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Abstract

A 41-year Antarctic sea ice concentration (SIC) dataset derived from satellite passive microwave radiometers
during the period of 1979-2019 has been used to analyze sea ice changes in recent decades. The trends of SIC and
sea ice extent (SIE) are calculated during the periods of 1979-2019, 1979-2013, and 2014-2019. The trends show
regionally dependent features. The SIC shows an increasing trend in most of the regions except the
Bellingshausen Sea and Amundsen Sea (BA) during 1979-2019 and 1979-2013. The SIE trend shows a decreasing
or decelerating trend in the period of 1979-2019 ((6 835+2 210) km?/a) compared with the 1979-2013 period
((18 600+2 203) km?/a). In recent years (2014-2019), the SIC and SIE have exhibited decreasing trends (-(34 567+
3521) kim?/month), especially in the Weddell Sea (WS) and Ross Sea (RS) during summer and autumn. The trends
are related to regionally dependent causes. The analyses show that the SIC and SIE decreased in response to the
warming trend of 2 m air temperature (T, , ) and have exhibited a good relationship with T, ,  in summer and
autumn in recent years. The sea ice decrease in the Antarctic is mainly caused by increases in absorbed energy
and southward energy transportation in recent years, such as the increase in gained solar radiation and moist
static energy from the south, which demonstrate notable regional characteristics. In the WS region, the local
positive feedback from the additional absorbed solar radiation, resulting in warmer air and reduced sea ice, is the
main reason for the sea ice decrease in recent years. The increase in southward energy transport has also favored
a decrease in sea ice. In the RS region, the increase in southward-transported moist static energy has contributed
to the decrease in sea ice, and the increases in cloud cover and longwave radiation have prevented sea ice growth.

Key words: sea ice, Antarctic, decreasing, atmosphere

Citation: Hao Guanghua, Shen Hui, Sun Yongming, Li Chunhua. 2021. Rapid decrease in Antarctic sea ice in recent years. Acta

Oceanologica Sinica, 40(7): 119-128, doi: 10.1007/s13131-021-1762-x

1 Introduction

Sea ice plays an important role in the climate system, hinder-
ing the exchange of energy and moisture between the ocean and
atmospheric climate through ice albedo feedback (Curry et al.,
1995; Elders and Pegion, 2019). Satellite-observed data provide
abundant information on Arctic and Antarctic sea ice, including
interannual and interdecadal variations, since 1978 (Comiso et
al., 2017a, b; Comiso and Nishio, 2008; Cavalieri and Parkinson,
2008). In recent decades, Arctic and Antarctic sea ice changes
have shown asymmetric and opposing trend, including rapidly
decreases in sea ice extent (SIE) and sea ice area (SIA) in the Arc-
tic, with average rates of -4.36% per decade and -4.57% per dec-
ade, respectively, during 1978-2015 (Comiso et al., 2017b).

Unlike the Arctic, which is bordered by the Eurasian contin-
ent, Antarctica is surrounded by the ocean. Sea ice is intimately
coupled with atmosphere-ocean processes over the Southern
Ocean (Lee et al., 2017). Many studies have shown a pronounced
increase in Antarctic sea ice in recent decades. Early studies
showed that the total Antarctic SIE increased by approximately
14 300 km?/a during 1979 to 1996, and by 13 800 km?/a up to 1998

(Cavalieri et al., 1997; Zwally et al., 2002). Liu et al. (2004) found
that the sea ice concentration (SIC) in the Pacific sector in-
creased 4%-10% per decade from 1979 to 2012. Parkinson and
Cavalieri (2012) show that the SIE increased with a slope of
(1.5£0.4)% per decade from 1979 to 2010, increasing from the
slope for the shorter period during 1979 to 2006 (Cavalieri and
Parkinson, 2008), which also indicates that the positive trend be-
comes significant over 20-28 years. Antarctic sea ice has shown a
positive trend except in the Bellingshausen Sea and Amundsen
Sea (BA) region (Yuan et al., 2017). The SIE of the southwestern
Pacific Ocean shows no significant trend, and the Weddell Sea
(WS), Indian Ocean (I0), and Ross Sea (RS) all have positive
trends from 1979 to 2010 (Parkinson and Cavalieri, 2012; Simp-
kins et al., 2013). The updated results show that the overall SIE
trend during the 1979-2015 period is estimated to be 1.7% per
decade and is dominantly positive in the RS region but domin-
antly negative in the BA region (Comiso et al., 2017a).

