yu et al., 2022), and thus potentially improving the underestimation of
summer sea ice by the models with the 2EQ parameterization. Here, the
3EQ parameterization has been embedded in FIO-ESM v2.1 and set to
the default ice—ocean heat flux parameterization scheme. Further details
regarding these two parameterizations have been described in previous
studies (Shi et al., 2021; Yu et al., 2022).

2.2. Numerical experimental design

To investigate the influence of the 3EQ boundary condition param-
eterization on sea ice simulation under FIO-ESM v2.1, two numerical
experiments (2EQ and 3EQ) are conducted (Table 1). The initial condi-
tions of the AGCM, OGCM, ocean surface wave model, and land surface
model for the two numerical experiments are obtained from the restart
files of the 1950 FIO-ESM v2.0 CMIP6 Historical run, while those of the
sea ice model are obtained from a standalone CICE6.0 run. By comparing
the simulation results of Experiments 2EQ and 3EQ from 1950-2014, the
role of the 3EQ boundary condition parameterization can be better
quantified. The effects of sea ice component model upgrade can be
studied by comparing the simulation results of the FIO-ESM v2.1 2EQ
experiment and FIO-ESM v2.0 Historical experiment.

To further evaluate the improvements under FIO-ESM v2.1, a His-
torical numerical simulation is conducted (Table 1) from 1850 to 2014.

Table 1
Numerical experimental design.
Experiment Boundary condition Simulation Motivation
name parameterization period
(Start-End
year)
2EQ 2EQ 1950-2014 Sensitive experiments
for influences of 2EQ
and 3EQ
3EQ 3EQ 1950-2014
Historical 3EQ 1850-2014 Evaluation of the
FIO-ESM v2.1
simulation
performances
SSP1-2.6 3EQ 2015-2100
SSP2-4.5 3EQ 2015-2100
SSP5-8.5 3EQ 2015-2100
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The initial conditions of the AGCM, OGCM, ocean surface wave model,
and land surface model are identical to those of the FIO-ESM v2.0
CMIP6 Historical run (obtained from the FIO-ESM v2.0 CMIP6 PiControl
simulation). The Historical simulations of FIO-ESM v2.0 and FIO-ESM
v2.1 are the same but use different model versions. Therefore, we can
study the performances of FIO-ESM v2.1 and the improvements from
FIO-ESM v2.0 to FIO-ESM v2.1 by comparing their Historical simulation
results to the observations or reanalysis datasets.

To demonstrate the Arctic and Antarctic sea ice projections using
FIO-ESM v2.1, three scenarios are simulated—Shared Socioeconomic
Pathway 1-2.6 (SSP1-2.6), SSP2-4.5, and SSP5-8.5—representing the
low, medium, and high ends of future forcing pathways (O'Neill et al.,
2016; Riahi et al., 2017), equating to effective radiative forcings of 2.6,
4.5, and 8.5 w-m2 in 2100, respectively. Based on the multi-model
ensemble mean results of CMIP6 Scenario Model Intercomparison
Project, the global mean SAT anomalies from 2081 to 2100 under the
three scenarios are 1.23°C, 2.14°C, and 3.99°C relative to the historical
baseline of 1995-2014 (Tebaldi et al., 2021), respectively. Here, the
future scenario experiment simulations from 2015 to 2100 are contin-
uous runs of the FIO-ESM v2.1 Historical experiment, but with scenario
external forcing.

For all experiments above, the external forcings are prescribed to the
observation or scenario forcing data provided by CMIP6 (Eyring et al.,
2016) available at https://esgf-node.llnl.gov/search/input4mips/. De-
tails on incorporating external forcings into FIO-ESM are described in
Bao et al. (2020).

In this study, the global ocean-ice coupled simulations forced by
reanalysis forcing, such as OMIP (Ocean Model Intercomparison Project)
experiments (Griffies et al., 2016), were not conducted. Because the sea
surface salinity restoring is necessary for global ocean-ice coupled
simulation to prevent climate drifts. The salinity restoring will lead to
nonphysical negative feedback (Griffies et al., 2009), which may affect
the interface salinity calculation in the 3EQ boundary condition
parameterization.