Previous investigations have reported the impacts of atmo-
spheric and oceanic variability on Antarctic sea ice change; for
example, Antarctic sea ice shows an increasing trend under
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warm conditions (Zhang, 2007), which indicates a complicated
relationship with surface air temperature (Shu et al., 2012). The
Antarctic Peninsula and western Antarctica have been among the
most rapidly warming regions on Earth over the past several dec-
ades (Bromwich et al., 2013; Nicolas and Bromwich, 2014). Addi-
tionally, in recent decades, many results have shown Antarctic
sea ice changes with El Nifio-Southern Oscillation (ENSO) (Liu et
al., 2004) and Southern Annular Mode (SAM) in recent decades
(Marshall, 2003; Holland et al., 2017; Cerrone and Fusco, 2018;
Doddridge and Marshall, 2017), which are the dominant atmo-
spheric modes in the Southern Hemisphere (Thompson and
Wallace, 2000). However, the magnitude of the associated ice
changes is much smaller than that of the regional ice trend (Liu
et al.,, 2004), and the SAM explains only approximately one third
of the variability (Marshall, 2007).

A recent study with SIE data updated to the end of 2018 shows
that the increased SIE trend reversed in 2014, with decreasing
rates during 2014-2017 far exceeding the decay rates observed in
the Arctic (Parkinson, 2019). This study did not reveal the reas-
ons but discussed sea ice retreat in late 2016. Recent studies show
that the sea ice retreat in late 2016 was caused by multiple influ-
ences, such as strong northerly atmospheric flow in the WS
(Turner et al., 2017), persistent zonal wave 3 atmospheric circula-
tion around Antarctica (Wang et al., 2019; Schlosser et al., 2017;
Meehl et al., 2019), an unusually negative SAM (Stuecker et al.,
2017), and weakened polar stratospheric vortex in the Indian and
Pacific Oceans (Wang et al., 2019). However, sea ice changes re-
lated to the ENSO and SAM are not as consistent over time in the
western WS, Amundsen Sea, and eastern RS regions (Stammer-
john et al., 2008). As mentioned above, the SIE trend reversed in
2014, and the trend during 1979-2017 was only 50% of that dur-
ing 1979-2014 (Parkinson, 2019). Sea ice is affected by both ther-
modynamic and dynamic processes, such as radiation, which
can melt ice, and the Antarctic circumpolar current (ACC), which
may provide strong sea ice transport (Wu et al., 2020).

In this study, which was motivated by the Antarctic SIE re-
versed in 2014 (Parkinson, 2019), we focus on the SIE change be-
fore and after 2014, and discuss the changes in radiation and en-
ergy exchange between the mid-latitudes and the Antarctic that
resulted in decreased sea ice in recent years. This study first
briefly describes the variation in Antarctic sea ice and then ana-
lyzes the causes of its recent features. Moreover, a comparison is
performed between the decrease in Antarctic sea ice in recent
years and the increase in terms of long-term change, even under
warming conditions. Section 2 describes both the SIC and atmo-
spheric data. Section 3 analyzes the sea ice data to describe the
basic features from 1979 to 2019 and the characteristics in recent
years since 2014. The related atmospheric factors are then dis-
cussed in Section 4. Finally, the conclusions are summarized.

2 Data

This study uses satellite data and atmospheric reanalysis
products from 1979-2019. The monthly Antarctic SIC data are
obtained from the National Snow and Ice Data Center (NSIDC)
in Boulder, Colorado, USA. The applied data set is a merged
product based on the data of the SMMR (Scanning Multichannel
Microwave Radiometer), SSM/I (Special Sensor Microwave/Im-
ager), and SSMIS (Special Sensor Microwave Imager/Sounder)
passive microwave sensors processed with the NASA Team al-
gorithm, and it has a spatial resolution of 25 kmx25 km (Cava-
lieri et al., 1996). The SIC accuracy is approximately 5% in winter
and 15% in summer (Cavalieri et al., 1992). SIE is defined as the
sum of the area of the grid with an SIC of at least 15%, and the SIA
is defined as the sum of the SIC times the grid box area for the

grid with an SIC of at least 15% (Schlosser et al., 2017). The
European Centre for Medium-Range Weather Forecasts (ECM-
WF) fifth generation (ERA5) dataset is used to investigate the at-
mospheric conditions, which are available since 1979 (Dee et al.,
2011). ERAS is the fifth generation ECMWF reanalysis for global
climate and weather over the past 4-7 decades. Currently, data
are available since 1979. The reanalysis combines observations
into globally complete fields using the laws of physics via the data
assimilation method, which based on observation fields, and a
four-dimensional variational assimilation system (4D-VAR) with
an integrated spectral model (Hersbach et al., 2020). The spatial
resolution of ERA5 is 0.25°x0.25°. The 2 m air temperature (T, ,,,),
10 m zonal and meridional wind speeds, cloud fraction, net long-
wave radiation, downward and net solar radiation, vertical integ-
ral northward total energy flux, and northward kinetic energy flux
were derived from daily mean values.

3 Temporal evolution of Antarctic sea ice

The monthly averaged SIC and SIE in the Southern Hemi-
sphere and five subregions, namely, the WS, 10, western Pacific
Ocean (PO), RS, and BA according to Cavalieri and Parkinson
(2008), are analyzed (Fig. 1). The trend of monthly mean SIC
from January 1979 to December 2019 (Fig. 2a) and the trend in
recent years from January 2014 to December 2019 (Fig. 2b) show
opposite results (Fig. 2) and all pass the 95% confidence test. The
long-term trend (1979-2019) shows an increase in SIC around
the Antarctic continent at a rate of ~2% per decade south of the
WS and west of the RS but a decreasing trend with a maximum
rate of 6% per decade in the BA and east of the RS. A remarkably
negative trend with a rate of ~7%/a is observed in recent years
(2014-2019) over in almost the whole WS region, the eastern
coastal regions in the IO, the western coastal regions in the PO,
and most of the RS region. The negative trend indicates an accel-
erated decrease in the SIC in these regions. Compared with the
negative trend from 1979 to 2019 shown in Fig. 2a, the SIC
demonstrated a slight increase off the coastline areas in the BA
region (Fig. 2b).

The trends of SIE in the Antarctic and the five subregions
from 1979 to 2019 (Fig. 3) have a similar rate as that reported by
Parkinson (2019) using the monthly SIE anomaly. Compared
with the trend from 1979 to 2013, the long-term trend (1979 to
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Fig. 1. Location of the five subregions used for the sea ice ana-
lyses.
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Fig. 2. Yearly SIC trend during January 1979 to December 2019 calculated by monthly SIC anomoly (a) and monthly SIC trend during
January 2014 to January 2019 (b). The shading indicates the 95% significance level.

2019) is still positive but shows a slowdown in the Antarctic and
its subregions except for the BA region, where a negative trend is
observed. However, all the regions show negative trends with de-
creasing SIE in recent years since 2014. The highest positive SIE
rate is observed in the RS region among the five subregions, with
a value of (4 6361 173) km?2/a ((1.6+0.4)% per decade) from 1979
to 2019 and a value of (11 584+1 372) km?/a ((4.0+0.5)% per dec-
ade) from 1979 to 2013. Furthermore, the SIE has decreased rap-
idly since 2014 at a rate of (-7 8631 606) km? per month, which
follows the decreasing rate of (16 751+2 104) km? per month ob-
served in the WS region. The trend is the smallest in the BA re-
gion among the five subregions, although an accelerated de-
crease in SIE has also been demonstrated in recent years
(2014-2019) with a rate of (-1 733+1 417) km? per month. The
seasonal trends of SIE in summer (January-March), autumn
(April-June), winter (July-September) and spring (October-
December) according to Cavalieri and Parkinson (2008) are
shown in Table 1 for the different periods (1979-2019, 1979-2014
and 2014-2019). This table demonstrates that the most remark-
able decrease occurs in summer and autumn in the WS and RS
regions. The variation in sea ice demonstrates regionally depend-
ent features. The seasonally averaged atmospheric factors that
influence sea ice variations are analyzed in the next section.