3. Results
3.1. Effects of sea ice component model upgrade

Fig. 2 shows the climatological Arctic and Antarctic SIE during
1979-2014 based on satellite observations, FIO-ESM simulations, and

CMIP6 multi-model mean results. The Arctic produced maximum and
minimum values in March and September, respectively. The winter SIE
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simulated by the FIO-ESM fits the observations well. The main bias in
Arctic sea ice simulations by FIO-ESM v2.0 is the underestimation of
summer and especially September SIE (Fig. 2a). The satellite-observed
Arctic SIE in September throughout 1979-2014 is 6.3 million km?, while
the simulated FIO-ESM v2.0 value is 3.4 million kmZ The root mean
square error (RMSE) of simulated Arctic September SIE is 2.9 million
km?. The simulations of Arctic summer SIE is significantly improved by
sea ice component model upgrade, where the September SIE value under
the 2EQ experiment is 5.2 million km2 The RMSE is reduced to 1.3
million km?2.

Satellite observations show that the Antarctic SIE has the maximum
and minimum values in September and February, respectively. FIO-ESM
v2.0 does well to reproduce the seasonal cycles over this region (Fig. 2b).
Compared to FIO-ESM v2.0, FIO-ESM v2.1 (2EQ experiment) re-
produces a larger Antarctic SIE, especially in austral summer (February
and March). Considering the relatively good performances of Antarctic
summer SIE simulations in FIO-ESM v2.0, simulation biases of Antarctic
sea ice are increased after upgrading the sea ice component model.

Differences between the FIO-ESM v2.0 and v2.1 2EQ experiments
are caused by the sea ice component model upgrade. The responses of
SIE in the Arctic and Antarctic to upgrading the sea ice model from
CICE4.0 to CICE6.0 are similar, i.e., more summer sea ice by CICE6.0.
Therefore, the underestimation of summer Arctic sea ice in FIO-ESM has
been improved by the CICE upgrade. A previous study based on sea ice
standalone sea ice models also demonstrates that the underestimated
Arctic summer sea ice simulated by CICE4.0 can be improved by CICE6.0
(Wang et al., 2020). However, several parameterizations are improved
upon between CICE4.0 and CICE6.0, and numerous default model pa-
rameters also differ between the two versions as well; therefore, it is
difficult to determine precisely which parameterizations or parameters
caused the differences.

3.2. Effects of 3EQ boundary condition parameterization

Fig. 2a shows that further improvements in Arctic summer SIE are
achieved under the FIO-ESM v2.1 3EQ experiment by implementing
3EQ parameterization. The SIE in the 3EQ experiments is 6.1 million
km?, and the RMSE is 0.7 million km?, respectively. The RMSE of FIO-
—ESM v2.1 with 3EQ parameterization is close to that (0.6 million km?)
of the multi-model mean of 33 CMIP6 climate models.

Based on standalone sea ice model simulations (Yu et al., 2022), the
3EQ parameterization simulates lower interface salinity during the
summer months, resulting in a higher ice-ocean freezing temperature

(b) Antarctic SIE during 1979 to 2014
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Fig. 2. (a) Arctic and (b) Antarctic climatological sea ice extent (SIE) during 1979-2014 based on satellite observations (Fetterer et al., 2017), FIO-ESM simulations,

and CMIP6 multi-model mean (MMM) results.
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(interface temperature), thereby reducing the upward oceanic heat flux
and slowing the basal melt rate. Mixed layer salinity and ice-ocean
interface salinity are used to calculate the ice-ocean interface temper-
ature by 2EQ and 3EQ parameterizations, respectively. Fig. 3 shows that
the ice-ocean interface salinity simulated by the 3EQ parameterization
in the fully coupled model is also lower than mixed layer salinity
simulated by the 2EQ parameterization in August. The reduction in
boreal summer ice—ocean net heat exchanges in the fully coupled ex-
periments here is also well represented (Fig. 4), resulting in higher
summer sea ice concentrations and SIE (Figs. 2 and 5). Therefore, this
indicates that the underestimated Arctic summer SIE by climate models
with the 2EQ boundary condition can be improved by the 3EQ boundary
condition in the fully coupled models.