4 Atmospheric factors

4.1 Warming air temperature

A previous study showed that the sea ice decrease in the BA
region and increase around in most the rest of the regions can be
tied to warming in the regions with decreases and cooling in the
regions with increases (Vaughan et al., 2003). However, Antarctic
sea ice is increasing under warm atmospheric conditions, which
demonstrates a complicated relationship between Antarctic sea
ice and T, , , where a cooling (warming) surface air temperature
trend is associated with an increased (decreased) SIC trend and
regional features (Shu et al., 2012).
The T, ,,, trends for the long-term (1979-2019) and short-
term (2014-2019) periods show different trends in different re-
gions. The long-term trend (1979-2019) of T, , , (Figs 4a and c)
shows a slightly negative trend in most of the regions, but a posit-
ive trend north of the WS in autumn and west of the Antarctic

Peninsula in the Bellingshausen Sea region in summer and au-
tumn. The trend of recent years (2014-2019) shows accelerated
warming, especially in summer (Fig. 4b) and autumn (Fig. 4d) in
the WS and RS regions. The warming is more robust in autumn
and expanded to the WS, IO, PO, and RS regions at a rate of more
than 0.6 K/a. The warmer regions coincide with regions with de-
creased SIC in recent years (Fig. 2b), especially in autumn. The
results indicate that the decrease in sea ice in the WS and RS re-
gions is associated with the warming of the T, , .. Warmer T, ,
conditions contributed to enhanced sea ice melting in the WS re-
gion and portions of the RS region in summer, and it also delayed
freezing in autumn in the WS, RS, and parts of the I0 and PO re-
gions, resulting in the negative SIC trend (Fig. 2b).

4.2 Wind anomaly and southward energy

The T, ,,, and 10 m wind vector differences, which are calcu-
lated based on the average value of 2014-2019 minus the average
value of 1979-2013, are shown for summer (Fig. 5a), autumn (Fig. 5b),
winter (Fig. 5¢), and spring (Fig. 5d). The difference fields of the
T, ,, and wind vector exhibit seasonal and regional characterist-
ics. The difference fields reveal warming anomalies and south-
ward wind vectors in winter in the WS, RS and IO and parts of the
PO region (Fig. 5¢) during 2014-2019, which coincide with the re-
gions of negative SIC trends in recent years (2014-2019) as shown
in Fig. 2b. However, the results demonstrate cold anomalies and
northward winds in other regions in autumn and winter. The
warming anomaly occurs in the RS region in summer and winter
but is modest in the RS region in spring during 2014-2019. The
warming winter and the southward wind anomaly promoted
winter sea ice retreat from 2014-2019.

The vertically integrated southward flux of moist static en-
ergy (the sum of dry static energy and latent heat) (Kjellsson et
al., 2014), which acts to redistribute energy from warm regions to
cold regions, is calculated by subtracting the kinetic energy flux
from the total energy flux obtained from the ERA5 dataset. The
differences in the vertically integrated southward transport of
moist static energy between the period of 2014-2019 and the
period of 1979-2013 are shown in Fig. 6. The difference fields of
southward energy transport are positive in summer and spring,
and negative in autumn and winter in the WS region during
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Fig. 3. Monthly trends of SIE during January 1979 to December 2019 (black line), January 1979 to December 2013 (red line) and
January 2014 to December 2019 (blue line) for the Antarctic (Ant, a), Weddell Sea (WS, b), Indian Ocean (IO, c), western Pacific Ocean
(PO, d), Ross Sea (RS, e), and Bellingshausen Sea and Amundsen Sea (BA, f). The numbers indicate the slope and standard deviations
of the yearly trend during the longtime periods (black and red) and monthly trend (blue) for the rencent year in the five subregions.

Table 1. The seasonal trend of SIE in summer (January-March), autumn (April-June), winter (July-September) and spring
(October-December)