Fig. 2b depicts the relatively small differences in Antarctic SIE be-
tween the 2EQ and 3EQ simulations. Similar results have also been re-
ported by Shi et al. (2021). We checked the ice-ocean net heat
exchanges and sea ice concentration responses to the change in ice-
—ocean heat exchange parameterizations. Although the SIE difference is
small, Antarctic ice-ocean net heat exchanges are also reduced and the
sea ice concentration is increased in most regions in austral summer by
replacing the 2EQ parameterization with the 3EQ parameterization
(Figs. 6 and 7), similar to the responses in the Arctic (Figs. 4 and 5).

3.3. Historical simulation comparisons between FIO-ESM v2.0 and v2.1

In this section, Historical experiments simulated SAT, SST, AMOC,
and sea ice concentration and thickness under FIO-ESM v2.0 and v2.1
are compared with the analysis/reanalysis datasets or observations to
evaluate the model performance and improvements.

Anomalies in the simulated global mean SAT and SST relative to
1961-1990 are compared with the HadCRUT analysis (Morice et al.,
2021) and ERSSTv5 observations (Huang et al., 2017), respectively.
Global mean SAT and SST anomalies have no large differences between
FIO-ESM v2.0 and v2.1 (Fig. 8), as both models fit the analysis and
observation values relatively well. It indicates that FIO-ESM v2.0 and
FIO-ESM v2.1 can successfully reproduce the warming trends of SATs
and SSTs over the past century.

The SAT and SST differences between FIO-ESM v2.0 and v2.1, are
primarily limited to high-latitude regions (Fig. 9). Compared with the
National Centers for Environmental Prediction-US Department of En-
ergy reanalysis 2 (NCEP-DOE reanalysis 2; Kanamitsu et al., 2002),
FIO-ESM v2.0 over— and underestimates SATs in the Arctic and Ant-
arctic regions, respectively (Fig. 9a). By updating the sea ice component
model and improving the ice-ocean heat exchange parameterization,
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SATs over the polar regions are lower in FIO-ESM v2.1 (Fig. 9 b and c),
thereby reducing warm biases in the Arctic, but increasing cold biases in
the Antarctic. Similarly, SST over high-latitude oceans also decreases
from FIO-ESM v2.0 to v2.1 (Fig. 9f); however, the difference is relatively
small. Comparatively, warmer SST is simulated in the North Atlantic
Ocean by FIO-ESM v2.1 (Fig. 9f), which is mainly due to the changes in
the AMOC, thus reducing the cold biases in FIO-ESM v2.0. In general,
both FIO-ESM v2.0 and v2.1 perform well for SAT and SST simulations
(Fig. 9a, b, d, and e).

The AMOC is an important regulator of global climate systems. Here,
the FIO-ESM simulated AMOC strengths are compared with observa-
tions from the Rapid Climate Change-Meridional Overturning Circula-
tion and Heat Flux Array-Western Boundary Time Series (RAPID/
MOCHA; Moat et al., 2022). The AMOC strength (index) is defined as the
maximum overturning stream function at 26.5° N in the Atlantic Ocean
(Weijer et al., 2020). The average RAPID/MOCHA observed AMOC
index is 17.69 + 1.67 Sv during 2004-2014; whereas FIO-ESM v2.0 and
v2.1 simulate values of 18.35 and 18.99 Sv over the same period
(Fig. 10). Compared to the 27 CMIP6 climate models (with AMOC index
values ranging from 9.6 to 23.04 Sv; Weijer et al., 2020), both FIO-ESM
v2.0 and v2.1 fit the observations relatively well. Fig. 10 also shows that
the AMOC index simulated by FIO-ESM v2.1 is slightly larger than that
simulated by v2.0. The mean AMOC index values over the last century
from FIO-ESM v2.0 and v2.1 are 20.4 and 21.5 Sv, respectively, which
may explain the higher North Atlantic Ocean SST in FIO-ESM v2.1
(Fig. 9f). A similar AMOC response to different ice-ocean heat exchange
parameterizations in another climate model (COSMOS) was reported by
Shi et al. (2021).