Seasonal trend of SIE

Period Sector Yearly SIE trend Summer (JFM) Autumn (AM]) Winter (JAS) Spring (OND)
Value/ R Value/ R Value/ R Value/ R Value/ R
(103 km?.a!) (103 km?.a!) (103km2a!) (103 km?.a!) (103km2a!)
1979-2019 Ant 6.8+2.2 3.1 7.2+7.7 0.9 10.4+8.1 1.3 8.2+4.7 1.7 1.5+6.8 0.2
WS 2.3x1.5 1.5 12.7+4.9 2.6 4.8+4.8 1.0 -3.314.2 0.8 -5.2+4.9 1.1
10 1.5+0.8 1.9 2.2+1.3 1.7 2.6+2.1 1.3 1.7+2.8 0.6 -0.3+3.2 0.1
PO 2.1+0.6 3.5 3.1+1.5 2.1 3.1+1.5 2.1 1.6£2.2 0.7 0.5+1.9 0.3
RS 4.6x1.2 4.0 -1.244.1 0.3 6.9+3.7 1.9 5.4+3.2 1.7 7.5+£3.6 2.1
BA -3.7+0.9 4.2 -9.5+1.8 5.3 -7.1+2.5 2.8 2.8+2.9 1.0 -0.9+3.2 0.3
1979-2013 Ant 18.612.2 8.4 15.8+7.7 2.1 21.5+7.4 2.9 17.3+4.3 4.0 19.6+5.9 3.3
WS 4.7+1.8 2.6 14.9+5.6 2.7 8.2+5.3 1.5 -3.445.4 0.6 -1.0£6.1 0.2
10 5.3+1.0 5.5 2.8+1.6 1.8 5.6+2.6 2.2 6.413.2 2.0 6.3+3.6 1.7
PO 2.4+0.8 3.1 3.2+2.0 1.6 3.9+1.8 2.1 1.0£2.9 0.3 1.6+2.5 0.6
RS 11.6+1.4 8.4 7.3+4.6 1.6 12.3+4.4 2.8 12.04£3.8 3.2 14.9+4.3 3.4
BA -5.4+1.1 5.0 -12.442.2 5.5 -8.5+3.0 2.8 1.2+3.5 0.4 -2.1+4.2 0.5
2014-2019 Ant -414.8+42.2 9.8 -396.3+114.3 3.5 -449.6+118 3.8 -279.6168.1 4.1 -341.8+131.6 2.6
WS -201.0+25.3 8.0 -208.4162.5 3.3 -192.7+67.8 2.8 -22.8459.9 0.4 -101.5+63.8 1.6
I0 -65.8+14.5 4.5 -17.3£23.2 0.7 -62.5£12.6 5.0 -76.9142.6 1.8 -68.4+47.9 1.4
PO -32.948.1 4.1 -50.5+£13.3 3.8 -59.0+6.7 8.8 -26.1+26.2 1.0 -46.1+29.1 1.6
RS -94.4+19.3 4.9 -151.9+47.2 3.2 -123.6+36.9 3.3 -84.74£39.1 2.2 -71.6+£35.3 2.0
BA -20.8%£17.0 1.2 31.8+£19.1 1.7 -11.7+46.6 0.3 -69.1+47.5 1.5 -54.3+46.9 1.2

Note: R is the ratio of the slope magnitude to its standard deviation. The bold numbers indicate the 95% significance level.
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2014-2019. The increased southward energy transport in sum-
mer and spring could transport warmer air from the north, which
can cause warming in the WS region, as shown by the T, ,  trend
(Fig. 4b), thereby promoting enhanced ice melting, especially
early melt onset in spring from 2014-2019. The southward trans-
port of moist static energy shows increases in the western RS and
eastern PO regions during all seasons (Fig. 6) in the 2014-2019
period, which coincides with the wind anomaly (Fig. 5) and fa-
vors the sea ice decrease in the RS region.

4.3 Cloudiness and radiation

Increasing cloud cover can warm the surface, which helps re-
duce ice. Previous results show that the negative cloud fraction
anomalies in winter can play a vital role in the following summer
sea ice distribution, which results in a negative surface radiation
budget and cooling of the surface and promotes more sea ice
growth (Wang et al., 2019). ERA-Interim monthly mean cloud
fraction matched the observations within 5% in the Southern
Ocean (Naud et al., 2014). ERA5 is the new version of the ECM-
WEF reanalysis, and clouds over the ocean are ~10% smaller in
ERA5 than in MODIS dataset (Yao et al., 2020). Great differences
in cloud cover occur in the sea regions around the Antarctic con-
tinent. In the western RS and eastern PO regions, the cloudiness
difference fields of 2014-2019 minus 1979-2013 show more

cloudiness in autumn, winter and spring (Figs 7b, c and d). This
increased cloud cover means more downward longwave radi-
ation, which coincides with the regions with reduced sea ice
since 2014. In the WS region, however, the cloudiness difference
fields of 2014-2019 minus 1979-2013 demonstrate less cloudi-
ness in all seasons, which does not favor the sea ice decrease. The
clouds show obvious regional features and play an important role
in the sea ice decrease in the western RS and eastern PO regions.
However, the cloud fraction is not the controlling factor for sea
ice in the RS region.

Previous results show that downward longwave radiation was
the main factor controlling recent sea ice melting in the Arctic
(Francis and Hunter, 2006; Kapsch et al., 2013). The surface net
downward longwave flux demonstrates remarkable negative dif-
ferences in the WS region in summer and autumn (Fig. 8) during
2014-2019, which coincided with the cloud difference (Figs 7b
and c). The reduction in cloud cover resulted in less net down-
ward longwave radiation and more downward solar radiation
(Fig. 8). In the western RS and eastern PO regions, greater net
downward longwave flux occurred in spring in association with
the increased cloudiness during 2014-2019, which was not bene-
ficial for increased sea ice in the following summer. A greater
amount of net downward longwave flux can prevent ice freezing
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in autumn and advance the onset of the melting in spring or ~ (Fig. 9a) and was indistinct or slightly negative in spring in the
summer. WS region (Fig. 9b). The net downward solar radiation showed a
The surface downward solar radiation increased in summer more notable increase in spring (Fig. 10b) during 2014-2019,
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which means less sea ice and reduced surface reflection in  delayed freezing in autumn in the WS region. The early melting
spring. The local warming results from the enhanced absorption  in spring and the southward energy transport also contributed to
of solar radiation in summer, resulting in more ice melting and  the reduced sea ice in summer and spring, which favored the sea
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ice decrease in the WS region. The net downward solar radiation = main factor contributing to the sea ice decrease in the RS region
increases in part of the PO region in summer and spring. The is southward energy transport in nearly all seasons, which results
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pink contours indicate the 90% significance level.

in warming and more net longwave radiation in the cold seasons.

5 Conclusions

The spatial and temporal evolution of SIC based on monthly
passive microwave sensor data from 1979 to 2019 are analyzed in
this study. The analysis used Antarctic SIC data collected over 40
years, and the results of this study show trends that are similar to
those identified by Parkinson (2019) but differ from those identi-
fied by other studies (Cavalieri and Parkinson, 2008; Parkinson
and Cavalieri, 2012; Shu et al., 2012). The current study also ana-
lyzes the related atmospheric factors that influence the variation
in SIC to assess the causes of the decreasing or decelerating SIC
and SIE in recent years (2014-2019) compared with those in in
previous decades (1979-2013).

The results demonstrate that Antarctic SIE has increased over
the past 40 years from 1979 to 2019, although the rate of the posit-
ive trend of Antarctic SIE decelerated over the past decade and
has become negative in recent years. Remarkable decreases in
SIC have occurred in the WS, RS, and parts of the IO and PO
regions. In the long-term series (1979-2019), the most obvious
positive SIC trends are observed in the WS, 10, PO, and RS regions
while a negative trend is observed in the BA region. The most
obvious negative trends in recent years are observed in the WS and
RS regions. The trend of Antarctic SIE decreased from (1.5+0.2)%
per decade from 1979-2013 to (0.6+0.2)% per decade during 1979-
2019. Antarctic sea ice has decreased in recent years (2014-2019)
at a rate of (415+42.3)x103 km?2/a compared with the long-term
positive trend, and regional characteristics are observed.

In recent years, the decreases in SIC and SIE have been
regionally dependent on different causes. The trend of T, , , is
correlated with the trend of SIC in regions where the SIC has
recently decreased, especially in the WS and RS regions. A previous
study demonstrated that a cooling (warming) surface air temper-
ature trend is associated with an positive (negative) SIC trend in
the Antarctic (Shu et al., 2012). However, in recent years, the con-
tinued warming trend has been associated with a decreasing SIC
trend in the Antarctic. The effect of atmospheric factors also
demonstrated regional characteristics. In the WS region, local
warming caused by fewer clouds cloud results in more absorbed
solar energy in summer, which favors sea ice melting and results
in less ice and delayed freezing in autumn. The reduced amount

of ice also results in more absorbed solar radiation in spring,
which favors early melting. Thus, this positive feedback plays a
leading role in the reduction of sea ice in the WS region. The more
southward transport of energy also contributes to the sea ice
reduction. In the RS region, the increased southward transport in
all seasons and the greater net longwave radiation associated
with increased cloudiness play important roles in the sea ice
decrease, and these are different from the local positive feedback
in the WS region. The greater cloud cover and net longwave
radiation in winter and spring can prevent ice growth, which
makes the ice more prone to melting or the impacts of dynamic
processes. The results show that the reasons for the decreases in
SIC and SIE in recent years are different in different subregions.
The more absorbed solar radiation and southward transported
energy contribute to the continual warming conditions, especially
the warming in summer and autumn in recent years compared
with the long-term trend, which thereby reducing the SIC and
SIE decrease.
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