Arctic and Antarctic sea ice concentrations in March and September
averaged over 1979-2014 simulated by FIO-ESM v2.0 and v2.1 are
compared with satellite observations (EUMETSAT OSISAF, 2017).
Winter differences (March in the Arctic, September in the Antarctic) in
sea ice concentration between FIO-ESM v2.0 and v2.1 are compara-
tively small, as both models fit satellite observations well (Figs. 11a—c,
12d-f); however, summer differences (September in Arctic, and March
in Antarctic) are notable. For the Arctic, the FIO-ESM v2.0 Historical
experiment severely underestimates summer sea ice concentration
(Fig. 11e), particularly in the Arctic marginal seas (including the East
Siberian Sea, Laptev Sea, Kara Sea, and Beaufort Sea), where no regional
sea ice is simulated during 1979-2014. These underestimation biases
are significantly reduced in FIO-ESM v2.1 (Fig. 11f). For the Antarctic,
the summer sea ice concentration is also underestimated by FIO-ESM
v2.0 (Fig. 12b), and larger sea ice concentration is simulated by FIO-
-ESM v2.1 (Fig. 12c), but FIO-ESM v2.1 overestimates the sea ice

(a) Mixed layer salinity in 2EQ (b) Interface salinity in 3EQ (c) 3EQ - 2EQ
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Fig. 3. Mixed layer salinity and ice—ocean interface salinity in August during 1950-1979 simulated by FIO-ESM v2.1 (a) 2EQ and (b) 3EQ experiments, and (c) the
differences between the two numerical experiments. The sea ice component model used in the two experiments is CICE6.0.
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Fig. 4. August ice—ocean (IO) net heat exchanges over the Arctic Ocean during 1950-1979 simulated by FIO-ESM v2.1 (a) 2EQ and (b) 3EQ experiments, and (c) the
differences between the two numerical experiments. The sea ice component model used in the two experiments is CICE6.0.
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Fig. 5. August Arctic sea ice concentration during 1950-1979 simulated by FIO-ESM v2.1 (a) 2EQ and (b) 3EQ experiments, and (c) the differences between two
numerical experiments. The sea ice component model used in the two experiments is CICE6.0.
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Fig. 6. February ice-ocean (IO) net heat exchanges in the Southern Ocean during 1950-1979 simulated by FIO-ESM v2.1 (a) 2EQ and (b) 3EQ experiments, and (c)
the differences between the two numerical experiments. The sea ice component model used in the two experiments is CICE6.0.
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Fig. 7. February Antarctic sea ice concentration during 1950-1979 simulated by FIO-ESM v2.1 (a) 2EQ and (b) 3EQ experiments, and (c) the differences between the
two numerical experiments. The sea ice component model used in the two experiments is CICE6.0.
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Fig. 8. Time series of annual-mean global averaged (a) surface air temperature
(SAT) and (b) sea surface temperature (SST) anomalies from HadCRUT (Morice
et al., 2021) and ERSST5 (Huang et al., 2017), respectively, as well as FIO-ESM
v2.0 and FIO-ESM v2.1 Historical simulations. The anomalies are relative
to 1961-1990.

concentration in the Weddell Sea, Bellingshausen Sea, and Ross Sea.

Fig. 13 shows the Arctic sea ice thickness in March during
2011-2014 from the merged CryoSat-2 and SMOS satellite data (Ricker
et al., 2017) and simulations by FIO-ESM v2.0 and FIO-ESM v2.1. It
indicates that both FIO-ESM v2.0 and FIO-ESM v2.1 can reproduce the
spatial pattern of observed sea ice thickness. However, FIO-ESM v2.1
significantly overestimates it, especially in thick ice regions. The sea ice
thickness is less than 3 m north of the Canadian Arctic Archipelago and
Greenland based on satellite observations, but it is greater than 5 m in
FIO-ESM v2.1. Sea ice thickness simulations by FIO-ESM v2.1 should be
further improved in the future.

3.4. Arctic and Antarctic sea ice extent projections under FIO-ESM v2.1

The projection of future Arctic sea ice changes draws substantial
attention for its significant potential impacts on regional maritime ac-
tivities and marine ecosystems, in addition to weather and climate
systems at mid- and high-latitudes (Lannuzel et al., 2020; Min et al.,
2022; Mori et al., 2014; Sévellec et al., 2017). Previous studies have
shown that projected future changes in Arctic sea ice by climate models
are highly dependent upon their simulation conditions during historical
periods (Hall et al., 2019; Liu et al., 2013; Wang et al., 2021). Here, both
the climatological state and long-term trends of Arctic SIE during
1979-2014 simulated by FIO-ESM v2.1 fit the satellite observations well
(Fig. 14a, b). It projects that winter Arctic sea ice will continue to decline
in a warming climate under all three scenarios, and an abrupt loss of
winter SIE is projected to occur in the 2080s under SSP5-8.5. Several
CMIP5 climate models also project a similar abrupt ice loss in the Arctic
(Hankel and Tziperman, 2021), but the emergence time projected by
CMIP5 models is later (after 2100). Similarly, FIO-ESM v2.1 projected
that summer Arctic sea ice will continue to decline rapidly under all
three scenarios (Fig. 14b). Even under SSP1-2.6, the September Arctic
SIE will fall below the ice—free threshold (1.0 million km?) before 2100.
Under SSP2-4.5 and SSP5-8.5, the first ice-free Arctic projected by
FIO-ESM v2.1 will occur in the 2050s and 2040s, respectively. This is
earlier than the CMIP6 multi-model mean (MMM) results, which indi-
cate a likely ice—free Arctic September by 2076 and 2055 under the same
two scenarios, respectively (Wei et al., 2020). It should be mentioned
that the FIO-ESM v2.1 projections more closely align with observa-
tionally constrained projections that predict an ice—free Arctic summer
near 2035 (Docquier and Koenigk, 2021).

FIO-ESM v2.1 also projects further declining Antarctic sea ice in a
warming climate (Fig. 14c, d). When the same threshold (1.0 million
km?) is applied to the Antarctic, the first ice—free Antarctic summers are
projected to occur in the 2070s and 2050s under scenarios SSP2-4.5 and
SSP5-8.5, respectively; however, similar to most CMIP5 and CMIP6
climate models, FIO-ESM v2.1 is unable to successfully reproduce the
observed increase in SIE across the Antarctic during the satellite period
(Shu et al., 2020, 2015). This discrepancy between simulations and
satellite observations of Antarctic SIE is likely caused by model biases
and considerable interannual sea ice variability (Polvani and Smith,
2013; Shu et al., 2020; Sun and Eisenman, 2021; Zunz et al., 2013). The
observed positive trend of Antarctic SIE can be reproduced by climate
models by removing the biases of the simulated sea ice drift velocity
(Sun and Eisenman, 2021).
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(d) FIO-ESM v2.0 SST bias
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Fig. 9. Annual-mean SAT and SST biases, along with the differences between FIO-ESM v2.1 and FIO-ESM v2.0 Historical experiments. Biases of SAT are calculated as
the differences between simulations and NCEP-DOE reanalysis 2 (Kanamitsu et al., 2002); whereas biases of SST are derived as the differences between simulations
and WOA18 (Locarnini et al., 2018). The time periods of the SAT and SST analyses are 1979-2014 and 1975-2004, respectively.
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Fig. 10. Time series of AMOC index values from RAPID/MOCHA observations
(Moat et al., 2022) against the FIO-ESM v2.0 and FIO-ESM v2.1 Historical
simulations.

4. Discussion and conclusions

In this study, the latest version of FIO-ESM (v2.1) has been devel-
oped, and its performances are evaluated via comparisons with obser-
vations and FIO-ESM v2.0 simulations. Specifically, the sea ice
component model of FIO-ESM v2.1 is updated from CICE4.0 of v2.0 to
CICE6.0, while the ice-ocean heat exchange parameterization is
improved from a 2EQ to a more realistic 3EQ boundary condition
parameterization. Numerical experiments show that FIO-ESM v2.1
performs well during simulations of Arctic SIE, SAT, SST, and AMOC.
The influences of version updating are mainly at high latitudes. The

biases of the underestimation of Arctic summer SIE in FIO-ESM v2.0
have been significantly reduced by the updating of the sea ice compo-
nent model and the improvement of the ice-ocean heat exchange
parameterization. Accordingly, both the climatology and long-term
trends of Arctic SIE during the satellite era are well reproduced with
FIO-ESM v2.1. However, summer Antarctic SIE is overestimated with
larger biases in FIO-ESM v2.1 compared to FIO-ESM v2.0.
Furthermore, the analysis results here show that under the frame-
work of FIO-ESM, CICE6.0 simulates more summer sea ice than CICE4.0
across both the Arctic and Antarctic regions, notably similar to previous
Arctic results based on standalone sea ice model simulations (Wang
et al., 2020). Compared with the ice-ocean heat flux 2EQ parameteri-
zation, the 3EQ parameterization reduces ice-ocean net heat exchange
during the melt season, and causes higher sea ice concentration and SIE
in the Arctic summer (also similar to previous standalone sea ice model
results; Yu et al., 2022). As a result, advancing from 2EQ to 3EQ
parameterization can reduce the underestimation of Arctic summer SIE
in fully coupled climate models. The influences of 3EQ parameterization
on Antarctic SIE are insignificant, although its impacts on Antarctic
ice—ocean net heat exchange and sea ice concentration are notable.
Although the climatology of sea ice extent simulations is improved
by new sea ice physical processes from FIO-ESM v2.0 to FIO-ESM v2.1,
the sensitivity of sea ice extent to global warming is not affected by these
processes. Fig. 15 shows that the relationships between the changes of
Arctic sea ice extent and global-mean SAT in FIO-ESM v2.0 and FIO-
—ESM v2.1 are nearly the same. It indicates that the sensitivity of sea ice
extent to global warming is a similar constant scaling factor in FIO-ESM
v2.0 and FIO-ESM v2.1, so the simulated Arctic sea ice sensitivity is not
significantly affected by the new sea ice physical processes. This is
consistent with previous studies (Rosenblum and Eisenman, 2017, 2016;
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Fig. 11. Arctic sea ice concentration in March and September during 1979-2014 based on satellite observations (EUMETSAT OSISAF, 2017) and Historical simu-
lations by FIO-ESM v2.0 and FIO-ESM v2.1.
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Fig. 12. Antarctic sea ice concentration in March and September during 1979-2014 based on satellite observations (EUMETSAT OSISAF, 2017) and Historical
simulations by FIO-ESM v2.0 and FIO-ESM v2.1.
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Fig. 13. March sea ice thickness in the Arctic during 2011-2014 based on satellite observations (Ricker et al., 2017) and Historical simulations by FIO-ESM v2.0 and
FIO-ESM v2.1.
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Fig. 15. Global mean surface air temperature and annual mean sea ice extent
(SIE) in the Arctic for FIO-ESM v2.0 and FIO-ESM v2.1 Historical and SSP5-8.5
simulations.

Winton, 2011).

Arctic sea ice decline has potential effects on regional marine eco-
systems, as well as the global climate system and human activities.
Furthermore, Arctic sea ice projections under FIO-ESM v2.1 are also
investigated in this study. The results show that the first ice—free Arctic
summer will occur in the 2050s and 2040s under scenarios SSP2-4.5 and
SSP5-8.5, respectively. FIO-ESM v2.1 also projects an abrupt Arctic
winter sea ice loss event in the 2080s under SSP5-8.5, markedly earlier
than projections based on CMIP5 (Hankel and Tziperman, 2021).

Although CICE6.0 includes more physical processes than CICE4.0,
the biases of Antarctic summer SIE become larger after version updating
from FIO-ESM v2.0 to v2.1. Some model parameters are set to different
default values in CICE4.0 and CICE6.0. Many parameters in the sea ice
model were mainly determined based on observations in the Arctic but
not the Antarctic. Therefore, this may cause smaller sea ice biases in the
Arctic but larger biases in the Antarctic. Sea ice biases may have also
arisen from other component models, such as the incorporated atmo-
spheric and/or ocean models. Further studies are still needed to improve
Antarctic sea ice simulations by FIO-ESM.
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